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Two malacological sequences sampled in loess sections P1 and P3 of Nussloch (Rhine Valley, Germany)
provide the most complete and precise molluscan record of western Europe for the Weichselian Lower and
Middle Pleniglacial from about 70 to 34 cal. kyr BP. Qualitative and statistical analyses were performed on 134
mollusc samples. In the most complete Lower Pleniglacial record (P1), malacofauna changes reflect three short
phases of vegetation development and climatic improvement related to soils and probably interstadials. A steppe
to herb/shrub tundra shift characterizes the Lower-Middle Pleniglacial transition and is followed in both
malacological records by the same general environmental trend (decline in vegetation and humidity increase)
ending with a new increase in temperature and vegetation cover at the top of P3. In the Middle Pleniglacial, the
impact of each shorter climatic change on the malacofauna is less recognizable due to a higher sediment
compaction and also to being differently recorded in both sequences as the local topography affects soil water
resources, soil and vegetation development and malacofauna adaptation. A comparison shows that the western
European biostratigraphical framework can thus be improved by coupling molluscan records from loess sections
to pollen sequences.
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Fossil terrestrial mollusc communities are extremely
useful when reconstructing environmental changes in
Quaternary loess sequences from different continents
(Limondin-Lozouet & Antoine 2001; Rousseau 2001;
Lauriol et al. 2002; Stimegi et al. 2002; Wu et al. 2002;
Rossignol et al. 2004). Terrestrial molluscs are mainly
sensitive to temperature and moisture (Lozek 1964;
Puisségur 1976; Solem 1984). At the European scale at
least, temperature partially constrains species geograph-
ical distribution (Moine et al. 2002). The vegetation
type, which depends partially on both temperature and
moisture, also affects the molluscan assemblage
composition, protects molluscs from large weather
variations and provides them with food (Kerney et al.
1983). Moreover, a recent high resolution study has
shown that malacofauna composition and dynamics
changes, related to millennial timescale climatic vari-
ations during the Weichselian Upper Pleniglacial at
Nussloch (Rhine Valley, Germany), were not related to
taxa life traits (Moine 2003). This reinforces the
usefulness of molluscs in palaeoenvironmental and
palaeoclimatic reconstructions, especially in loess
sequences where they are the only biological remains
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present in large amounts. However, a better under-
standing of the combined impact of local environ-
ment and regional climate on molluscan communities,
as well as a more detailed knowledge of the eco-
logical tolerance of mollusc species, is still required
to improve palacoenvironmental interpretations. For
several years, malacological studies are thus (re)inves-
tigated at high resolution for different areas and time
intervals.

The 17-m-thick loess sections of Buzzard’s Roost
and Eustis (Nebraska, Great Plains) have recorded the
last North American deglaciation during the 21 to
12kyr BP interval. They are about 50 km apart, show
nearly identical lithological records and their malaco-
zone boundaries, based on the main malacofauna
changes, are nearly synchronous (Rossignol et al.
2004). These malacozones correspond to those defined
by Leonard (1952) for the whole Great Plains and their
composition is similar in both sequences. However,
whereas both similar presence/absence intervals and
long-term trends in species populations generally may
respond to regional or global climatic changes, shorter
variations in species proportions and abundances, or
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different magnitude of long-term trends, more probably
highlight local perturbation effects.

In central England, two tufas, located 10km apart
and deposited under similar environmental conditions,
recorded the base of the Holocene (Meyrick & Preece
2001). Their similar molluscan successions led to
defining synchronous malacozones as correlated with
those of the regional molluscan succession defined at
Holywell Coombe, southeast England (Preece 1998).
Radiocarbon-dating of malacozone boundaries
suggests a broad synchronicity of the environmental
changes resulting from the strong climatic oscillations
of the Lateglacial. However, the influence of both local
conditions and relative distance from the refugia of
some species probably explains the small differences in
faunal composition and species proportions, as well as
the timing of first appearances and last occurrences of
species, observed in both records (Preece 1998).

At Conty (northern France), five molluscan succes-
sions encompassing the Lateglacial have been sampled
in fluvial deposits of neighbouring channels of the Selle
river (Limondin & Antoine 2001). Their similar
molluscan species first appearances, last occurrences
and proportions allowed the definition of a common
malacological zonation in agreement with the regional
one related to the Lateglacial climatic oscillations.
Here, also, species proportions differences mainly
highlight the influence of the local environment.
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Consequently, the goal of this study is to investigate
two very close (about 320m apart) malacological
records from Nussloch (Rhine Valley, Germany)
encompassing the Weichselian Lower and Middle
Pleniglacial for which high-resolution continuous
terrestrial records of palaeoenvironmental changes
lack, except few pollen sequences. The aims are thus:
(1) to analyse the palacoenvironmental changes at
Nussloch during the Early Weichselian to Weichselian
Middle Pleniglacial, (2) to characterize the local
environmental influence on the malacofauna by
comparing adjacent records, and (3) to distinguish the
impact of local environment from that of regional or
global climatic changes.

Material and methods
Site location and chronology

The two loess sequences studied here, P1 and P3, are
located in the Nussloch quarry on the eastern side of
the Rhine Valley (Germany), on top of the Odenwald
Plateau, about 10km south of Heidelberg (Fig. 1;
Antoine et al. 2001). The local topography of the area
is formed by loess ‘gredas’, which are dune-like
structures oriented NNW-SSE parallel with the local
dominant winds and built up during the loess deposition
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Fig. 1. Location of the Nussloch sections and simplified local geomorphology.
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(Léger 1990). P1 was located on the side of one of
these gredas, and P3 in the middle. Both sections have
now disappeared, as the quarry is still active. The two
studied sequences were about 320m apart. The
chronological framework of both sequences is based on
'4C dating of loess organic matter (Hatté e al. 2001),
thermoluminescence (TL) (Zoller et al. 1988), and
optically stimulated Iuminescence (OSL) dates (Lang
et al. 2003), which have provided ages between 160
and 34kyr BP, encompassing the Saalian, Eemian,
Early Weichselian and the Weichselian Lower and
Middle Pleniglacial (Fig. 2). The chronostratigraphical
interpretation of both sequences is based on multi-
disciplinary analyses of Fe, CaCOs, loess grain-size
(Antoine et al. 2001) and of organic matter (Hatté et al.
2001), combined with lithological correlations from
other NW European loess sequences that also recorded
the last climatic cycle (Antoine et al. 2001). Since
detailed descriptions of the stratigraphy, lithology and
pedology of the Nussloch loess sequences have already
been published (Antoine et al. 2001), we will only
summarize their main lithological and pedo-strati-
graphical characteristics (Fig. 2).

