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Southeastern France occupies a key biogeographical position on the lower Rhone corridor, at the interface between
southern and northern Europe. It is also at the heart of long-standing ecological debates about the respective roles of
natural and human drivers in shaping the Mediterranean landscape. Molluscan analysis may represent a valuable
contribution to this issue. In this paper, land snail assemblages from three calcareous tufa deposits in the Luberon
mountain were used to reconstruct Lateglacial and Holocene palaecoenvironments. The Lateglacial communities only
differ from the Pleniglacial ones by the development of hygrophilic snails. We note a high moisture budget at the end of
the Lateglacial Interstadial (LGI). A patchy, steppe landscape is attested. A time lag in recolonization by woodland
species during the LGI is conceivable. The postglacial woodland assemblages then trace a laborious reassembly of
forest snail communities. It takes place mainly between c. 8000 and ¢. 6600 cal. a BP with spatial disparities and
delayed recruitments. The French Mediterranean region has not benefitted from the macrorefugia that it would have
sheltered or with which it would have been close. Woodlands, however, appear progressively more closed and complex
¢. 8000 cal. a BP. They reached their optimum ¢. 7500 to 7400 cal. a BP although their canopy seems to have stayed
quite open. Anthropization remained weak during the Early Neolithic. A significant woodland opening is observed in
the Early-Middle Neolithic. Humanimpact becomes clear from the Late Neolithic. Nevertheless, there are substantial
differences compared with Basse-Provence, where a more marked openness of the landscape from 7000 cal. a BP was
accompanied by the development of Mediterranean synanthropic snails. The molluscan successions of the Luberon
mountain should be a reference for the development of the Lateglacial and Holocene malacofaunain the SE of France,
at the northern boundary of the western Mediterranean domain.
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Mediterranean France is a key region to study the
postglacial recolonization by terrestrial molluscs in a
fragile geosystem progressively shaped by a fluctuating
climate and a long history of human land use. The
relevance of this region lies in its properties as an ecotone
between Mediterranean and temperate Europe and as a
complex crossroads of recolonization routes from glacial
refugia, of colonization and exchanges by human groups
and of natural as well as human-mediated dispersal of
snails (Germain 1930; Blondel er al. 2010; Binder
et al. 2017; Battentier et al. 2018).

The terrestrial malacofauna between the eastern
Pyrenees and the Ligurian Alps presents a high level of
endemism (Falkner et al. 2002; Gargominy et al. 2011).
Holyoak (1989) suggested that the modern ranges of
extremely localized woodland species in this area could
indicate the likely location of glacial refugia. Médail and
Diadema (2009) have located there three putative glacial
refugia for cold-sensitive plants. The French Mediterra-
nean region is also at the crossroads of recolonization
routes from two major refugia, i.e. the Iberian and Italian
peninsulas, which contributed to the repopulation of
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northern parts of Europe by various organisms (Hunt-
ley 1988; Hewitt 1996, 1999; Preece 1997; Taberlet
et al. 1998; Michaux et al. 2003; Limondin-Lozouet &
Preece 2014). Although there is accumulating evidence
for the existence of scattered cryptic refugia or micro-
refugia (Ant 1966; Bilton et al. 1998; Stewart &
Lister2001; Pfenninger et al. 2003; Schmitt & Varga 2012;
Salvi et al. 2013; Jufickova et al. 2014; Fiorentino
et al. 2016; Kithne et al. 2017), the paradigm of
postglacial recolonizations from southern macrorefugia
remains well established (Vialatte et al. 2008). It is
therefore essential to seek fossil evidence in favour of one
or the other of these recolonization processes (Horsak
etal.2019).

In the Mediterranean region, it quickly becomes
difficult to distinguish the respective impacts of climate
and human activities (Roberts et al. 2011), as in the case
of interpreting Holocene molluscan assemblages (Mar-
tin 2004; Magnin & Martin 2008; Magnin et al. 2022).
The settlement of the first agropastoral societies in SE
France is dated between 5826 and 5470 cal. a BCE
(Binder er al. 2017). The Neolithic Culture first
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Fig. 1. Maps showing the location of the Luberon mountain (A) and of the three study sites (B): La Thomassine, MIR-1 La Stele and MIR-5 Le

Verger.

concerned the coast before spreadinginto the hinterland.
Although the various stages of anthropogenicalterations
regarding the composition of the vegetation are well
documented, the consequences of human impact in
terms of stand and landscape structures still are in debate
(Battentier 2022). Molluscs may represent a useful
independent source as a proxy for past forest structure
(Mitchell 2005). They are reliable indicators of the
structure of both current plant stands and the landscape
(Magnin et al. 1995; Magnin & Tatoni 1995; Labaune &
Magnin 2001).

In the Mediterranean lowlands of Languedoc and
western Provence, actual woodland snail assemblages are
rare during the Holocene (Magnin 1991; Martin 2004;
Magnin et al. 2022). Anthropization not only has altered
landscape and snail habitats, but snail communities have

also been deeply modified by human-mediated dispersal
of species (Aubry et al. 2005; Magnin & Martin 2012;
Magnin et al. 2022). It is, however, essential to investigate
the extent to which the intensity and precocity of the
anthropization, so far revealed by malacological ana-
lyses, are not geographically circumscribed. Anthraco-
logical analysis indeed has highlighted significant
regional disparities in vegetation dynamics during the
Holocene (Battentier et al. 2018; Battentier 2022).

The present study on the Luberon aims to extend
malacological investigations towards the border of the
Mediterranean lowlands. Located at the boundary
between Basse-Provence and Southern Alps (Fig. 1),
this mountain offers a mixture of Alpine and Mediter-
ranean characteristics (Ollivier et al. 2014). Quaternary
deposits are abundant, including thick postglacial
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calcareous tufas (Ollivier 2006). This type of sediment is
considered as one of the most suitable for palaeoecolo-
gical investigations owing to the many proxies it
preserves, including shells of continental molluscs
(Alexandrowicz 2004; Granai et al. 2020). Furthermore,
molluscsappear to be avaluable data sourcein this region
where most of the pollen sequences are difficult to
interpret, mainly on account of bad pollen preservation
(Beaulieu et al. 2005). This is why the present work is
based on snail assemblages contained in tufa deposits
with the aims (i) to define Lateglacial and Postglacial
snail communities and their environmental significance,
(i1) to reconstruct the postglacial reassembly of wood-
land snail communities and compare it with that of
temperate Europe, (iii) to question the structure and
nature of Holocene woodlands and (iv) to look for the
imprint of human activities on snail communities and
their habitats.

Regional setting and study sites

The three studied successions are located in the Luberon
Regional Natural Park (Fig. 1). The Luberon is a
calcareous mid-mountain which stretches from west to
east for more than 60 km. It marks the boundary
between  Basse-Provence to the south and
Haute-Provence to the north. Our study focuses on the
Grand Luberon and its eastern end, the Luberon de
Manosque. The altitude of Grand Luberon Mountain
(1125 m a.s.l.) is sufficient to produce a bioclimatic
layering from the meso-Mediterranean to the
supra-Mediterranean level (CNRS, ER 30 1975;
Dumas 2013). Its southern foothills extend widely to
the Durance River. The Luberon de Manosque is lower
(790 m a.s.l.).

Two of the three sections analysed (Fig. 1) are located
in the Mirail valley, on the southern foothills of the
Grand Luberon, next to La Motte d’Aigues (Vaucluse).
Situated on the right bank of the river, at ¢. 400 m a.s.l.,
MIR-1 La Stele (43.755922°N, 5.547115°E) represents
the oldest Lateglacial part of Le Mirail tufas (Olli-
vier 2006). Located downstream from the Mirail karstic
source and upstream from the previous section, MIR-5
Le Verger (43.787462°N, 5.541658°E) is a thick Lategla-
cial and Holocene deposit. The third section is located
near Manosque (Alpes-de-Haute-Provence), in the
eastern part of the Luberon: La Thomassine
(43.849887°N, 5.753327E°). This Holocene section is
situated at ~500 m a.s.l. in a ravine that cuts deeply into
marl formations.

Material and methods

Radiocarbon dating

Data on radiocarbon dating are listed in Table 1. Dates
judged admissible are plotted on the stratigraphic

sections (Fig. 2). Where possible, radiocarbon dates
were measured on charcoal. Otherwise, they were
measured either on minute shells, selecting species as
much as possible to avoid the limestone effect (Brennan
& Quade 1997; Pigati et al. 2004, 2010, 2013, 2015), or on
earthworm granules (Moine et al. 2017). Radiocarbon
dating was conducted by Poznan Radiocarbon Labora-
tory, Poznan, Poland, by Beta Analytic laboratory,
Miami, USA, and by Centre de datation par le
radiocarbone, Lyon, France. The dates were calibrated
using the IntCal20 calibration curve (Reimer et al. 2020)
and the program PAST 4.13 (Hammer et al. 2001).
Several dates are not satisfactory. That of MIR-1 (8),
measured on Jaminia quadridens for want of a better
alternative, is affected by a significant limestone effect.
The date obtained for MIR-1 (5¢) on Succinella oblonga
appears to be too young, for no obvious reason. The
amount of carbon available for MIR-1 (6d2) was small
but the date is not significantly impacted. No age—depth
model was proposed owing to the heterogeneous
deposits studied, with variable and unpredictable sedi-
mentation rates and undetectable hiatuses.

Molluscan analysis

Samples of sediment of 10 L each were collected at
non-equidistant intervals according to the sedimentary
characteristics of the deposits. Each corresponds to a
thickness of about 10 cm. Consolidated tufas and
excessively stony sediments were generally not sampled.
The samples were processed following standard methods
(Evans 1972; Puisségur 1976). For each taxon of each
assemblage, the minimum number of individuals
includes the number of unbroken shells augmented by
the greatest number of identifiable fragments, either
apical or apertural. We listed the species for which a
minimum number of individuals could not be deter-
mined. In the case of Pisidium, the number of valves was
reduced by half. The taxonomic nomenclature follows
that of Welter-Schultes (2012), occasionally revised
(Tables S1-S3). We have given up on identifying the
Euconulus (Euconulus fulvus and FEuconulus alderi).
The same applies to two Vitriniids (Vitrina pellucida
and Phenacolimax major = Vitrinidae sp. indet.) while a
third, Oligolimax annularis, is easier to distinguish. In
2015, we reported the presence of Vitrea cf. etrusca
(Paulucci 1878) in the Thomassine tufa. This snail has
since been described as Vitrea Iluberonensis
(Magnin 2023a, b).