Lithological descriptions

The base of P1 is a calcareous loess (unit 1) attributed
to the Saalian on the basis of thermoluminescence and
amino acid analyses (Antoine et al. 2001; Gnieser
1997). According to the bracketing dates, the thick
overlying brown soil (units 2a and 2b) characterizes the
Eemian interglacial. Its top is truncated and overlain by
a complex of two soils bracketing clayey colluvium, all
attributed to the Early Weichselian, i.e. Eemian inter-
glacial-Weichselian Pleniglacial transition (units 3, 4,
5). The Lower Pleniglacial deposits include loess
alternating with thin and soliflucted tundra gleys (units
6b to 12) and end with a thick sandy loess unit (unit
13). The Middle Pleniglacial deposits start with a
cambisol (unit 14 — Gréselberger Boden) developed at
the top of the sandy loess layer. Then, due to thermo-
karst processes, a depression was developed in the
cambisol and the sandy loess (Fig. 3) and was
subsequently filled with organic-rich and sandy loams,
including peat layers, some bone, charcoal and wood
remains (unit 15). This infilling is overlain by alter-
nating loess and gley units (units 16 to 19). The 5° tilt
of units 13 to 19 is due to the local topography created
during the deposition of the sandy loess layer (unit 13)
and probably enhanced by the thermokarst incision.
P3 begins with a sandy loess layer and a thin inter-
glacial brown soil, both overlain with thick, probably
hillwashed and redeposited, loessic colluvium (units
6a, Cpx A, Cpx B). The following thick sandy loess
layer (unit 13) is easily correlated with that of Pl
thanks to its lithological characteristics and aspect. In
the absence of dates, units 6a, Cpx A, Cpx B and 13
have been attributed to the Lower Pleniglacial using
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lithological considerations. The subsequent loess and
gley alternation (units 16 to 19) and a second cambisol
(unit 20 — Lohner Boden) characterize the Middle
Pleniglacial. Both Middle Pleniglacial lithological
records are similar except that the top of P1 is probably
incomplete. Unlike P1, the Middle Pleniglacial units of
P3 have been horizontally deposited. Moreover, the
available dates and the absence of thermokarst above
the Griselberger Boden (unit 14) in P1 suggest a hiatus
at the top of this unit in both sequences.

Mollusc assemblage analysis

Samples of 10 litres (about 15kg) were taken
continuously every 10cm (Fig. 3), sieved and washed
to extract the mollusc shells, which were counted and
identified. The P3 and P1 sections provided 208967
and 157915 individuals, respectively. Four successive
samples, 15-, 20-, 10- and 10-cm-thick, respectively
were also taken within the thermokarst filling (Antoine
et al. 2001), apart from the main P1 sampling column
(Fig. 3) because of its reduced lateral extent, and then
included in the P1 record. Originally taken to check the
molluscan richness in the thermokarst filling, the
volume of these samples is only about 5 litres. To be
comparable with those of other samples, their species
abundances should thus have been multiplied by 2.
However, if this volume had been greater, additional
species might have been identified. Hence, to avoid any
disjunction between richness and abundances in the
statistical analyses, we keep the original counts.

Following the classification established by Lozek
(1964) and Puisségur (1976), the 26 terrestrial species
recognized are mesophilous (10) or they characterize
open habitats (5), semi-open (5), steppe (1), damp (1)
and swampy habitat (2) (Table 1), or were only
identified at the genus level (2). The five aquatic
species characterize low-energy water rich in vegeta-
tion, periodic swamps, or habitats poor in aquatic
vegetation. Some of them presently occur in several of
these environments. The slug group, gathering several
slug species with different ecological requirements, has
not been used in environmental reconstructions. All
mollusc counts have been summed up as species
abundances and proportions (Figs 4, 5, 6, 7), and both
Juveniles/Adults ratios (J/A) and Juveniles/Total ratios
(J/T) have also been performed for Pupilla muscorum
(Figs 4, 6):

] Ax—Ap

an ] Ax—Ap
A E+Ap

T E+F

The calculation of such indices is restricted to a few
species for which the precise counting of apices (A4x)
and apertures (4p) is easy and not precluded by the
fragile nature of these elements (e.g. Pupilla
muscorum, Clausilia dubia and Clausilia parvula). E
and F are entire and broken individuals, respectively,
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Fig. 2. Stratigraphy of P1 and P3 sections and correlations based on the lithology (modified after Antoine et al. 2001). Abbreviations: Lohner
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Fig. 3. Sketch of P1 section (modified after Antoine ef al. 2001). Legend as in Fig. 2.

and F is the largest of Ax and Ap. Only results obtained
for P. muscorum are discussed, as this species is the
only one present throughout both sequences. The J/A
and J/T variations are assumed to reflect changes in the
reproduction rate and juvenile survival, which princi-
pally depends on temperature parameters during the
reproduction season (Moine 2003). However, negative
values for both ratios indicate a lack of apices compared
to the number of apertures, and thus a taphonomic bias,
such as wind action and/or carbonate dissolution. For
example, couples of extreme values such as (J/JA=0;
J/T=0) or (JJA=0; J/T=1) indicate the absence of
juveniles or adults, respectively. Given the mean time-
span of about several hundred years, represented by a
sample in the Lower and Middle Pleniglacial deposits,
an absence of juveniles or adults must certainly reflect
a taphonomic bias in the few poor assemblages en-
countered. However, these extreme values cannot be
related to a particular preservation bias of terrestrial
mollusc shells. With the exception of wind action and/
or carbonate dissolution, all other biases, listed and
checked by Carter (1990), in well-developed calcareous
soils can neither have occurred nor be checked in the
Nussloch loess deposits. Thus, the environmental
interpretation of a few assemblages, characterized by
couples of extreme J/A and J/T values, is considered
less reliable than for the other assemblages.