The Holocene portion of the MIR-5 section was first
studied by Martin (2004). The data were revised and
supplemented with the Lateglacial part of the section.
The Thomassine section had been the subject of a
preliminary study (Ollivier ez al. 2015). Sampling was
completed and malacofauna revised. All the results are
presented in diagrams showing for each assemblage
the frequency of each species expressed as a percentage
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Table 1. Radiocarbon dates for MIR-1 (Mirail La Stele), MIR-5 (Mirail Le Verger) and THOM (La Thomassine).

BOREAS

Section Sample Laboratory code = Material Radiocarbon  Radiocarbon age Comments and
age (a BP) (cal. a BP 20) references
MIR-5 Le MIR-5 (14) AA42670 Charcoal (non-AMS) 4536456 5421-4989 Ollivier (2006)
Verger MIR-5(11a) AA42671 Charcoal (non-AMS) 4737147 5577-5331 Ollivier (2006)
MIR-5 (8¢c) Lyon 10 574 Charcoal (non-AMS) 6550+95 7592-7275 Ollivier (2006)
MIR-5 (2b) Lyon 10 522 Charcoal (non-AMS) 7775 + 65 8760-8425 Ollivier (2006)
MIR-5 (1b) Beta-616 358 Charcoal (AMS) 10 960+30 12 983-12 770
MIR-5 (—1) Poz-132 619 Charcoal (AMS) 11 260+60 13 289-13 094
MIR-5 (-3) Poz-132 618 Charcoal (AMS) 11 370+60 13 383-13 134
MIR-5(-9) Poz-12 440 Charcoal (AMS) 11 620+60 13 589-13 346 Ollivier (2006)
MIR-1 La Stele MIR-1(11) Poz-12 435 Charcoal (AMS) 780+30 737-670 Ollivier (2006)
(channel)
MIR-1 (8) Beta-616 360 Shells (AMS) Jaminia 12 120440 14 090-13 830 Probable limestone
quadridens effect
MIR-1 (6d) Beta-616 359 Shells (AMS) Vallonia 10 660430 12 725-12 625
pulchella
MIR-1 (6d2) Poz-133 756 Shells (AMS) Vertigo 10 380+60 12 562-11 971 Only 0.7 mg C
antivertigo
MIR-1 (5¢) Poz-133 757 Shells (AMS) Succinella 9860+50 11 446-11 203 Faulty dating,
oblonga unknown reason
MIR-1 (3d) Poz-133 758 Earthworm calcite 12 520+60 15 075-14 364
granules (AMS)
MIR-1 (2) Poz-7825 Charcoal (AMS) 12 640+60 15 242-14 677 Ollivier (2006)
THOM - La THOM-(8b) Beta-646 475 Charcoal (AMS) 4240430 48544656
Thomassine THOM (7b) Beta-616 357 Charcoal (AMS) 5600+30 6445-6309
THOM (7a) Poz-69 478 Charcoal (AMS) 5790435 6674-6496 Ollivier et al. (2015)
THOM (5b) Beta-693 294 Charred seed (AMS) 5920430 6834-6671
Hordeum vulgare
THOM (3b) Poz-69 479 Charcoal (AMS) 6540+40 7555-7342 Ollivier ez al. (2015)
THOM (1b) Beta-616 356 Charcoal (AMS) 6540+30 7551-7358
THOM-II (S2) Beta-646 474 Charcoal (AMS) 7470+£30 8362-8196
THOM-II (S1) Beta-662 691 Charcoal (AMS) 7220+40 8161-7955

Quercus (deciduous)

of the total shells. This total excludes Cecilioides
acicula, a burrowing species (Welter-Schultes 2012;
Horsak et al. 2013). Species are arranged according to
a combination of their ecological preferenda and their
order of appearance in the stratigraphy. For each section
there is also a diagram showing the main characteristics
of the assemblages and their composition by ecological
groups. This approach by ecological groups should be
seen as an approximation of the ecological reality
intended to facilitate the communication of the results
(Table S4). Although widely used, the method has never
been found to be perfectly satisfactory (Cameron 1978;
Evans 1991; Meyrick & Karrow 2007; Jufickova
et al. 2014; Magnin et al. 2022), for species rarely fit
strictly into any classification of that kind. It is necessary
to discuss the meaning of certain species on a case-
by-case basis, even if this flexibility may seem less
rigorous. Mollusc assemblage zones have been indicated
on the diagrams. The aim of this zonation is to facilitate
the description of the stratigraphic distribution of
assemblages in each succession. The zone boundaries
were defined at first by eye (Meyrick & Karrow 2007;
Magnin et al. 2022) and then using the CONISS
algorithm with the help of Tilia software version 3.0.1
(Grimm 2011). The two methods yielded comparable

results. We have sometimes preferred zonation by eye for
rare points of detail. Zones are noted in Roman numerals
following the name of the site, eg. THOM VL
Multivariate analysis, e.g. indirect ordination, is an
interesting improvement because the assemblages are
ordered only according to their taxonomic content,
without a priori ecological knowledge. Correspondence
analysis (CA; Greenacre 1984; Jongman et al. 1995;
Legendre & Legendre 1998) is useful for exploring the
structure of data tables. The CANOCO 4.5 package was
used for computing CA and DCA (Ter Braak &
Smilauer 2002). The results of these CAs are presented
in Data S1, Figs S1-S3.

Results and interpretations

MIR-1 La Stele

Stratigraphy. — The stratigraphy begins with a hydro-
morphic sediment containing charcoals, and nodules
related to secondary carbonation (Fig. 2). This set has
more visible soil features in its upper part (level 2, 15 242
to 14 677 cal. a BP). A thick complex of tufa lays
unconformably on the preceding ensemble. It starts
before 15 075 to 14 364 cal. a BP. It shows oxidation
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Fig 2. Stratigraphy of the three studied sections (uncalibrated radiocarbon ages).

spots and pedomorphic traits. Two stony layers are
interspersed in the tufa, the youngest (level 7) marking a
significant break before a final level of tufa. The tufa
formation corresponds, up to 6d, 12 725to 12 625 cal. a
BP, to the Lateglacial Interstadial (LGI). The upper
stony layer (7) and the last tufa layer (8) are not
satisfactorily dated.

Stratigraphic distribution of mollusc assemblages. — A
total of 16 samples were taken (Fig. 2). The great poverty
of samples 1a, 3a and 4 does not seem to be explained
by weathering. The shells are not very abundant
in general but there are considerable fluctuations
(Table S1, Figs 3, 4).

Zone MIR-1 I (assemblages 1a and 1b). Assemblage 1b
is dominated by Xerocrassa geyeri, Vallonia pulchella
and Galba truncatula. We also find Pupilla muscorum f.
bigranata, Granaria variabilis and Abida secale (Clausi-
liarugosawas presentin l1a). Thisindicates a temporarily
waterlogged grassland within a steppe landscape.

Zone MIR-1 II (2-3c). Galba truncatula indicates
intermittent flooding. Hygrophilous snails are abundant

(V. pulchella, S. oblonga, small slugs). Clausilia rugosa,
X. geyeriand A. secale form the second dominant group,
which nowadays is found in grasslands and scrublands
from the supra-Mediterranean level and above (Mag-
nin 1989, 1991; Labaune & Magnin 2001, 2002).
Malacofauna still indicates a juxtaposition of wet and
dry grasslands in a cold environment.

Zone MIR-1 III (3d-5b). Species richness increases
gradually. Aquatic (G. truncatula, Pisidium spp.) and
marsh species (Vertigo antivertigo, Oxylomaelegans) are
developing. Vallonia pulchella is regressing but other
hygrophilous species are present (S. oblonga, Cochlicopa
lubrica, Vertigo pygmaea). The part of the trio C. rugosa,
X. geyeri and A. secale is reduced, but G. variabilis and
Punctum pygmaeum are better represented. Jaminia
quadridens and Vallonia costata have appeared. This
zone is marked by the beginning of a significant
development of open wetlands. The context probably is
more temperate.

Zone MIR-1 IV (5¢c-6d). Aquatic and marsh species
reach their maximum (G. truncatula, Zonitoides nitidus,
O. elegans, V. antivertigo, Vertigo moulinsiana, Vallonia
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Fig 3. Mir-1 La Stele molluscan succession. Assemblage characteristics and ecological groups. Plus signs = values less than 1.3%.

enniensis and Carychium minimum). The wet meadow
species V. pulchella suddenly shows considerable num-
bers. It is accompanied by S. oblonga and C. lubrica. A
new xerophilous species (Truncatellina callicratis) and
Cepaea nemoralis have appeared. The marsh has grown

considerably. However, there are dry grasslands nearby.
Signs of a warmer climate appear to be confirmed.

Zone MIR-1 V (8). The change is dramatic. There are
almost no more wetland molluscs. The assemblage is
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Fig 5. Mir-5 Le Verger molluscan succession. Assemblage characteristics and ecological groups.

dominated by T. callicratis, J. quadridens and V. costata.
In addition to these three species, there are G. variabilis
and X. geyeri. Rare fragments attributable to the cold
sensitive species Backeljaia gigaxii give this xerophilic
assemblage a temperate climate nature.

Sketch of environmental changes at Le Mirail MIR-1
La Stele. — At the base of the succession, the local
environment is a wet grassland intermittently water-
logged (assemblages la—3c, between c¢. 15 000 and
¢. 14 800 cal. a BP). There are a number of species
common in western Provence, both in Pleniglacial
deposits and nowadays in open landscapes from the
supra-Mediterranean level and above (Magnin 1989,
1991; Labaune & Magnin 2001). The onset of travertine
facies (from 3a) does not coincide with a notable change
in malacological assemblages. A transition (3d to 5b)
then shows the development of wetlands and the
coexistence of dry grasslands sheltering more xerophilic
species (J quadridens). Signs of a bioclimatic

improvement appear from level 5¢ (whose '*C dating to
¢. 11 200 cal. a BP is too young) to level 6d (12 725 to
12 625 cal. a BP). Nevertheless, the extension of the
swamp prevents any more general perception of
the landscape. Tufa of level 8 provides without transition
a xerophilic and more thermophilic assemblage that
indicates an open habitat. This change is commensurate
with the strength of the detrital deposit that precedes it
(level 7). The '*C dating obtained for this abrupt event is
not satisfactory.

MIR-5 Le Verger

Stratigraphy. — The lower part of the formation was
investigated by backhoe drilling to a depth of 4 m, butits
base was not reached (Fig. 2). A first sedimentary
ensemble begins with tufa alternating with stony layers
(levels —12 to —1b). It is dated to the LGI. A second
ensemble probably starts with level 2a. Level 2b is dated
to the end of the Boreal period (8760 to 8425 cal. a BP).
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This layer stands out with its grey colour and pedo-
morphic traits. The sedimentation then changes
abruptly. Chalky again, it is sometimes interrupted by
hints of hydromorphic soils or coarse detrital layers
(levels 3-7). From level 8a to level 11a, the sediment is
chalky and detrital layers are rare. Structured tufas then
develop. They alternate with chalky facies and silty
detrital layers, sometimes displaying pedomorphic traits.
Only radiocarbon datings reveal a major discontinuity
between level 1b and level 2a or 2b, i.e. between
10 960+30 and 7775465 uncal. a BP.

In the upper part of the section, levels 12b, 12d and 12¢
contained Late Neolithic sherds. Numerous pottery
sherds, flint shards and charcoals in level 14 then testify
to a Late Neolithic settlement (5421 to 4989 cal. a BP).
Thelast level of the section (16d) includes sherds dated to
Late Antiquity.

Stratigraphic distribution of mollusc assemblages. — Thirty-
nine samples were analysed (Table S2; Figs 2, 5, 6, S2).

Zone MIR-5 1 (assemblages —9 to 1b). The share of
aquatic molluscs is extremely low. The same applies to
marsh species (V. antivertigo and O. elegans). Wet
meadow snails are abundant (up to 40% of assemblage
1b). The two dominant ecological groups are mesophilic
species of various habitats and xerophilic species of open
habitats. The first group consists of V. costata and P.
pygmaeum. There is a relative consensus that

P. pygmaeum is included among the species of varied
habitats (Davies & Griffiths 2005; Davies 2008),
although it may be attributed to greater preferences for
treed ones (Evans 1972; Magnin et al. 2022). The case of
V. costata is thornier. This species is classically assigned
to the open country or open ground group (Lozek 1964;
Evans 1972; Puisségur 1976, Jurickova et al. 2014), but it
can be found in open woodlands (Evans 1972; Thomas
et al. 1982; Magnin 1991; Martin 2004; Davies &
Griffiths 2005; Magnin et al. 2022) and even in marshes
(Evans 1972; Davies 2008). It therefore must be given a
greater ecological tolerance. Granariavariabilis predom-
inate the second group, accompanied by Pupilla tripli-
cata, J. quadridens and T. callicratis, with also X. geyeri,
O. annularis and Urticicola sp. Xerocrassa geyeri and O.
annularis are currently more montane (Magnin 1989,
1991, 1993b). Among the species of open environments,
however, we note the appearance of Candidula unifas-
ciatafrom level —2, then more thermophilic species from
level —1 (Xerosecta cespitum and Monacha cartusiana).
Finally, there are rare fragments of shells and opercula of
Pomatias elegans, a semi-forest and thermophilic snail.

Zone MIR-5 II (2a, 2b and 3). Aquatic and marsh
malacofauna is almost absent and the marsh share is
extremely low. Hygrophilous species and P. pygmaeum
are poorly represented. We note the importance of dry
open habitat taxa and the very relative abundance of the
woodland component. The proportion of xerophilic
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open ground molluscs is steadily increasing by 44-65%,
mainly thanks to G. variabilis which is accompanied
by species present from the Lateglacial (X. geyeri,
P. triplicata, J. quadridens and T. callicratis) and more
thermophilic species sometimes reported in the latest
assemblages of zone MIR-5 T (X. cespitum, M.
cartusiana, Granopupa granum). The
woodland-dwelling malacofauna is not diverse. With P.
elegans (200 shells in 2b), we can find Vitrea contracta
(mesophilic species sometimes considered to be wood-
land; Evans 1972) and V. costata, which appears to be
promoted in this case by the development of an open
woodland.

Zone MIR-5 III (4-8b). A marsh is established from
assemblage 4. It will reach its maximum in zone MIR-5
VI, with a switchback trend, before regressing. In MIR-5
I1I1, the aquatic component increases from 5 to 22%. It is
mainly the amphibious snail G truncatula. Marsh
malacofauna fluctuates between 10 and 34%, with C.
minimum, V. enniensis and V. antivertigo. \Vallonia
pulchella, a damp meadow species, accounts for up to
one-third of the malacofauna. The dry open ground and
woodland components are reduced. Dry open-ground
species (G. variabilis) have low values, except for sample
7, which shows a brief retraction of the marsh. Woodland
snails are anecdotal but, for the first time, strictly
woodland species occur (Acanthinula aculeata and
Merdigera obscura). Punctum pygmaeum, V. contracta
and V. costata may be added to this woodland
component. The persistence of the last specimens of X.
geyeri, P. triplicata and A. secale, three species among the
most characteristic of Lateglacial assemblages, is
noticeable.

Zone MIR-5 1V (8c and 8d). This zone is characterized
by a decrease in abundance and species richness, and a
preponderance of marshland snails. In 8c, the
small-sized slug plates make up 50% of an impoverished
assemblage. In 8d, the aquatic (G. truncatula), marsh (V.
enniensis, C. minimum and V. antivertigo) and hygroph-
ilous (C. lubrica) species predominate. In this zone and
the previous one, the marsh in which the tufa formed is
the most visible environment. Phragmites sp. indet.
is abundant within charcoal assemblages (Beauvais &
Cazorla in Martin 2004). This kind of Phragmites
meadow acts as a filter so that it is no longer possible to
perceive the landscape around the wetland.

Zone MIR-5V (9). This zone shows the expansion of V.
costata and a brief decline in aquatic and marsh
components, V. enniensis excepted.

Zone MIR-5VI(10abcand 10d). The marsh component
reaches its maximum before a final switchback regres-
sion. Zone MIR-5 VIisroughly the same as the pattern of

zone MIR-5 II1. However, the composition of the marsh
fauna is changing slightly. Carychium minimum and V.
enniensis are downgraded to the benefit of Z. nitidus and
V. antivertig. Meadow species V. pulchella is dropping
dramatically. The proportion of molluscs from dry open
ground is low (G. granum and G. variabilis). Forest
dwelling species are absent.

Zone MIR-5 VII (10e and 11a). The aquatic malaco-
fauna is more diverse, with three stygobionts species,
molluscs of temporary waters (G. truncatula) and more
demanding species (Radix balthica, Ancylus fluviatilis).
There is a peak in the marsh species V. enniensis and the
return of meadow species (V. pygmaea, V. pulchella).
Truncatellina callicratis is among the dry open ground
snails. For the first time, the presence of Oxychilus clarus
(very abundant) and M. cantiana is observed as
potentially woodland species. On the other hand, there
are only three shells of P. elegans in 11a.

Zone MIR-5 VIII (11b). The swamp had begun to
withdraw as early as zone MIR-5 VI, but there is now a
short-lived but particularly marked decline in aquatic,
marsh and hygrophilous molluscs. Assemblage 11b is
dominated by P. elegans (685 shells) and C. unifasciata
(261 shells), which are accompanied by V. costata, T.
callicratisand M. cantiana. Stenotopic woodland species
are almost absent (two M. obscura shells). This kind of
assemblage is currently characteristic of open and
immature downy oak stands developed on loose
and deep soils. Granaria variabilis definitively loses the
place it has occupied since the Lateglacial.

Zone MIR-5 IX (12a—-12¢’). After a short recovery, the
swamp resumes its gradual decline. Among aquatic
species, only stygobionts remain well represented,
especially Fissuria boui. Their presence is linked to the
karstic source. The retraction of the marsh temporarily
benefits V. pulchella (wet meadow) and C. lubrica
(hygrophilous, varied habitats). Pomatias elegans is
present but without the overabundant numbers it had
inzone MIR-5 V. Itis still accompanied by V. costata and
M. cantiana, but the strictly forest species are now better
represented (A. aculeata, M. obscura, Lauria cylindra-
cea). Carychium tridentatum and O. clarus can be added
to this pool despite their larger tolerance.

Zone MIR-5 X (12"-13c). The local environment is
unstable, and three phases can be distinguished. The first
isPhase a, a peak indry open ground taxa, particularly C.
unifasciata (37%in 12”) with V. costata and G. variabilis.
Dry herbaceous habitats are therefore expanding signif-
icantly in a heterogeneous landscape. This opening may
be connected to a nearby Neolithic settlement revealed
by a few sherdsin levels 12c and 12d. The second is Phase
b — in assemblage 13b, the number of V. costata is
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impressive (67% of the assemblage). It is likely that this
species of varied habitats benefits from the presence of
tree cover. Among the woodland species sensu lato, P.
elegans does not reach the overabundance observed in
zones MIR-5 II and MIR-5 V. It is quite abundant,
however, and itisaccompanied by notable populations of
A.aculeata and M. obscura. Added to this trio is a group
of snails often living in woodland habitats: C. rugosa, V.
contracta, C. tridentatum, O. clarus, M. cantiana and
Nesovitrea hammonis (first occurrence). The malaco-
fauna of dry open habitatsis represented almost only by a
few C. unifasciata. A marshy biotope is still present,
although limited (Z. nitidus, V. antivertigo and C.
minimum). Such an assemblage could characterize a
fairly closed riparian forest. Third is Phase c — finally,
assemblage 13c shows a new incursion of a marshy
grassland (Z. nitidus, C. minimum, O. elegans, V.
pulchella) and a withdrawal or displacement of the
riparian woodland.

Zone MIR-5 XI (14-16¢). This last zone shows a strong
retraction of wetlands species despite their brief return in
level 15. Species of dry open environments are rising
strongly (28-79% of the malacofauna, except for
assemblage 15). The opening up of vegetation is evident
with C. unifasciata whose progression from zone MIR-
5 VIII reaches its maximum here. The development of a
dry grassland also promotes M. cartusiana, Oxychilus
hydatinus and B. gigaxii. The rise of Trochulus hispidus,
which appeared on the site a little earlier, denotes the
maintenance of a certain humidity culminating in level
15. In addition to O. hydatinus, which was introduced to
the region during the Neolithic Period, and T. hispidus,
whose populations in Provence seem to be recent, we note
the arrival of Oxychilus draparnaudi (synanthropic), but
also of humid woodland taxa such as Helicodonta
obvoluta and M. plicatula. There is a mosaic dominated
by dry open habitats, with a turnover that involves three
ecological groups: the dry open ground species, the
species of various habitats and the woodland species.