A correspondence analysis (CA) has been performed
on mollusc counts to determine the dominant ecological
factors that influence molluscan assemblage composi-
tion, and to compare their variations throughout both

sequences (Figs 8, 9). With this method, observations
(assemblages) and variables (species) can be plotted on
the same diagram, i.e. species are plotted near assem-
blages in which they dominate. The abundance counts
have been coded in classes, defined on a logarithmic
scale of base 2, in order to reduce the influence of their
high wvariability in the analysis (Rousseau 1987).
Because of their few sporadic occurrences, Vertigo
genesii, Pupilla cf. alpicola, Pupilla sterri, Discus sp.
and Vertigo sp. appeared extremely scattered on the
original species CA diagram, and all other species were
grouped in a very compact cluster. Therefore, these few
taxa have been introduced in the correspondence
analysis as supplementary variables. In addition, a hier-
archical ascendant classification has been performed on
both species and assemblage coordinates of the first
five axes of the correspondence analysis (Fig. 10).
Hence, the species ecological requirements (Table 1)
are used to determine the ecological significance of the
species CA diagram axes (Fig. 8). The environmental
changes are then deduced for all the assemblages, and
consequently for every lithological unit (Fig. 11). Cal-
culations were performed with Statistica 6.0 (StatSoft
Inc., Tulsa, OK).

Results
Definition of the P3 malacozones

MZ[-P3. — The malacozone MZ1-P3 comprises unit 6a
and the first two assemblages of Cpx A (Fig. 4). Among
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Table 1. Ecological requirements of the identified species in P1 and P3 sections, after Adam (1960), Germain (1930), Kerney et al. (1983),
Likharev & Rammel’meier (1962), Lozek (1964) and Zilch & Jaeckel (1962). Habitats: semi-open (2), steppe (4), open (5), mesophilous (7),
damp (8) and swampy (9). Affinities: m or M: mesophilous, f: forest, r: rocks, h: moisture. Slugs (7') have been omitted, as their species have
different ecological requirements. Ecological requirements of freshwater species (10) are not shown.

Abida secale (71r) Dry, sunny and hot stations with a short
vegetation; only in calcareous and not

granitic regions. Rarely in woody places

Arianta arbustorum

(2f(h))
Clausilia dubia (7fr)

Very wet and vegetated stations.
Cold-resistant. Also in open stations
(humid meadows, alpine grasslands)

Sparse forest and among rocks in fairly
humid and calcareous mountain areas

Mostly in dry open stations with calcitic
rocks and short vegetation. Rare
in woods

Wet stations (woods, humid meadows,
swamps)

Clausilia parvula (71r)

Cochlicopa lubrica (7h)

Cold regions and wet stations with
vegetation (herbaceous swamps,
subarctic woods and grasslands)

Very varied, humid to dry, stations with a
developed vegetation cover. Sometimes
among rocks and fallen stones. Also
present in open stations

Wet, stony and open stations at high
altitudes, even near the snow cover

Mostly in very humid and humid stations
with vegetation (woods, meadows,
swamps). Sometimes in dry stations
when vegetation is sufficient

Stony meadows and near mossy
calcareous rocks. Sometimes in
woody valleys near brooks

Varied habitats (meadows, woods,
swamps) but prefers humid open
stations even cold ones at altitude

Columella columella (5)

Discus rotundatus

(2f(m))

Eucobresia nivalis

(2f(h))

Eucomulus fulvus (7)

Neostyriaca corynodes
(T™)

Nesovitrea hammonis

(Th)

Orcula dolium (7fr) Calcareous and fairly dry to wet
stations (wood litter among rocks,

slopes with fallen stones)

Fairly wet habitats with a developed
vegetation cover (wood litter). Also in
open stations if humidity and protec-
tion against dehydration are adequate

Very wet mountain stations (swamps,
peat bogs, wet grasslands) and
preferring calcareous areas

Open, dry or damp and sunny stations

Punctum pygmaeum (7)

Pupilla alpicola (9)

Pupilla muscorum (5)

Pupilla sterri (4) Very dry and sunny stations among
calcareous rocks and fallen stones,
and a sparse vegetation

Wet stations with a sparse vegetation
(humid meadows, swamps and
near brooks)

Everywhere except driest stations

Succinea oblonga
elongata (8)

Trichia hispida (7)

Trichia striolata (2f(m)) Wet and shaded stations with vegetation

Varied open, dry and humid, stations with
stones. Rarely in woods or swamps

Humid and open habitats (wet and
swampy meadows, near river banks
and swamps). Mostly rare in dry
meadows, and very rare in woods

Swampy stations (swamps, flooded
meadows)

Vallonia costata (5)

Vallonia pulchella (5)

Vertigo genesii (9)

Varied habitats, but prefers humid
stations (wet and swampy meadows,
near river banks) rather than dry
and open stations

Cool and humid stations (woods, wet
meadows, near swamps and brooks)

Vertigo pygmaea (5)

Vitrea crystallina

(2f(m))

dominant species, proportions in Pupilla muscorum
and Trichia hispida are higher than those in Succinea
oblonga, Vallonia costata and Vitrea crystallina
(Fig. 5). Arianta arbustorum, Cochlicopa lubrica,
Punctum pygmaeum, Vallonia pulchella and Vertigo
pygmaea persist in smaller proportions. The specific
abundances are low and show synchronous slight
variations (Fig. 4). Strong decreases in all species
abundances and the disappearance of V. crystallina,
V. pulchella, P. pygmaeum, C. lubrica, V. pygmaea,
Orcula dolium and Eucobresia nivalis characterize the
end of MZ1-P3.

MZ2-P3. — The malacozone MZ2-P3 almost completely
comprises units Cpx A and Cpx B (Fig. 4). The
dominant species are Pupilla muscorum, Succinea
oblonga and Trichia hispida (Fig. 5). Arianta arbus-
torum, Vallonia costata and Clausilia parvula persist in
weaker proportions than the dominant species. A few

other species already identified in MZ1-P3 occur spora-
dically, such as Punctum pygmaeum, Orcula dolium,
Abida secale and Discus sp. (Fig. 5). Species abundance
and richness values are the lowest of the sequence. A
slight abundance increase occurs in the upper half of
MZ2-P3. At the same time, Trichia striolata appears,
Vitrea crystallina reappears, and the proportions of
P. muscorum increase, whereas those of A. arbustorum,
T. hispida and S. oblonga decrease (Fig. 5).