Sketch of environmental changes at Le Mirail MIR-5 Le
Verger. — Zone MIR-5 1, at the base of the succession,
corresponds to a part of the LGI, between 13 589 to
13 346 cal. a BP (level —9) and 12 983 to 12 770 cal. a
BP (level 1b). The malacofauna suggests the juxtaposi-
tion of a sparsely swampy meadow and a dry grassland or
scrubland. Apart from wet meadow species, these
assemblages could be found today in
supra-Mediterranean open habitats. Thermophilic spe-
cies appear to develop from assemblage —1 dated at
13289 to 13094 cal. a BP. After a hiatus revealed by the
14C dating of level 2b (8760 to 8425 cal.a BP), zone MIR-
5 II indicates an open and dry woodland. Charcoals
(Beauvais & Cazorla in Martin 2004) belong to Quercus
sp. (deciduous) with heliophile and thermophilic species

BOREAS

such as Rosmarinus. The tufa then forms in a temporarily
flooded Phragmites meadow (zone MIR-5 I1I). The last
species remaining from the Lateglacial disappear here.
At the same time, we note the presence of the first
stenotopic woodland snails. The preponderance of
wetlands increases further in zone MIR-5 IV (7592 to
7275 cal. a BP) before a brief shortening (MIR-5 V). Itis
in zone MIR-5 VI that the marsh malacofauna reaches
its maximum. At that time, we faintly perceive the
existence of dry open habitats nearby. Woodlands are
undetectable. Zone MIR-5 VII (5577 to 5331 cal. a BP)
marksachangein the marsh dynamics. The malacofauna
is diversifying and includes more species, suggesting
concentrated flows. A riparian forest is developing. The
swamp then reduces abruptly (zone MIR-5 VIII),and an
open and immature woodland develops, associated with
dry herbaceous vegetation. During zone MIR-5 IX, the
swamp continues its gradual retreat after a short-lived
return. A woodland is maintained next to a marshy
meadow. [tismore mature than that of the previous zone.
We then observe (zone MIR-5 X) a succession including
an opening of the woodland, then the return of a riparian
forest, and finally the last substantial spread of the
swamp. At the top of the section, zone MIR-5 XI shows
the definitive reduction of the marsh, a considerable
increase in open habitats and a taxonomic turnover, the
latter two phenomena being certainly attributable to
human activities. Level 14 corresponds to a Late
Neolithic settlement dated at 5421 to 4989 cal. a BP,
while ceramic shards from Late Antiquity are found in
the upper levels (16b, 16c¢).

La Thomassine, Manosque

Stratigraphy. — The deposit begins with a remnant of
pseudogleyed sandy silts (S1 level; Fig. 2). It is followed
by a set of greyish brown silts containing charcoal and
heated pebbles. There are three layers in this set. The first
layer (S2; 8362 to 8196 cal. a BP) contains calcareous
gravels and some C. nemoralis shells. The second layer
(S3), more clayey, contains numerous shells of P, elegans.
These shells are less abundant in the third layer (S4) at the
top of which some tufa begins to appear. We can then
observe an alternation of compact tufa with plant
imprints (levels 1 and 4) and softer, chalky sediments
with a few tufa concretions (levels 2 and 3, ¢.7500 to
7400 cal. a BP). After a rapid transition through a
terrigenous tufa (level 5a0), a detrital event interrupts the
development of the tufa. It begins with a stony deposit
(5a), continues with massive yellow silts (5b; 6834 to
6671 cal. a BP), then with massive grey silts rich in
charcoal (6). The next level (7) is a structured tufa with
plant imprints, containing chalky inclusions (7a) and a
stony layer (7b). The sedimentary succession ends with
a terrigenous tufa (8; 4854 to 4656 cal. a BP).

Discreet evidence of human activity has been found at
three spots in the stratigraphy. In the S2 level (Late
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Fig 7. La Thomassine molluscan succession. Assemblage characteristics and ecological groups. Plus signs = values less than 1%.

Mesolithic) it is a combination of charcoal, charred fruit
fragments and heated stones. A single pottery fragment
was then found in level 5a while levels 5b and 6 yielded
splinters of burnt bones, heated pebbles, very fresh flint
shards, numerous charcoal fragments and rare charred
cereal seeds (Hordeum vulgare var. nudum). These levels
correspond to an Early-Middle Neolithic settlement in
the neighbourhood. Finally, level 8b gave up charred
cereal seeds (Hordeum vulgare) as well as flint shards and
fragments of rammed earth and pottery that come from a
settlement of the Late Neolithic.

Stratigraphic distribution of molluscs. — Seventeen sam-
ples were taken (Figs 2, 7, 8, S3; Table S3).

Zone THOM 1 (assemblage S1). The open ground
species G. variabilis and J. quadridens predominate.
Other species in this group are X. geyeri and G. granum,
along with rare X. cespitum and B. gigaxii. That is 80% of
the assemblage. There is also a share of mesophilic and
woodland species such as C. nemoralis, O. clarus, P.
pygmaeum, P. elegans, A. aculeata and M. obscura. It is
questionable whether at least some of these rare
woodland species do not belong to the upper layers, in
the same way as the dated charcoal fragments. It is an
assemblage of dry grassland, with some trees. Xerocrassa
geyeri is a Lateglacial relic that will be present in small
numbers as far as zone THOM VI. If the shells of X.

cespitum, B. gigaxii and P. elegans were in place, their
presence would argue in favour of a dry but not cold
climate.

Zone THOM 1I (S2, S3 and S4). There is a gradual
decline of open ground species in favour of P. elegans
whose shells form a concentration in level S3 (422 shells).
There are C. nemoralis, a few A. aculeata and large slug
plates. However, open-habitat species remain well
represented (17-48%). Oxychilus clarus is developing.
Marsh (O. elegans, Z. nitidus, C. minimum and V.
antivertigo) and hygrophilous molluscs (V. pygmaea,
Euconulus sp., P. pygmaeum, C. lubrica and C.
tridentatum) begin to develop at the end of this zone, at
the same time as the tufa. This is an open woodland that
remains dry until S4.

Zone THOM III (1, 2 and 3). Galba truncatula
accompanies the development of marsh and hygrophi-
lous species (O. elegans, V. pulchella, C. lubrica and C.
tridentatum). Mesophilic snails are also more abundant
(O. clarus, P. pygmaeum and Vitrinidae sp. indet.); they
often have woodland preferences. The numbers of P.
elegansarehigh, withalsomany A. aculeata, a stenotopic
woodland species. Monacha cantiana is present. This
snail is currently common with P. elegans in open
woodlands. The proportion of dry open ground snails
is still 10-30% (G. variabilis, T. callicratis and M.
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Fig. 8. La Thomassine molluscan succession. Percentage histogram. Dots = values less than 1%.

cartusiana) but M. cartusiana, occasionally hygrophi-
lous, could indicate here the development of a Phragmi-
tes meadow. There is a change in the nature of the
woodland, which would be a riparian forest.
This evolution began as early as S4, at the end of
THOM II.

Zone THOM IV (4b and 5a0). In a first step (4b), the
marsh malacofauna increases (G. truncatula, C. mini-
mum, V. enniensis and V. antivertigo) as well as the
hygrophilous component sensu lato (Euconulus sp., S.
oblonga and V. pygmaea). Monacha cartusiana seems to
be related to this change and the existence of a
Phragmites meadow. In a second phase the marsh
malacofauna declines, unlike the species that can be
linked to the riparian woodland (P. elegans, A. aculeata,
M. cantiana, V. contracta, O. clarus and C. tridentatum).
Vitrea contracta, V. luberonensis and V. pusilla occur at
the site for the first time. Dry open-ground molluscs still
account for 10-20% of the malacofauna (excluding M.
cartusiana because of its ambivalent meaning). Thereis a
mosaic of environments including a moist meadow,
a riparian woodland and drier open habitats, compo-
nents that move spatially or whose proportions vary
over time.

Zone THOM V (5a-6). The proportion of dry open
ground snails is increasing (40% of assemblage 5b; G.
variabilis, J. quadridens, T. callicratis, B. gigaxii and C.
unifasciata). The meaning of M. cartusiana is still
ambivalent. Woodland snails are declining, but there is
a renewal in assemblage 6 with P. elegans and M.
cantiana. Actual forest species are accidental (A.
aculeata, V. pusilla and V. luberonensis). Mesophilic
species and species from various habitats are well
represented: O. clarus, P. pygmaeum, Vitrinidae sp. indet.
and V. costata. There is a drop in the abundance and

richness of wetland molluscs. The opening of woodland
is significant in this zone, which also corresponds to a
withdrawal of the marsh. A slight woodland recovery is
noticeable in level 6.

Zone THOM VI (7a-8a). The aquatic and marsh fauna
reach its maximum. Aquatic molluscs culminate in
assemblage 8a (Pisidium spp. and G. truncatula). They
still characterize temporary waters. Marsh snails
account for one-third of the malacofauna in assemblage
7a and this proportion decreases to assemblage 8a (17%).
These are O. elegans, Z. nitidus, C. minimum, V.
antivertigo and V. moulinsiana. The peak of C. lubrica
(7a, 7b) is related to the marsh context. Species with
forest preferences are declining, including P. elegans.
However, A. aculeata and mesophilic species such as O.
clarus and P. pygmaeum persist. They may indicate the
presence of a riparian woodland. Dry open-habitat
species are also regressing, especially in levels 7a and 7b.
Granaria variabilis remains the dominant species in this
group along with C. unifasciata and J. quadridens.
This zone is characterized by the importance of the
marsh, the surrounding environment being hardly
visible. As for level 8a, there is at the same time a
reinforcement of the aquatic functioning and a decrease
in ambient moisture around the stream.

Zone THOM VII (8b). There are almost no marsh
species, except O. elegans which lives at the water edges. A
species of running water (Ancylus fluviatilis) was found
for the first time. Hygrophilous species are rare, as well as
species with woodland preferences (P. elegans). It is the
dry open-habitat component that is on the rise: M.
cartusiana, C. unifasciata, X. cespitum and O. hydatinus,
the latter species having been introduced to the region
during the Neolithic (Magnin ez al. 2022). Flows are now
concentrated within a drier, more open environment.
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Table 2. Composition of the Lateglacial malacofauna from Vallon du Mirail (MIR-1 and MIR-5). Species frequency in the loess of the Durance

valley: (*) = rare; * = present; ** = common or very common (according to Granier 1976).