MZ3-P3. — The malacozone MZ3-P3 comprises units
13 to 20 (Fig. 4). The dominant species are still Pupilla
muscorum, Succinea oblonga, Trichia hispida and
Vallonia costata (Fig. 4). At the base of MZ3-P3,
Columella columella, Neostyriaca corynodes, Vallonia
pulchella, Punctum pygmaeum, Cochlicopa lubrica,
Orcula dolium, Abida secale, Nesovitrea hammonis,
Vertigo pygmaea, Pupilla sterri and Euconulus fulvus
appear or reappear (Fig. 4). C. columella and
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N. corynodes are continuously present toward the top
of P3, contrary to other species. Richness and species
abundances are thus higher in MZ3-P3 and show
fluctuations that rarely coincide with lithological
changes (Figs 4, 5). Only proportion of S. oblonga
increases regularly near the top of gley units. Abun-
dance variations of every species are not always
synchronous (Fig. 4). Freshwater molluscs are present
almost throughout MZ3-P3. Their population increases
weakly in the middle of unit 14 and strongly at the top
of the gley unit 18, where it is synchronous with a
decrease in dominant terrestrial species abundances
(Figs 4, 5).

Definition of the Pl malacozones

MZI-PI. — The malacozone MZ1-P1 comprises unit 1
(Fig. 6). The dominant species are Trichia hispida,
Succinea oblonga and Pupilla muscorum. Arianta
arbustorum 1is persistent in low proportion, as is
Columella columella restricted to the very base (Fig. 7).
Species abundances are low, decreasing, and species
progressively disappear (Fig. 6). The relative frequen-
cies of T. hispida decrease, whereas those of S. oblonga
increase, but are still higher than those of P. muscorum.
Only the three dominant species constitute the last

assemblage. As the Eemian BT horizon samples are
devoid of shells, they have not been assigned to any
malacozone.

MZ2-Pl. — The malacozone MZ2-P1 comprises units 3
to 13 (Fig. 6). The dominant species are Pupilla
muscorum, Succinea oblonga, Trichia hispida and also
Vallonia costata occurring discontinuously. Arianta
arbustorum and Vitrea crystallina are persistent in low
abundance. Poorly represented species include Punc-
tum pygmaeum, Vertigo pygmaea, Vallonia pulchella,
Cochlicopa lubrica, Euconulus fulvus, Neostyriaca
corynodes, Orcula dolium, Eucobresia nivalis, Colu-
mella columella and Nesovitrea hammonis, which all
occur sporadically. All species show the same abun-
dance patterns with two maxima within units 7-8 and
10-11, and a weaker increase in unit 13. Another slight
environmental change occurs within soil unit 9 and
involves a small increase in Vallonia costata, Vertigo
pyvgmaea and Vitrea crystallina, and the presence of
Vallonia pulchella, Cochlicopa lubrica, Euconulus
fulvus and Nesovitrea hammonis. The presence of
several secondary species is restrained to these abun-
dance peaks. Concerning proportions, each unit seems
characterized by a particular combination of dominant
species that rather suggests a succession pattern.
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MZ3-PI. — The malacozone MZ3-P1 comprises units
14 to 19 (Fig. 6). The dominant species are Pupilla
muscorum, Succinea oblonga, Trichia hispida, Trichia
striolata and Vallonia costata. It is characterized by the
highest richness of the studied sequence, an important
decrease in the proportions of P. muscorum, and the
appearance of T. striolata and its large proportion
increase. New secondary species also appear, such as
Clausilia dubia, Clausilia parvula and Columella
columella, and mostly persist throughout this malaco-
zone (Fig. 7). The secondary species already present in
MZ2-P1 show larger proportions in MZ3-P1. Fluctua-
tions in species abundances are mostly synchronous
and independent of lithological changes. The propor-
tions of dominant species show weaker fluctuations
than in MZ2-P1, except in the last four assemblages
where T. striolata strongly increases whereas P.
muscorum, V. costata and C. parvula clearly decrease
(Fig. 7). Contrary to MZ3-P3, freshwater mollusc
species only occur sporadically in MZ3-P1.

Concluding remarks. — About half of the identified
species have both large modern ecological range
(Table 1) and wide geographical distribution in Eurasia
(Kerney et al. 1983; Likharev & Rammel’meier 1962),
and the others can survive in poorly vegetated places.

Pupilla muscorum (open habitat), Trichia hispida
(mesophilous), Succinea oblonga (damp habitat),
Vallonia costata (open habitat), and also Trichia
striolata (semi-open habitat) in the upper half of P1,
dominate most of the assemblages (about 70-90%)
(Figs 5, 7), which reflects the persistence of the same
steppe to tundra-like vegetation. Only the general
malacofauna diversification at the Lower-Middle
Pleniglacial boundary can be correlated between both
sequences. Smaller variations in species proportions
and abundances, or total abundance and richness, do
not allow the definition of a common molluscan
succession framework, even for the similar Middle
Pleniglacial lithological records (Figs 2, 5, 7).

Correspondence analysis (CA) and hierarchical
ascendant classification (HAC)

The first five axes of the correspondence analysis
explain 72.12% of the total variability (F1=30.24%,
F2=16.49%, F3=12.10%, F4=794% and F5=
5.33%). Since a quadratic relationship between axes
1 and 3 is highlighted by a Guttman effect (Benzecri
& Benzecri 1980), the signification of the third axis
cannot be clearly distinguished from that of the
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Fig. 6. Species abundance diagram of the P1 section. Explanations as in Fig. 4.

first one. Moreover, the less the explanation per-
centage of an axis, the less clear its significance.
Hence, only the first two axes, F1 and F2,
defining the first factorial plane have been considered
(Figs 8, 9).

Species HAC. — The hierarchical ascendant classifica-
tion, performed on the species coordinates of the first
five axes of the species correspondence analysis,
allowed eight clusters (S1 to S8) to be determined
using the associated aggregation curve (not shown)
(Figs 8, 10). S1 includes two mesophilous species from
calcareous areas with a small arboreal cover and rocks.
However, A. secale also prefers dry and sunny stations,
as opposed to C. dubia inhabiting fairly moist locations
(Table 1). This may explain their separation just below
the defined threshold (Fig. 10) and their distant plot in
the species CA diagram (Fig. 8). The differentiation
between S2 and S3 is subtler. Indeed, S2 groups meso-
philous species preferring moisture, arboreal vegetation
and rocks, and species of semi-open moist stations
(C. lubrica, P. pygmaeum, O. dolium, E. nivalis and
E. fulvus). In S3, the species characterize mesophilous