Main type of species/environment relationship

Species

I. Eurythermal species from dry open-ground environments
(grasslands, scrublands, steppe)

I1. Palustrine, eurychoric species. Azonal, marsh
environment

III. Temperate species, even Mediterranean.
Mainly open-ground environments

Xerocrassa geyeri**
(Small slug plates*)
Jaminia quadridens*
Vertigo pygmaea(*)
Punctum pygmaeum*
Granaria variabilis**
cf. Vitrina pellucida
Pupilla triplicata**
Oxyloma elegans
Succinella oblonga(*)
Euconulus alderi/fulvus*
Vallonia pulchella(*)
Galba truncatula(*)
Vertigo antivertigo
Vallonia enniensis
Pomatias elegans
Xerosecta cespitum

Urticicola sp.*
Clausilia rugosa*
Truncatellina callicratis*
Abida secale*

Vallonia costata**
Pyramidula pusilla
Oligolimax annularis*
Pupilla muscorum*
Cochlicopa lubrica(*)
Zonitoides nitidus
Vertigo moulinsiana
Carychium tridentatum
Carychium minimum
Cepaea nemoralis

Candidula unifasciata*
Backeljaia gigaxii

Monacha cartusiana

Sketch of environmental changes at La Thomassine. — At
the base of the section (THOM I; S1), the dominant
species reflect a steppe and a temperate climate. A hiatus
possibly separates this thin sedimentary remnant from
the next layer. An age of ¢. 9000 cal. a BP is conceivable
given what has been described in the Aix-en-Provence
region (Magnin et al. 2022). The brown silts of zone
THOM II were deposited in a dry open woodland. At
their base (S2), a radiocarbon measurement indicates the
end of the Mesolithic (8365 to 8193 cal. a BP).
The presence of charcoal, charred fruit fragments and
heated pebbles suggests an anthropogenic impact. The
context becomes wetter in the S4 level which contains the
first signs of the tufa formation that will follow. The first
tufa (level 1) is dated to the very end of the Mesolithic or
the very beginning of the Early Neolithic (8362 to
8196 cal. a BP). Its appearance may simply be a
consequence of a lateral migration of the stream. The
increase in local humidity leads to a change in vegetation
that now resembles a riparian forest associated with a
Phragmites meadow (THOM 111, levels 1-3). This tufa
and associated sediments were deposited very quickly, as
shown by the similar dates obtained in levels 1 and 3, c.
7450 cal. a BP. During zone THOM 1V, the vertical and
lateral variations of facies are related to the evolution of a
mosaic comprising a Phragmites meadow, a riparian
forest and drier open biotopes. Zone THOM V then
marks a radical change in sedimentation and the
environment. A detrital deposit is set up in a context of
decline of the swamp and of woodland, while dry open
environments expand. Nevertheless, an open woodland
issoonreconstituted (level 6). Artefacts and other indices
in levels 5a—6 indicate a nearby settlement during the
Early-Middle Neolithic (6834 to0 6671 cal.a BP). Thereis
then a tufa with plant imprints, which develops in a
Phragmites-type meadow, possibly together with

a riparian woodland (THOM VI; levels 7a—8a). The
formation of this important tufa in the sequence begins c.
6674 to 6496 cal. a BP and continues beyond 6445 to
6309 cal. a BP. The last zone (THOM VII; level 8b) is
characterized by a concentration of running water in an
overall drier and more open landscape. Small fragments
of rammed earth and pottery as well as charred cereal
seeds indicate a settlement of the Late Neolithic (4854 to
4656 cal. a BP).

Discussion

The Lateglacial snail communities and their environmental
significance

Lateglacial deposits are particularly thick in the Mirail
valley. Mostly carbonated, including stony layers, they
correspond for the most part to the LGI. The two earliest
dateswould place the base of the MIR-1 succession at the
end of the Oldest Dryas. The top of this same succession
is probably attributable to the Younger Dryas. The
Lateglacial terrestrial malacofauna is rich with 33 taxa
to which we can add the amphibious species G
truncatula. These taxa can be split into three main
clusters (Table 2).

Cluster I is more or less the malacofauna of the
loess-like silts ascribed to the Wiirmian Pleniglacialin the
south of the Rhone valley and western Provence
(Mazenot 1956; Bourdier 1961; Bonifay 1962; Gran-
ier 1976; Magnin 1989, 2014). It is characterized by its
low species richness and its homogeneity, except for
slight intra-regional variations. It is more xerophilic and,
at first glance, more temperate than that of the more
northerly loess (Mazenot 1956; Granier 1976; Mag-
nin 1989). As in the north (Limondin-Lozouet &
Antoine 2001), the LGM malacofauna of SE France
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has suffered a dramatic impoverishment. It has spared
only a small number of xerophilic and climate-tolerant
species which today have a wide altitudinal distribution.
Only two species (O. annularis and X. geyeri) are
nowadays confined to montane refuges. Changes in their
geographical distribution, nevertheless, are not a strict
and unequivocal response to climate variations (Mag-
nin 1991, 1993a, b). In short, the basis of the Lateglacial
malacofauna of the Luberon is a direct legacy of the
LGM malacofauna, with a better representation of less
xerophilic species that were previously characteristic of
the mid-Rhone valley.

Cluster ITincludes hygrophilic, marsh and amphibious
species. It is a substantial group that contains only
common species with a wide geographical distribution.
Such a component is not determined solely and directly
by climate. Local factors can play a significant role.
Therefore, it is not easy to distinguish between local
factors and climatic fluctuations to explain the increase
of wetland species.

Cluster III includes taxa that are rather cold sensitive.
More than half of them are of Mediterranean origin.
Candidula unifasciata is an exception as it reaches about
2300 m a.s.l. in the Alps (Magnin 1991; Boschi 2011).
The other species in this group are thermophilous (X.
cespitum, P. elegans, M. cartusiana and B. gigaxii).
However, except for P, elegans, the case of which will be
discussed later, these taxa occur only in the most recent
Lateglacial levels of MIR-5, near the major unconfor-
mity brought to light in the stratigraphy. Being scarce and
often poorly preserved, these shells are probably
intrusive Holocene elements. While some succession in
Basse-Provence seem to corroborate such Lateglacial
ages for several of these species (Magnin et al. 2022),
other data would indicate a later development, between
11 500 and 10 000 cal. a BP (Magnin, in prep.).

The growth of the hygrophilic and marsh components
(cluster II) is the most distinctive feature of the
Lateglacial malacofauna here studied. It probably arises
from LGM wetlands, which were certainly very local-
ized, for there are no examples of marsh malacofauna
attributable to this period in the region. These hygroph-
ilous species are primarily an indicator of the local
moisture budget. Interpreting the gradations observed
within the Lateglacial malacofauna in terms of climate
and vegetation structure is challenging (Fig. 9).

Oldest Dryas and Oldest Dryas/LGI transition. — The
assemblages of at least the first two zones of the MIR-1
succession, with low species richness, including X. geyeri,
C. rugosaand A. secale, resemble those of the Pleniglacial
loess. Only the presence of hygrophilous species sensu
lato distinguishes them from the communities that
nowadays live on the ridges of Mont Ventoux or
Montagne de Lure ~1800-1900 m a.s.l., in dry grass-
lands and scrublands with stunted Juniperus and Pinus
(Magnin 1989, 1991). Although no strict indicator
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species can be found, the climate was possibly cold but
less arid than during the LGM. The dates obtained on
levels 2 and 3d of MIR-1 would place the two
malacological zones MIR-1 I and MIR-1 II — or even
the beginning of zone MIR-1 I11-at the end of the Oldest
Dryas. Zone MIR-1 III appears to be a transition, the
real change in malacofauna being placed at level Sa.
Sedimentary signs of warming related to the LGI —such
aspedomorphictraits and the onset of calcareous tufa, as
early as level 3a — would therefore precede both the
accepted age for the beginning of the LGI (i.e. 14 700 cal.
a BP) and changes in malacofauna. In the French Massif
Central, Ponel e al. (2016) present two examples in which
an increase in lacustrine productivity and an expansion
of Juniperus and Salix predate theage of 14 700 cal.a BP.
We may have the same situation here. As for the changes
in malacofauna in our case, it would not be surprising if
they occurred with a delay compared with vegetation and
the shift in morpho-sedimentary dynamics. Unfortu-
nately, thereis a lack of dating in the middle part of MIR-
1 section, especially within zone MIR-1 III.

Allerod. — This is first marked, during zone MIR-1 III,
by an increase in species richness. This increase benefits
on the one hand a set of rather xerophilic species of open
environments, and on the other hand the palustrine and
hygrophilous species whose number varies according to
local conditions. A small number of species from various
habitats also contribute to this enrichment. The mala-
cofauna of northern France similarly shows an increase
in species richness, but a shift towards drier conditions,
although with regional nuances (Limondin-Lozouet &
Antoine 2001). This general trend towards more drought
is less evident in the south. Up to 12 700 cal. a BP, the
malacofauna is globally richer in hygrophilous taxa than
that of the Pleniglacial loess. This assumes at least a high
moisture budget and probably more precipitation.
However, the variations within the LGI may only have
a local basis depending on the hydro-geomorphological
context. This is possibly the case for the marsh event
MIR-1 IV, which is not found in the MIR-5 succession
located further upstream. Several pollen records support
the evidence of a general north to south climatic gradient
showing a climate steadiness or warming in southern
Europe during the Allered (Combourieu-Nebout
et al. 2009; Ponel et al. 2016). The arrival here and good
representation of a snail like J quadridens could be a
weak sign of a less severe climate. Such an interpretation
has been proposed for older assemblages in Provence that
would correspond to climate improvements during MIS
3 (Magnin 1991, 1992, 2014). Nowadays this species is
relatively thermophilic (Germain 1930) but there are
notable exceptions in the Alps where it can reach
2400 m a.s.l. (Aubry 2003; Boschi 2011). An interpreta-
tion of the malacofauna in terms of temperature
therefore remains complex. There is little contrast in
the observed changes, not necessarily because climate did
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Fig 9. Summary of the Lateglacial molluscan succession on the southern slope of the Luberon mountain range (MIR-9 according to

Ollivier (2006) and unpublished data).

not change, but potentially, following the LGM, because
of the reduced pool of species both available and in
equilibrium with the new environment. Almost all taxa
locally available for recolonization during the LGI are
climate tolerant. Moreover, the diversity of distributions
nowadays observed, from one mountain range to
another, highlights the multiplicity and complexity of
the drivers of these distributions, which are not restricted
to climatic factors (Magnin 1991, 1993a; Aubry 2003;
Aubry et al. 2005).

In the western Mediterranean area, according to some
authors, the LGI would correspond to the development
of a deciduous oak forest, with Mediterranean taxa, at
the expense of steppe vegetation (Pons & Reille 1988;
Combourieu-Nebout et al. 2009; Delhon et al. 2010;
Ermolli ez al. 2022). Only 50 km SE of the Luberon, the
Allerad seems to be characterized by the juxtaposition of
several types of vegetation: a riparian forest around the
pollen site, a pioneer vegetation with Pinus and
Juniperus, and a mesophilic vegetation including Quer-

cus, while steppe taxa remain  abundant
(Nicol-Pichard 1987). Towards the Rhone Valley, in a
less sheltered area, this steppe character remains very
pronounced (Triat-Laval 1978). Regarding Mediterra-
nean France in general, Beaulieu ez al. (2005) describe the
dominant landscape of the LGI as a wooded steppe with
abundant Juniperus and Pinus and only scattered stands
of deciduous oaks. In our study of the Luberon, the
malacofauna seems to show that the vegetation cover
stayed steppe-like during the entire LGI. No forest
species have been added and the species regarded as semi-
forest, always accidental, are either potentially assignable
to other ecological categories (C. nemoralis) or of
doubtful origin as is the case with P. elegans, the most
common and least demanding woodland-dwelling spe-
cies in Mediterranean France (Pfenninger 2002). Only a
very few residual P. elegans shells were recovered from the
Lateglacial deposits of sections MIR-1 and MIR-5.
These are probably reworked. Indeed, in another section
of the Luberon dated on charcoal ¢. 12 000 uncal. a BP,
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this kind of fragment gave a '*C measurement of
43 1004730 uncal. a BP, much too old to be attributed
to a limestone effect (Magnin, unpublished data). Biases
that may be related to the presence of residual, worn
nepionic shells of P. elegans are common (Evans 1972;
Carter 1990).

As in England or northern France (Preece & Bridg-
land 1998; Limondin-Lozouet & Antoine 2001), the
climatic improvement of the LGI has not led to any
development of woodland snail communities in SE
France. This could be due to the distance from refugia
and the resultant delay in colonization. The problem is
whether the late-glacial malacofauna that we describe
strictly contradicts the existence of the forest reconquest
described by several authors, or whether it may be
transient, disequilibrium communities that can toleratea
certain tree cover. Almost all taxa that make up the basis
of the Lateglacial malacofauna are usually classified in
open country groups with the exception of several species
which belong to the mesic or various habitats group,
suggesting that they may be found in woodlands or at
least tolerate lightly wooded habitats (Lozek 1964;
Puisségur 1976; Jufickova et al. 2014). Near the sections
here studied (Mont Ventoux and Luberon; Magnin 1991;
Labaune & Magnin 2001, 2002), P. pygmaeum would be a
shade-loving species showing a preference for woodlands
and a tree cover greater than 25%. Abida secale and C.
rugosa tend to have a clear preference for low tree cover
(<10%), although they may live in more closed habitats.
Several species classified in the open country group,
including P. triplicata and V. costata, occasionally
colonize more closed habitats (Magnin 1991; Magnin
et al. 2022). Even X. geyeri, Pyramidula pusilla, G.
variabilis and O. annularis can tolerate a tree cover up to
40% at most. Only J. quadridens (and presumably P
muscorum, which has not been studied) would not
tolerate a tree cover of more than 10% (Magnin 1991).
Such adaptability, even at a regional scale, is important to
highlight. It shows that the classification in ecological
groups of species considered as stenotopic should not
obscure their potential plasticity that particular envi-
ronmental contexts may reveal.

Finally, a strong regional heterogeneity must be
considered. In the Pleistocene site of Pont-de-Mirabeau,
less than 20 km SE of the Mirail valley, on a north-facing
slope, malacological assemblages first attributed to the
LGM on the basis of their composition and stratigraphic
position (Magnin 1991, 1992) were definitively dated to the
Allerad (13 039 to 13 617 cal. a BP, Ollivier et al. 2014).
Dubar (1983) already noted that the loess malacofauna in
the Durance valley varies according to the local geomor-
phology and topography, which can affect local climate
and environment. Magnin (2014) concluded that the
physiographic diversity of the region during the LGM
prevents the possibility of a reliable biozonation, inter-site
variability being possibly greater than intra-site. Such a
phenomenon may be valid for the LGI.

BOREAS

Younger Dryas. — Probably referable to the Younger
Dryas, zone MIR-1 V, which follows (or includes) a
torrential event, reflects a rapid and severe aridification
that could be due to a drastic decrease in precipitation.
This evolution towards aridity agrees with regional
pollen data (Nicol-Pichard 1987). Unlike what has been
observed in northern France or in Britain (Preece &
Bridgland 1998; Limondin-Lozouet & Antoine 2001),
there is no indication of a cooling.

The laborious and incomplete reassembly of Holocene
woodland communities

Early Holocene. — At the beginning of La Thomassine
succession, the steppe malacofauna of THOM I may be
weakly polluted by more recent forest-dwelling species.
Otherwise, such an assemblage is compatible with those
described at Aix-en-Provence c¢. 9000 cal. a BP, which
would indicate a wooded grassland (Magnin et al. 2022).

Apart from this poorly dated assemblage, which could
correspond to a primary stage of woodland recoloniza-
tion, the first Holocene assemblages appear to be already
established woodland assemblages (2a and 2b for MIR-5
and S2 for La Thomassine). The oldest are those from
zone MIR-51I(¢. 8550 cal. a BP) (Fig. 10). Compared to
the rest of the MIR-5 succession, they are characterized
by their xerophilic nature, by the importance of molluscs
of open habitats, and by the development of only two or
three species that prefer a woodland cover. Among these
species, the importance of P. elegans is remarkable. The
conditions must have been particularly favourable for its
development, with a moderately moist, loose soil and an
aerated foliaceouslitter. These same conditions may have
promoted V. contracta and V. costata, which live in a
variety of habitats and are not regularly woodland-
dwelling species. In short, only the success of P. elegans
can be thought of as a woodland development. Despite
the length of time between Lateglacial and Holocene
deposits, there has been virtually no taxonomic enrich-
ment other than this species which seems to have begun to
disperse during the Preboreal (Magnin, in prep.). It is
surprising that species that are common in woodlands
and potentially available here from the LGI have
not benefited from woodland recovery (A. secale, P.
pygmaeum, C. rugosa and C. nemoralis).

Middle Holocene. — At La Thomassine, the assemblages
ofzone THOM 11, dated to ¢. 8000 cal. a BP, characterize
an open woodland, a deciduous oak forest as indicated
by charcoal analysis. Compared with the Early Holocene
assemblages (MIR-5 II), they include, alongside a very
abundant population of P. elegans, more strictly wood-
land species: 4. aculeata, M. obscura, C. nemoralis, O.
clarus and C. tridentatum. In the Mirail valley, the
presence of these species can be observed in zone MIR-5
II1, which could be synchronous withzone THOM 11, but
their presence is almost anecdotal in assemblages for they
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Fig. 10. Summary of the Holocene molluscan succession on the southern slope of the Luberon mountain range.

are suddenly and durably overshaded by wetland
molluscs. A new and final enrichment in woodland
species occurred at La Thomassine between c. 7500 and
¢. 6600 cal. a BP, first at the very beginning of zone
THOM 111 (P. pygmaeum, Vitrinidae sp. indet. (Phena-
colimax major?) and M. cantiana) and then at the
beginning of zone THOM 1V (V. pusilla, V. luberonensis,
V. contracta and Euomphalia strigella). In the Mirail
succession, it is only at ¢. 5500 cal. a BP, i.e. at the end of
the Atlantic, that O. clarus and M. cantiana appear, and
finally we can observe during Late Antiquity the arrival
of new, hygrophilic woodland-dwelling species (M.
plicatula and H. obvoluta) within an assemblage from
open environment whose heterogeneous constitution is
the result of a new, complex landscape structure. The two
successions of La Thomassine and Le Mirail (MIR-5)
thus show phase shifts in the postglacial recolonization
by woodland taxa. For the most part, the assembly of
woodland snail communities on the southern slope of the
Luberon take place during the Atlantic period, between
¢.8000 and ¢. 6600 cal. a BP at La Thomassine, but up to
¢. 5500 cal. a BP at Le Mirail. This interval does not
exclude later adjustments at Le Mirail, but also and

especially on the Ubac site (northern slope of the Petit
Luberon), where the most completed woodland assem-
blages date from the Early Bronze Age, ¢. 4000 cal. a BP
(Martin & Magnin 2002; Martin 2004; Bizot &
Sauzade 2015).

Boycott (1934) remarked that woods as such have no
characteristic fauna. From an autoecological point of
view, woodland species are a heterogeneous assortment,
few of which are restricted to woodland (Cameron &
Redfern 1972; Evans 1972; Cameron 1978). Our present
analysis is based on a broad definition that includes both
stenotopic woodland species and those that, living in
varied habitats, are nowadays commonly found
in woodlands in Mediterranean France. In total, in the
two Holocene successions MIR-5 and La Thomassine,
there would be at best a dozen stenotopic woodland
species, most of them being rather rare. This usual
poverty of woodland snail assemblages, which seem
immature in view of the classic belief of a primeval high
forest during the Mesolithic and part of the Neolithic
(Battentier 2022), has already been described in the Aix-
en-Provence basin (Magnin et al. 2022). This contrasts
with diversity hotspots nowadays detected here and
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there, but likewise in the Holocene, when they also are
observed patchily during unexpected, sometimes late
time periods (Renault ez al. 1996; Berger et al. 2000;
Martin 2004; Bizot & Sauzade 2015). The pattern is thus:
large, low-diversity areas vs. local, high-diversity hot-
spots. In general, woodland malacofaunas vary greatly
among themselves, even in the same area, with a
nestedness of species distribution at different scales
(Cameron & Pokryszko 2004; Hylander et al. 2005;
Horsak et al. 2014; Cameron 2016). Most often, the
underlined factors relate to the quality of the habitat or
the poor dispersal ability of certain species. To this must
be added the fragmentation of the species distributions
produced by the LGM, then the impact of human
activities. This later factor may have slowed down the
colonization by forest species from the Neolithic
onwards in central Europe (Horsdk et al. 2019). It must
have been all the more effective in the Mediterranean
region where it was early added to other constraints such
as summer drought.

At site level, the reassembly of postglacial woodland
communities in the Luberon does not follow a linear way.
Furthermore, it does not completely coincide with the
higher proportion of woodland snail shells in
the assemblages, nor with the regional woodland cover
optimum as recorded by palaecobotanical surveys. It is
likely that the dispersal ability of woodland snails,
usually low (Baur & Baur 1988; Pfenninger 2002;
Hylander 2011; Cameron 2016; Barbato et al. 2020a,
b), is responsible for the complexity of the observed
patterns. In our diachronic approach, it is probable that
we observe situations of non-equilibrium as a conse-
quence of more or less random dispersal in a changing
environment.

The postglacial colonization by woodland snails in the
Mediterranean region: a parallel history to temperate
Europe?

Part of the modern malacofauna of temperate Europe
would be influenced by its postglacial spread from
traditional southern glacial refugia (Limondin-Lozouet
& Preece 2014; Juiickova et al. 2014). So far, a
comparison between southern and temperate Europe
has been complicated owing to very uneven data sets and
a sparse knowledge of mollusc successions of southern
Europe  (Jurickovda et al. 2014). Although
southern Europe is characterized by an extraordinary
physical and biological diversity, our results concerning
the French Mediterranean area can allow to assess the
contribution of putative southern macrorefugia to
the Holocene dynamics of forest snails in temperate
Europe.