environments with or without arboreal vegetation and
rocks, and semi-open and open habitats (C. parvula,
N. corynodes, C. columella and T. striolata). Hence,
species of S3 indicate a sparser vegetation cover and C.
columella a moister environment (Table 1). The species
of S4 are common in loess assemblages throughout the
European loess belt (Lozek 1968). Even though they
belong to different ecological groups (semi-open, open,
mesophilous and damp habitats), they all tolerate
climatic variations, especially cold. P. muscorum, S.
oblonga and T. hispida are the most tolerant species
and they dominate every malacological assemblage at
Nussloch. 4. arbustorum is closer to V. crystallina, as
both species are the most vegetation-dependent of this
cluster. V. costata has intermediate requirements be-
tween the first two groups. A too moist environment
may have limited its population at Nussloch. S5 groups
V. pulchella and V. pygmaea, characteristic of open and
moist habitats. The large populations of V. pulchella
throughout P1 explain its proximity to the dominant
species cluster S4. In the lower part of the species CA
diagram, V. pygmaea is plotted close to N. hammonis as
V. pulchella requires less vegetation. S6 groups the
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Fig. 7. Species proportions diagram for the P1 sequence. Explanations as in Fig. 5.

moisture-demanding species V. genesii and P. cf.
alpicola. The uncertain Pupilla specimens are closer to
V. genesii than to P. muscorum, which has suggested
their allocation to P. cf. alpicola, which has similar eco-
logical requirements to V. genesii. A confident identi-
fication cannot actually be based on such a statistical
analysis. As S7 groups a few poorly represented species
(N. hammonis, Vertigo sp. and P. sterri), no precise en-
vironmental characterization is possible for this cluster
(Table 1). S8 includes only Discus sp., indicating a
habitat with a developed vegetation cover. However, its
rare and weak appearances are useless, and may rather
explain its relationship with S7. Consequently, the
analysis of the hierarchical ascendant classification
indicates that the species distribution in the CA dia-
gram is realistic and mostly determined by vegetation
and moisture.

Species CA. — Species contribute significantly to the
general variability of each axis when their inertia is
greater than that of the theoretical mean contribution,
ie. 1/21 or 4.76% (Fig. 8). Along F1, T. striolata, C.

dubia, N. corynodes and O. dolium contribute posi-
tively, and P. muscorum, T. hispida, V. pulchella,
whereas S. oblonga contribute negatively (Fig. 8). The
positive side of F1 is characterized by vegetation-
requiring species, and the negative side mainly by
typical loess species with a wide ecological tolerance
(Table 1). F1 thus expresses a gradient between two
open environments: tundra, toward its positive side, and
steppe, slightly less vegetated, toward the negative one.
Along F2, C. columella and C. parvula contribute posi-
tively, whereas V. pygmaea, E. fulvus, P. pygmaeum, C.
lubrica and E. nivalis contribute negatively. All are
vegetation-requiring species. Nevertheless, C. colu-
mella, preferring higher moisture, mainly characterizes
the positive side of F2, whereas the negative one is
characterized by species preferring less moist condi-
tions (Table 1). Moreover, the position of V. genesii
and P. cf. alpicola beyond that of C. columella toward
the positive extremity of F2 supports this interpretation.
F2 thus expresses a moisture gradient. Consequently,
environmental trends can also be determined from the
disposition of the assemblages in the CA diagram.
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Fig. 8. Correspondence analysis performed on assemblages and species of P1 and P3 sections. Arrows indicate the significantly contributing
species for each axis. Species clusters determined by the hierarchical ascendant analysis are contoured by a solid line. Abbreviations:
AARB=Arianta arbustorum, ASEC=Abida secale, CCOL=Columella columella, CDUB=Clausilia dubia, CLUB=Cochlicopa lubrica,
CPAR=Clausilia parvula, DISP=Discus sp., EFUL=Euconulus fulvus, ENIV=Eucobresia nivalis, LISP=Slugs, NCOR=Neostyriaca

corynodes, NHAM=Nesovitrea hammonis, ODOL=Orcula dolium,

PALP="Pupilla cf. alpicola, PMUS=Pupilla muscorum, PPYG=

Punctum pygmaeum, PSTE=Pupilla sterri, SOBL=Succinea oblonga, THIS=Trichia hispida, TSTR=Trichia striolata, VCOS=Vallonia
costata, VCRY =Vitrea crystallina, VESP=Vertigo sp., VGEN=Vertigo genesii, VPUL=Vallonia pulchella and VPYG=Vertigo pygmaea.

CA assemblages. — Assemblages contribute signifi-
cantly to the general variability of each axis when their
inertia is greater than that of the theoretical mean con-
tribution, i.e. 1/127 or 0.7874% (Fig. 9). The depth
(in cm) of their central point names assemblages. A
suffix ‘a’ has been added to assemblages from P3
(Figs 5, 7) and a prefix ‘T’ or ‘TK’ to those of the
thermokarst.

For F1, the positively contributing assemblages are
located in Middle Pleniglacial units (14-18 (lower
half)-P1) and in unit 14-P3 (Figs 5, 7). Their high
proportion of secondary species characterize well-
developed shrub tundra vegetation. The negatively

contributing assemblages are mostly located in Lower
Pleniglacial units (6b, 8, 12)-P1, and also in units (9,
10, 13)-P1 and 6a-P3 (Figs 5, 7). The assemblages are
dominated by P. muscorum, S. oblonga and T. hispida,
and include secondary species such as A. arbustorum,
C. lubrica, V. costata, V. crystallina, V. pygmaea, P.
pygmaeum, V. pulchella and E. fulvus (Figs 4, 6). Such
a composition characterizes a rather moist and vege-
tated steppe environment. It is generally the same for
P1 and P3 assemblages, except for a few differences
caused by sporadically occurring species.

For F2, the positively contributing assemblages are
located on top of both sequences in units (18-20)-P3,
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and in units (18 (upper half), 19)-P1 (Figs 5, 7). The
negatively contributing assemblages are located in
units (6b (upper half), 7, 9, 13)-P1, and in unit 6a-P3
(Figs 5, 7). However, the differences between posi-
tively and negatively contributing assemblages for F2
are less obvious than for F1, and have to be described
independently for each section P1 and P3. In P1, as-
semblages that contribute positively are characterized
by lower proportions of P. muscorum, V. costata,
E. fulvus and E. nivalis, and higher proportions of
T. hispida, N. corynodes and O. dolium (Fig. 4). They
also include C. parvula, C. columella and T. striolata,
whereas negatively contributing assemblages include
V. pygmaea and V. pulchella. In P3, assemblages that
contribute positively are characterized by lower
proportions of P. muscorum, P. pygmaeum, V. pygmaea
and E. fulvus, and higher proportions of S. oblonga,
C. columella and N. corynodes (Fig. 6). They also
include P. cf. alpicola and V. genesii, whereas
negatively contributing assemblages include E. nivalis.
Hence, given the ecological requirements of all these
species (Table 1), the positively contributing assem-

blages of both sequences suggest a slightly moister
environment than the negatively contributing assem-
blages.