The first postglacial appearance of woodland snails is
informative. It is most often delayed in the French
Mediterranean area. Pomatias elegans plays a key role in
this region as a pioneer woodland species, either
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in Holocene successions or along recent secondary
successions (Magnin & Tatoni 1995; Magnin
et al. 2022). It is a cold-sensitive snail with a Mediterra-
nean and western European distribution. Its extremely
discreet presence in the Lateglacial deposits, c.
13 000 cal. a BP, remains to be verified. More certainly
its spread started ¢. 10 000 cal. a BP (Magnin, in prep.),
first in a steppe landscape, with populations still reduced
¢. 9000 cal. a BP (Magnin et al. 2022), then reaching an
overwhelming place in open-woodland assemblages
from the end of the Boreal period (c. 8550 cal. a BP).
Absent in central Europe (Jufickova et al. 2014), P
elegans appears in Holocene successions in Luxembourg
¢. 9200 cal. a BP (Granai et al. 2020), in Normandy
between ¢. 10 200 and c¢. 9500 cal. a BP (Limondin-
Lozouet & Preece 2004; Limondin-Lozouet et al. 2005)
and in Britain c¢. 8450 cal. a BP (Preece & Bridg-
land 1998). These dates attest to quasi-simultaneous
colonizations between the south and the north. Yet above
all, P elegans was not a pioneer species in temperate
Europe, which experienced an earlier colonization by
more strictly forest taxa. A first colonization wave
happened in these regions c. 11 300 cal. a BP near the
Western Carpathian refugium (Jufickova et al. 2018;
Frodlova & Horsak 2021) and 1000 years later west-
wards (Horsak et al. 2020). In all these successions, a
sharp increase in the colonizing species occurred at the
transition from Preboreal to Boreal periods, i.e. while the
malacofauna of the Mediterranean region was still
largely steppe-like. At least 70% of all forest species
appeared before 8200 cal. a BP in temperate Europe
(Horsdk et al. 2020) while the forest malacofauna of SE
France generally remained poorly diversified at that
time. Among the species that contributed to the
development of the forest malacofauna during the Early
Holocene in the continental and Atlantic regions of
temperate Europe (Limondin-Lozouet & Preece 2004;
Limondin-Lozouet et al. 2005; Jufickova et al. 2014;
Horsak et al. 2019, 2020; Granai et al. 2020), there is a
pool of species in common with the malacofauna of
Mediterranean France. In this last region, however, such
species generally appeared at least 1000 years later (M.
obscura) or have remained confined, sometimes until the
present day, in sites with propitious conditions (e.g.
Discus rotundatus, Aegopinella pura, Sphyradium dolio-
lum). The case of Discus rotundatus is revealing. The
appearance of this species at the beginning of the
Holocene, in the successions of temperate Europe,
corresponds to the development of the forest component
in the malacological assemblages, between c. 10 200
and c¢. 9500 cal. a BP (Preece 1997; Meyrick 2001;
Limondin-Lozouet & Preece 2004; Limondin-Lozouet
et al. 2005; Granai et al. 2020). This common European
species, which lives in moist litter under deciduous
forests, is absent from the Holocene successions of the
Luberon (this paper) and those of Aix-en-Provence
(Magnin 1991; Magnin et al. 2022). In the Mediterranean
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region, its populations are generally localized, nowadays
and throughout the Holocene. This patchy distribution
testifies to a difficult colonization or recolonization. This
is due to the combination of factors already mentioned:
severity of a cold and dry LGM, low dispersal ability,
aridity of the Mediterranean bioclimate, age and
intensity of anthropization. The case of D. rotundatus
applies to the majority of strictly forest species in
Provence, excepting the more widespread M. obscura
and A. aculeata.

All these observations further weaken the hypothesis
of a Holocene colonization of temperate Europe by cold-
sensitive forest snails from southern — or at least
Mediterranean — macrorefugia via the Rhodanian
corridor, contrary to the pattern described for other
interglacials (Rousseau 1989, 1992; Limondin-Lozouet
et al. 2020). They add to the increasing collection of
evidence which demonstrates the importance of north-
ern refugia for forest snails (Jurickova et al. 2014, 2014;
Horsak et al. 2019, 2020). Furthermore, the Mediterra-
nean region itself has not benefited from the macro-
refugia that it would have sheltered or with which it
would have been close. As in the case of temperate
Europe, local, scattered microrefugia probably largely
contributed to its recolonization by forest species. The
survival without expansion of Retinella olivetorum in
the vicinity of Aix-en-Provence, since the last interglacial
(Magnin et al. 2012), is direct evidence of such
microrefugia.

Evaluating the structure of Holocene woodlands

Evaluating the structure of Holocene woodlands is a
critical issue given the difference in perception that may
exist between pollen analysis and some other proxies
when it comes to reconstructing the structure of
Holocene woodlands (Mitchell 2005), particularly in
Mediterranean Europe (Grove & Rackham 2001). For-
tunately, habitat structure is a key factor to explain land
snail distribution and abundance (Magnin 1991; Magnin
& Tatoni 1995; Labaune & Magnin 2001; Menez 2007),
including that of woodland (Barbato er al. 2020a, b;
Gheoca et al. 2023). Assemblages of terrestrial molluscs
therefore have a valuable potential to reconstruct the
structure of Holocene local stands (Preece et al. 1986;
Mitchell 2005), in addition to palacobotanical data
which provide information on vegetation composition
(Battentier 2022), often at a larger scale.

At the end of the Boreal (MIR-5 II), the malacofauna
indicates an open woodland in a dry context (Fig. 10).
Charcoal analysis shows this is a deciduous oak stand
(Beauvais & Cazorla in Martin 2004). The woodland
interpretation of snail assemblages is mainly deduced
from the abundance of P elegans. It is difficult to
determine whether the absence of stenotopic woodland
species is due to the open structure of the vegetation or to
the delayed assembly of the woodland snail communities

on site. It is therefore, above all, the importance of open
ground snails — potentially the anti-woodland species of
Boycott (1934) — that may indicate the degree
of openness. However, it would be necessary to determine
to what extent the species assigned to the open ground
category are really anti-woodland species. This category
is dominated by G. variabilis, a species common in the
loess of Provence and abundant in the Lateglacial
deposits of Le Mirail. It is clearly a saxicolous and
xerophilous snail, not sun-sensitive (Germain 1930;
Welter-Schultes 2012). Nevertheless, as already noted,
it sometimes tolerates a significant tree cover (i.e. woody
plants>2 m), up to 30 or40% (Magnin 1991). In this zone
MIR-5 11, the peak of abundance of V. costata, another
recognized open ground snail, which occasionally lives in
woodland (Evans 1972), coincides with that of P, elegans
and therefore is probably linked to the presence of a
woodland. In addition, there does not appear to be
a significant herbaceous cover, otherwise species such as
C. unifasciata or X. cespitum (and even X. geyeri) would
be better represented.

At the beginning of the Atlantic (c. 8000 cal. a BP), the
woodland at La Thomassine — always a deciduous oak
woodland — appears progressively more closed and
moister. Granaria variabilis still dominates the open
ground component, but the diversity of woodland
species is greater. This reflects a more advanced
recolonization but also, most likely, a complex habitat
structure. This development is still increasing in zone
THOM 1II corresponding to the Early Neolithic.
Holocene assemblages are then comparable with those
that can be observed nowadays, downstream from the
site, in the thalweg occupied by a mosaic of complex
woody stands (i.e. 30—40% high woody plants; 15-20%
low woody plants) and narrow Phragmites meadows
(Magnin, unpublished data). It is during this period, c.
7500 to 7400 cal. a BP, that the woodland cover appears
to reach its greatest complexity, even if the canopy does
not seem to be very closed. On the northern slope of the
Petit Luberon, the optimum was reached c. 7880 cal. a
BP with an open woodland, which became even more
open and drier from ¢. 7570 cal. a BP (Martin &
Magnin 2002; Martin 2004). This same woodland
optimum is found further south, in Aix-en-Provence,
between c¢. 8000 and c¢. 6700 cal. a BP (Magnin
et al. 2022). In these sites, the successions are comparable
with those of the Luberon, but the assemblages included,
asearlyas 7000 cal. a BP, rare shells of xero-thermopbhilic
and synanthropic Mediterranean snails (e.g. Cernuella
virgata). After this optimum, at La Thomassine, despite
the growth of the swamp, we can observe a decrease in
woodland cover which proceeds in fits and starts. In the
Mirail tufa (MIR-5), on the other hand, it is impossible
to describe the structure of the woodland during the
maximum development of the swamp. It is only from
zone MIR-5 V, at the end of the Atlantic period, that we
can attempt to glimpse it. Malacological assemblage 11b
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(¢. 5470 cal.a BP)dominated by P, elegans, C. unifasciata
and V. costata evokes an immature woodland, of the
park-woodland type, sufficiently open to promote a good
cover of herbaceous vegetation. This depleted assem-
blage has similarities to those of the Late Boreal, but the
praticolous C. unifasciata here replaces the saxicolous G.
variabilis. After this stage, snail assemblages first show
the return of a riparian woodland, i.e. a wetter habitat
with a more complex structure. It is then substituted by a
drier and more open park-woodland vegetation, with
a dominant herbaceous layer (base of zone MIR-5 X). To
some extent, it is a reproduction of zone MIR-5 VIII, but
with a more open horizontal structure. The discrete
reappearance of a riparian woodland then constitutes, c.
5000 cal. a BP, the last woodland occurrence in the MIR -
5 succession.

Our results correlate well overall with those accumu-
lated over decades by palaeobotanists (Battentier 2022).
In terms of structure of the woodlands at their optimum,
they provide some clarifications and things to consider. If
the beginning of the Early Holocene, before 8500 cal. a
BP, is represented in the successions here studied, it can
only be at the base of La Thomassine section (THOM I)
whose assemblage indicates a more or lesswooded steppe
vegetation consistent with the anthracozone 1b of Heinz
and Thiébault (1998). This period, characterized by a
sandy-silty sedimentation, is better represented else-
where in Basse-Provence where it predates pre-forest
stages (Magnin et al. 2022). The Late Boreal oak
woodland (MIR-5 II) stays open and immature. To
qualify it, open woodland seems more appropriate than
forest, which some authors use in the sense of primeval
forest, i.e. mature forest (Battentier 2022). Later, between
¢. 8000 and c. 7400 cal. a BP, woodlands reached their
optimum at the end of a succession promoted by a more
humid environment. This result confirms the evolution
described in the Aix-en-Provence area (Magnin
etal.2022).1tis consistent with regional palacobotanical
data (Triat-Laval 1978; Thiébault 1997; Delhon 2005;
Delhon et al. 2010; Battentier et al. 2018; Batten-
tier 2022). Surprisingly, however, even during this
optimum, the canopy is quite open, with probably less
than 50% cover.

Identifying imprints of human activities on snail
communities and habitats

Land snails are sensitive to changes induced by human
activities. They are first indirectly affected by the
modification of their habitats at the station scale
(Evans 1972; Magnin & Tatoni 1995; Labaune &
Magnin 2002; Hylander 2011; Douglas et al. 2013) but
also bychangesat thelandscape level (Magnin et al. 1995;
Aubry & Magnin 2005). Furthermore, community
composition can be directly modified by the develop-
ment of synanthropic species whose passive dispersal is
facilitated, and which are often introduced either
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intentionally or accidentally (Magnin & Martin 2012;
Nurinsiyah et al. 2016). In Holocene successions, the
causal relationship between environmental change and
anthropogenic disturbance may be difficult to establish
(Preece et al. 1986). This can be considered in two ways:
(1) when malacological assemblages indicate changes in
the structure of plant formations that cannot be
explained by the known amplitude of climatic variations
(Magnin & Martin 2008); and (ii) when introduced or
clearly synanthropic species develop. In both cases, the
presence of archaeological data or other evidence of
human activities is a corroborating argument.

In the Mirail (MIR-5) and La Thomassine succes-
sions, snail communities and their habitats seem to be
impacted by human activities on several occasions
(Fig. 10). The open and immature features of woodlands
during the Late Boreal and Early Atlantic raise
questions. On the one hand, the malacological assem-
blages could express the logical proceedings of a
succession influenced by a climatic trend from dry to
wetter conditions between c¢. 8550 and 8000 cal. a BP.
The woodlands of zone MIR-5 11, particularly open and
dry, seem to be the succession stage following the steppe
landscape that persisted in Basse-Provence until c.
9000 cal. a BP (Magnin et al. 2022). As for zone THOM
IT of La Thomassine, it would represent the woodland
optimum we have described. However, the related
sediments are rich in charcoal (deciduous Quercus
dominant) and contain heated pebbles and reddened
soil aggregates that evoke fires or the emptying of
hearths. The possibility of a local human impact must be
considered. Even if the impact of Mesolithic hunter—
gatherers on the landscape has long been controversial
(Roberts et al. 2018) and is generally considered to be
minimal, this hypothesis should not be completely
rejected. It could partly explain the relatively open
structure forest stands at their optimum. Elsewhere in
Provence, at Tourves, a human impact has been detected
by pollen analysis at 7880 cal. a BP, while beetle
assemblages do not record it (Nicol-Pichard 1987
Andrieu-Ponel & Ponel 1999). Several studies have
revived the debate in continental Europe and Great
Britain (Innes & Blackford 2003; Bishop er al. 2015;
Dietze et al. 2018; Heidgen et al. 2022). On SE Iberian
Peninsula, Sanchez-Garcia et al. (2024) suggest, from the
coincidence of the highest charcoal accumulation rates
with Late Mesolithic activity, even during periods of
predominance of oak forest, that hunter—gatherer
communities transformed the landscape by burning
woodlands. Further investigations are needed to assess
this hypothesis in Provence.

AtLaThomassine, the first signs of woodland opening
attributable to anthropization appear at the end of zone
THOM III (during the Early Neolithic, ¢. 7450 cal. a
BP). They continue in zone THOM IV. The impact of
human activities becomes conspicuous in zone THOM V
during which a clear decline in woodland coincides with a
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detrital accumulation containing uncountable charcoal
fragments, together with some artefacts and other
evidence of human activities. This episode is attributable
to the Early-Middle Neolithic, 6834 to 6671 cal. a BP.
Open woodland vegetation then quickly regenerates
(level 6). In the Mirail valley (MIR-5), it is only from the
Late Neolithic, ¢. 5470 cal. a BP, that the malacological
signal of anthropization becomes clear, butitisalso at the
moment when the reduction of the swamp area begins,
allowing the observation of a wider environment. Earlier
assemblages already included a few snails indicating the
existence of open, dry habitats at the edge of the swamp.
This presence of a xerophilous malacofauna in the
Atlantic may be an indication of anthropization.
Although discontinuous, the progress of C. unifasciata
from zone MIR-5 VIII to the end of the succession is a
much more significant element, this species being
nowadays dominant in the dry grasslands of the Grand
Luberon below 900-1000 m a.s.l. (Labaune & Mag-
nin 2002). The development of C. unifasciata occurs in
three increasingly pronounced pulses. Initially (zone
MIR-5 VIII), we probably are in the presence of a park-
woodland with an abundant herbaceous layer. This
episode shortly preceded the appearance of the first
shards of Neolithic pottery. During the next pulse (zone
MIR-5 X), anthropization interrupts the return of the
riparian woodland for a while. Anthropization is even
clearer after a Late Neolithic settlement dated at c.
5160 cal. a BP. In the same way, the Late Neolithic period
at La Thomassine is characterized, c. 4800 cal. a BP,bya
progression of species from dry open environments,
including O. hydatinus, a species introduced to Provence
during this period. Finally, in the Late Antiquity
assemblages of the Mirail section, open ground snails
account for more than 75%. With this last stage (zone
MIR-5 XT) a threshold is crossed. The artificialization of
the landscape and its heterogeneity are suggested by the
miscellaneous nature of the malacofauna, which
includes synanthropic species (O. draparnaudi), human-
dispersed mesophilic species (7. hispidus), open ground
species (introduced O. hydatinus), and even some
stenotopic woodland snails. This pattern has already
been described in the Aix-en-Provence region (Bonnet
et al. 2020; Magnin et al. 2022).

In the two successions studied here, anthropization
stages highlighted by the malacofauna arein line with the
regional evolution described by palacobotany (Batten-
tier et al. 2018; Battentier 2022). Anthropization
remained discrete and difficult to characterize during
the Early Neolithic. In the Middle Neolithic, a major
erosive event associated with a significant opening of
woodland is highlighted at La Thomassine. From the
Late Neolithic period, in the two sites, human impact is
evident. It coincides with changes in the composition of
snail communities. In the Tourves wetland, 50 km SE
of the Luberon, it was also during the Late Neolithic that
human impact led to a drastic environmental change

recorded by beetle assemblages (Andrieu-Ponel &
Ponel 1999). However, there are substantial differences,
regarding the malacofauna, between the sites in Haute-
Provence and those of Basse-Provence, only 40 km
further south. Around Aix-en-Provence, malacofauna
reveals a more marked anthropization of the landscape
from 7000 or 6500 cal. a BP (Magnin et al. 2022). In
addition, most of the synanthropic species so character-
istic of anthropization and landscape opening in Basse-
Provence and Languedoc (Martin 2004; Martin
et al. 2005, Magnin & Martin 2012; Magnin
et al. 2022), are absent from the Luberon successions.
Thisis the case of C. virgata, an emblematic synanthropic
species that has been present near the coast (Cha-
teauneuf-les-Martigues) since the Early Neolithic (7227
to 7165 cal. a BP),andwhich appears at Aix-en-Provence
at the same time (7336 to 7247 cal. a BP). These regional
differences may be explained by a lower intensity of
human impactin the Luberon during the Neolithic. They
are also due to a less Mediterranean character, the
regional malacofauna being affected by a strong
biogeographical gradient towards the SW (Magnin &
Tatoni 1995; Kiss et al. 2004). The singular palaeoenvir-
onmental dynamics reported at Martigues from the
Early Neolithic onwards thus represent an extreme
situation in which the climatic and edaphic conditions
near the coast of western Provence would not have
allowed the deciduous oak forest to become dominant
(Battentier et al. 2020; Battentier 2022).

Conclusions

Study of these three mollusc successions, on the edge of
the southern Alps, fills a gap in our knowledge of the
Quaternary malacofauna of the French Mediterranean
region. The Lateglacial malacofauna is described for the
first time. Its most prominent feature, compared with
Pleniglacial, is the important development of hygrophilic
communities. Despite an increasing species richness and
some signs of warming and increasing humidity, inter-
preting climate variations from the malacofauna is
challenging. The same applies to the evolution of
vegetation cover. Changes are not contrasting and the
impoverished communities, mainly inherited from
the LGM, may be transient and unadjusted. Neverthe-
less, even in the hypothesis of nonequilibrium commu-
nities, it is not conceivable to interpret LGI assemblages
as compatible with the deciduous oak woodland
mentioned by some authors. They are, however, com-
patible with a patchy steppe landscape with some
restricted wetlands. Younger Dryas would reflect a severe
aridification without cooling.

The reassembly of forest snail communities has been
laborious throughout the postglacial. It did not take
advantage of the glacial refugia that the Mediterranean
region sheltered. Compared with northern Europe, the
first strictly forest species appeared 1000 years later.
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Their number first increased ¢. 8000 cal. a BP, then
several times until the beginning of the historical period.
This recolonization was affected by temporal shifts
between sites and a great spatial heterogeneity. This
resulted in a pattern of large, low-diversity areas vs. local,
high-diversity hotspots still observed today. Early
anthropization and Mediterranean aridity have been
added here to other constraints already recognized in
temperate Europe, e.g. impoverishment and fragmenta-
tion of communities owing to the LGM, distance to
refugia, low dispersal ability and variations in habitat
quality.

Regarding woodland cover during the Holocene, our
results correlate well overall with the timing obtained by
palaeobotanists. However, the structure of these wood-
lands seems to have remained quite open, even at their
optimum ¢.7500 to 7400 cal. a BP.

Likewise, anthropization stages pointed out by the
malacofauna are in line with the regional evolution
described by other proxies. A local impact of Mesolithic
hunter—gatherers should not be rejected pending further
evidence. Anthropization was low in the Early Neolithic
but became more evident during the Early-Middle
Neolithic, and more extensive from the Late Neolithic.
The consequences of human activities on snail commu-
nities and vegetation are less pronounced in the Luberon
than in Basse-Provence (Magnin et al. 2022), possibly
owing to a reduction in aridity. The high variability of the
Mediterranean region makes further studies on
the Alpine and eastern borders of the French Mediter-
ranean region essential.
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Data S1. Summaries of malacological data using
ordination diagrams. Comments to Figs S1-S3.

Fig. S1. MIR-1 La Stele section. Detrended correspon-
dence analysis (DCA). A = Species scatterplot; B =
interpretation of the scatterplot; C = position of the
molluscan assemblages on the scatterplot.

BOREAS
Fig. S2. MIR-5 Le Verger section. Correspondence
analysis (CA). First biplot (left) and its interpreta-

tion (right). Only the most significant species are
represented.

Fig. S3. La Thomassine section. Results of the corre-
spondence analysis (CA). First biplot (left) and its
interpretation (right). Only the most significant
species are represented.

Table S1. Raw mollusc data from MIR-1 La Stele.

Table S2. Raw mollusc data from MIR-5 Le Verger.

Table S3. Raw mollusc data from La Thomassine.

Table S4. Proposed ecological groups.
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