Therefore, the assemblage CA diagram supports both
vegetation and moisture gradients, defined along F1
and F2, respectively, on the basis of the species CA dia-
gram. This reinforces their environmental significance
and will ease the characterization of assemblage groups
resulting from the hierarchical ascendant analysis.

HAC assemblages. — The hierarchical ascendant clas-
sification, simultaneously performed for all the assem-
blages of P1 and P3, has identified 8 clusters, arbitrarily
named Al to A8 (Figs 10, 11). Assemblages of every
lithological unit can be included in the same cluster or
spread in several clusters.

The three clusters A6 to A8, on the left of the CA
diagram (Fig. 11), group most of the Lower Plenigla-
cial assemblages located below the Griselberger Boden
(unit 14) in both sequences (Fig. 2). The assemblage
scattering shows an absence of links between Lower
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Pleniglacial molluscan records of P1 and P3, and a
similar variable steppe to tundra scarce vegetation.
The five clusters Al to A5 include most of the
Middle Pleniglacial assemblages of P3 (Al, A2, A3)
and P1 (A3, A4) (Fig. 11). As assemblages of the
Lower Pleniglacial unit 13-P3 show a diversified
malacofauna characteristic of the Middle Pleniglacial,
they are also included in A2. A3 groups several
assemblages of Cpx B-P3. In the CA diagram (Fig. 11),
the scattered occurrence of Cpx B-P3 assemblages may
highlight the transition between poor and rich mollus-
can phases of P3. In the broad cluster formed by Al,
A2 and A3, the assemblage scattering shows that, from
the lower right corner to the upper left one, the litho-
logical units succeed one another according to the fol-
lowing order: 14, 13, 16, 17, 16, 18 and 19. With regard
to the CA axis signification, this alignment underlines
the occurrence of an environmental trend from a dry
herb tundra (lower right corner) to a moist tundra
(upper left corner) throughout the Middle Pleniglacial
of P3. In the second broad cluster formed by A4 and
A5, a roughly similar distribution highlights a parallel
environmental trend from a dry shrub tundra (lower
right corner) to a moist herb tundra (upper left corner)
throughout the Middle Pleniglacial of P1. The main
transition occurs progressively in unit 18 in PI,
whereas it seems to occur earlier in unit 17 in P3.

Discussion

Comparison between both environmental
successions of P1 and P3

Saalian, Eemian and Early Weichselian. — Saalian (unit
1) and Early Weichselian (units 3-5) mollusc assem-
blages are included in MZ1-P1 and at the basis of
MZ2-P1, respectively. Their malacofauna is poor and
characterized by extreme values of J/A and J/T ratios
(Fig. 6). As in the Eemian brown soil, the low CaCO;
content of the sediment (EOLE, unpublished) suggests
a bias due to carbonate dissolution. In the three upper
Saalian assemblages, the preservation of only a few
individuals of the dominant species, P. muscorum, T.
hispida and S. oblonga, is thus probably due to the
downward development of the overlying Eemian soil
(units 2a and 2b). In the two basal Saalian assemblages,
these three dominant species are associated with C.
columella and A. arbustorum. Such an association of
tolerant and cold-adapted species indicates a harsh
environment and moister glacial conditions than during
the Lower Pleniglacial (Fig. 11). Compared to those of
MZ1-P1, Early Weichselian assemblages, located at the
base of MZ2-P1, show a low richness increase that
might characterize a slightly moister and more vegetated
environment. However, this interpretation is not very
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reliable, as extreme values of J/A and J/T ratios for
these assemblages suggest probable bias (Fig. 6),
and both correspondence analysis and hierarchical
ascendant classification cannot clearly distinguish them
from unbiased Lower Pleniglacial assemblages.

Lower Pleniglacial. — Lower Pleniglacial assemblages,
included in units 6 to 13 in P1 and P3, correspond to
MZ2-P1, MZ2-P3 and the base of MZ3-P3 (Figs 5, 7).
According to its lithological features, unit 6a in P3 has
no exact equivalent in P1 (Antoine et al. 2001).
Mollusc assemblage composition characterizes a
slightly moist and shaded steppe to tundra environment
that establishes in the lower half and remains stable in
the upper one. Unit 6b assemblages have a lower
richness than unit 6a assemblages and are plotted just
on the left in the CA diagram (Fig. 11), which indicates
a slightly more open environment. The regular and
similar variations of species abundances and propor-
tions in unit 6a do not suggest that shells were

reworked as sediment particles. Nevertheless, without
absolute ages, statistical analysis of molluscan data
only does not clarify the relation between both units.
The correlation between units Cpx A and Cpx B in
P3 with units 7 to 12 in P1 is also problematic. In MZ2-
P1, low abundance and richness, high proportions of
P. muscorum and low proportions of 7. hispida, S.
oblonga and V. costata, indicate a cold, dry and poorly
vegetated environment in loess units (6b, 8, 10, 12). In
contrast, in tundra gleys (units 7, 11), arctic soil (unit 9)
and sandy loess (unit 13), species abundance increase
and the reappearance of several moisture-loving
species, such as V. pygmaea and E. nivalis, and most of
the vegetation requiring species, such as P. pygmaeum,
V. pulchella, C. lubrica, E. fulvus, A. secale and O.
dolium (Fig. 6), characterize climatic improvements
greater than those of the Upper Pleniglacial loess-gley
alternation of P3 involving fewer species and no
appearances (Moine 2003). In MZ2-P3, low abundance
and richness characterize a very cold and poorly
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vegetated environment drier in Cpx B dominated by
P. muscorum than in Cpx A dominated by 7. hispida
and S. oblonga. However, extreme values of J/A and
J/T ratios and very low abundances throughout Cpx A
and the lower half of Cpx B preclude reliable inter-
pretations, except for the upper half of Cpx B, where
P. muscorum abundance increases, followed by T.
hispida, S. oblonga, V. costata and T. striolata (Fig. 4).
However, P. muscorum proportions (about 60%) still
strongly dominate, and the appearance and small
abundance increase in 7. striolata and V. crystallina
reflect only a slight vegetation increase. Consequently,
palaeoenvironmental interpretations of both Lower
Pleniglacial molluscan records are different.

In CA diagrams (Figs 9, 11), the random scattering
of Lower Pleniglacial mollusc assemblages of both
sections among clusters A6, A7, A8, except those of
Cpx-P3 grouped in cluster A3, precludes highlighting a
relationship between both malacological records from
the statistical analysis. Besides, given the sensitivity of
species abundance to climatic warming (Moine 2003),
the differences between both Lower Pleniglacial abun-
dance records may imply that both sequences do not
have the same deposition timing, or do not represent
the same time interval, and cannot be correlated in this
way. Consequently, on the basis of the geochronological
framework and the lithological/pedological interpreta-
tions (Antoine et al. 2001), the Lower Pleniglacial
malacological record of P1 is considered as certainly
more complete and more representative of the envir-
onmental and climatic changes during this period than
the probably reworked P3 colluvium (Fig. 2).

The investigation of the Lower Pleniglacial litholo-
gical record of sequences P2 and P4, located 20m NW
and 50m SW of P3, respectively, highlights the limited
lateral extension of units 6a, Cpx A, Cpx B-P3 present
in P2 and P3, and units 6b to 11-P1 present only in P1
(Antoine et al. 2002). Moreover, horizontal internal
structure and deposition of units 6a, Cpx A and Cpx B
and regular trends of their species abundances and
richness suggest that they do not result from three dis-
tinct collapse events that would have mixed reworked
shells. They may rather result from phases of intense
draining favoured by humidity increases associated
with soil and gley development (Léger 1990), but no
dating method allows this hypothesis to be checked.
The last deposit of the Lower Pleniglacial is a coarse
sandy loess layer (units 13, 14) laterally connected with
a 5 to 6-m-high sand dune located between P1 and P3
(Antoine et al. 2001). The subsequent development of
the Gréselberger Boden distinguishes unit 14. The sand
deposition implies stronger local winds and a short
transportation distance (Pye 1995), probably from the
Rhine Valley, as suggested by rare earth element analy-
ses (Rousseau er al. 2002). The MZ2-MZ3 boundary
occurs at the top of unit 13 in P1, and at its base in
P3. Moreover, the malacological transition at the base
of unit 13 is more progressive in P3 than in P1, as
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highlighted by the plot of uppermost Cpx B assem-
blages among P3 Middle Pleniglacial assemblages
and by minima of the J/A and J/T ratios in P3 instead of
couples of extreme values in P1 probably due to a
taphonomic bias of wind action. A reworking of the
early sandy deposits in P1, in association or subsequent
to the erosion of the top of unit 12, is more likely than
a delayed sandy loess deposition to explain the less pro-
gressive and earlier poor-to-rich malacofauna transition
in P1. Terrestrial molluscs usually dig into the soil for
protection against extreme temperature and moisture
variations, and the preferential occurrence of death
when they are buried may cause a discrepancy between
the age of loess deposits and age of their related
mollusc populations. However, this hypothesis and its
consequences have not been considered as there are no
available means of checking them.

The formation of the slope in Pl began with the
erosion of unit 12 and was then enhanced by the sand
layer deposition (Fig. 3). Topography may also have
influenced both vegetation and malacofauna develop-
ment since the early beginning of the sandy loess
deposition. In the sandy loess layer, P. muscorum and
V. costata dominate molluscan assemblages. The
presence of P. sterri at the base of unit 13-P3 and of
A. secale in units (13, 14) of P1 and P3 indicates a drier
and milder environment than in other units. The
appearance of numerous vegetation-requiring species,
such as V. pulchella, N. corynodes, N. hammonis, O.
dolium, P. pygmaeum, C. lubrica, V. pygmaea,
E. fulvus, C. parvula, C. dubia and T. striolata, implies
an important vegetation development, while the
occurrence of C. columella and E. nivalis indicates
the persistence of cold and humid places. Given high
species abundances, these assemblages without real
modern analogues are probably less due to taphonomic
bias than to unusual climatic conditions, like a period
of highly contrasted seasonality able to favour all these
species with somewhat opposite ecological require-
ments. In addition, trapping and accumulation of the
sandy loess may also have been favoured by a more
developed vegetation. However, different malacofauna
composition (Fig. 11) and total abundance and richness
variations toward their synchronous maximums in the
middle of unit 14 (Figs 4, 6), probably due to a climatic
optimum, reflects different vegetation developments
and malacofauna dynamics throughout P1 and P3.
The slower colonization of P1 by less ecologically
tolerant species may be directly due to the northwest
exposure of the 5° slope, probably facing the local
dominant winds, or indirectly to a reduced vegetation
development.

Middle Pleniglacial. — With the exception of the ther-
mokarst filling, the two Middle Pleniglacial records
include the same lithological units. Both total richness
and abundance are higher than in the Lower Plenigla-
cial, but abundance remains high and variable, whereas
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richness slightly decreases. Proportions of S. oblonga
and T. hispida increase, in contrast to those of P.
muscorum and V. costata. Secondary species, such as
N. hammonis, A. secale, P. pygmaeum, C. lubrica, N.
corynodes, O. dolium, E. fulvus and E. nivalis, decrease
or disappear, whereas C. columella and P. cf. alpicola
appear and increase especially in P3. Secondary species
proportions are higher in P1 than in P3, but follow
the same trend, which indicates a more vegetated
environment in P1 and similar increase in moisture and
decreases in temperature and vegetation throughout the
Middle Pleniglacial (Fig. 11). A new phase of warmer
and more vegetated environment is also indicated by
assemblages of the Lohner Boden (unit 20-P3) at the
top of the P3 sequence. The persistence of both rich
malacofauna and shrub/herb tundra during the Middle
Pleniglacial is probably due to a milder climate and
lower seasonal moisture increases resulting from soil
ice or snow melt than during both Lower and Upper
Pleniglacial. However, several differences follow from
the slope context in P1.

First, the presence of an underlying water table under
the regressive thermokarst (Fig. 3) suggests that its
incision, several metres in width, is due to surface drain-
age and soil water inflow enhanced by the slope context
and probably resulting from soil ice water release or
precipitation during a warmer period. Its mollusc
assemblages contain C. dubia, which is the most
vegetation-requiring species of both sequences and
presently lives in sparse forest and rocky environments
(Table 1). However, this species is present from units
14 to 17 of P1. Therefore, despite its presence and that
of wood fragments, no major malacological changes
distinguish thermokarst mollusc assemblages from the
others or suggest local woodland during its filling.

Second, the tundra gley formation is generally
associated with moister conditions and is highlighted
by proportional increases in the damp habitat species
S. oblonga (Figs 5, 7) in P1 Lower Pleniglacial, and P3
Middle and Upper Pleniglacial (Moine 2003), but not
in the tilted Middle Pleniglacial deposits of P1. The
gley thickness may depend on the duration and/or
intensity of these moist phases. Where molluscs have
been sampled in P1, gley unit 16 is as thin as in P3 but
laterally thickens from the top to the base of the slope
(Fig. 3). Solifluction features and small erosion chan-
nels, filled with sands and shells, indicate the down
slope drainage of water and particles (Antoine et al.
2001; Van Vliet-Lanoé 1985) that may explain the
thickening of gley unit 16 above the thermokarst.
The gley unit 18 is half as thick in P3 as in P1 and the
presence of freshwater snails and ostracods at its top
in P3 indicates a waterlogged environment with tem-
porary puddles (Figs 4, 5). The slope context in P1 may
have favoured the soil water inflow leading to the
formation of low ice content permafrost able to thaw
more quickly and deeply than in the P3 horizontal
context, precluding the formation of both ponds and a
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thick gley as in P3. Nevertheless, particle drainage may
also explain the thickness of gley unit 18-P1.

Third, S. oblonga proportions increase at the top of
gley units 16 and 18 and at the base of unit 18 in P3,
whereas they remain constant in P1 and seem replaced
by increases in proportions of 7. striolata. Moreover,
the damp habitat ecological group is represented only
by S. oblonga and the semi-open habitat principally by
T. striolata. The water draining in a slope context may
thus prevent water accumulation and favours both
vegetation diversification and increases in vegetation-
requiring species. Consequently, composition differ-
ences of P1 and P3 malacofaunas highlight the drier and
more vegetated slope context of P1 during the Middle
Pleniglacial and the different response to the same
warmer climatic phases impacting the environment.

Excepting S. oblonga proportions, no other malaco-
logical parameter previously related to millennial
timescale climatic changes for the Upper Pleniglacial
record of P3 (Moine 2003) has been identified and
related to the loess-gley alternation of both Middle
Pleniglacial records. Both higher compaction of Middle
Pleniglacial sediments and low population density,
combined with the sampling method limits, and the
different topographical context make more difficult
the distinction and correlation of short fluctuations of
the malacofauna composition and ecological parameters
between both sequences and with lithological and
millennial timescale climatic changes, i.e. stadial-
interstadial transitions.

Comparisons with other palaeoclimatic records

In western Europe, only the loess sequence of Achen-
heim (Alsace, France) presents a continuous malaco-
logical record including the Lower and Middle
Pleniglacial (Rousseau 1987). However, its lower
sampling resolution and the lack of absolute ages
preclude identification of rapid environmental changes
and precise correlations with Nussloch sections. As
new absolute ages are not yet available in Nussloch,
correlations proposed by Antoine et al. (2001) with
interstadial oscillations or complexes of the NW
European biostratigraphical framework (Behre 1989;
Caspers & Freund 2001) have not been modified, i.e.
the Griselberger Boden (unit 14) with Moershoofd/
Hengelo intervals, the thermokarst (unit 15) with
Huneborg I/II oscillations and the Lohner Boden (unit
20) with the Denekamp complex. A comparison with
this biostratigraphical framework and with that defined
for the northern Alpine Foreland by Preusser (2004)
shows that the Lower Pleniglacial malacological record
of P1 is more complex. It includes at least four diver-
sification phases of the malacofauna, probably related
to interstadials, whereas the same period is only
characterized by the Schalkholz stadial in palynologi-
cal frameworks that are generally less expanded than
loess sequences during the coldest Pleniglacial periods.
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On the contrary, the Middle Pleniglacial interstadials
identified in pollen sequences cannot be clearly corre-
lated with diversification phases of the malacofauna in
both P1 and P3 records owing to their higher com-
paction. Nevertheless, given their similar lithological
record, a higher mollusc sampling resolution should
improve the identification and characterization of the
interstadial environmental changes during the Middle
Pleniglacial. Consequently, in parallel with the defini-
tion of a European stratigraphical framework for loess-
paleosol sequences, which is still in progress, the
appropriate sampling of malacological records will help
to identify and characterize millennial timescale environ-
mental changes, fill temporal lacks of pollen sequences
and alleviate their absence in continental Europe.

Conclusion

The two sections, P1 and P3, sampled in close proxi-
mity in the Nussloch quarry provide two lithological
and malacological records encompassing the Weich-
selian Lower and Middle Pleniglacial. The P1 loess
section yields the most complete and precise malaco-
logical record of the Lower Pleniglacial available in
western Europe, with at least three phases of vegetation
development and climatic improvement probably linked
with interstadial warmings, whereas the deposition
timing of the P3 colluvium remains unclear. The
Lower-Middle Pleniglacial transition is marked by a
diversification of the malacofauna, an increase in all
species abundances and in proportions of vegetation-
requiring taxa that characterizes a milder climate and a
steppe-to-herb/shrub-tundra vegetation shift. Through-
out the Middle Pleniglacial, the two molluscan records
highlight similar trends to increasing moisture and
declining vegetation cover, except at the top of P3 in
the Gréselberger Boden cambisol where they char-
acterize a warmer and more vegetated environment.
Nevertheless, on the basis of the malacofauna compo-
sition, shorter environmental changes cannot easily be
identified and correlated between the two sequences.
This is because of the higher compaction of Middle
Pleniglacial loess and the slope context in P1 draining
local moisture, generating a locally drier environment
than in the horizontal context of P3, and different
malacological records for the same climatic changes,
that have to be taken into account in any comparison
between malacological records and other palacoenviron-
mental records. Succinct comparisons with the western
European biostratigraphical framework, mainly based
on pollen records, show the potential of molluscan
records from loess sequences in improving this frame-
work for glacial times, especially Weichselian Lower
and Upper Pleniglacial intervals.
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