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Abstract

Since the beginning of the 20th century, loess biostratigraphy has been strongly influenced by investigations of mollusks,
these shells constituting the major fossil remains found in loess sequences. The earlier studies mostly involved identifying
species and determining biozones or assemblages with regard to the presence or absence of key species, using the classic
concept of biozones. Although this provided accurate elements with which to define an indicative biostratigraphy, the time
resolution was not always sufficiently precise to connect those studies with the more recent and high resolution analyses that
are now routine in Quaternary investigations. This paper reviews mollusk studies carried out in Northern Hemisphere loess
sequences and shows that a consideration of them, as both biostratigraphic and palaeoclimatic indices, enhances their
potential and opens up particularly interesting areas of research. The first example demonstrates that the last glacial mollusk
assemblages in North America show compositional similarities to those in Europe. The climatic interpretation, however,
appears more restricted by local conditions. The second example shows that climatic conditions can be used to infer
variations in the composition of biozones and, thus, address the significance of the distributional pattern of key species. The
third example demonstrates the value of high-resolution studies and the potential of comparing the results of mollusk
analyses with other proxies as an underpinning of the biological interpretation. Finaly, the need for more high-resolution
investigations in both North America and Asia is stressed. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Loess hiostratigraphy has always been based on
the very few fauna or floral remains that loess
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scientists have been lucky enough to find (Heim et
al., 1982; Kukla, 1975; Veklitch, 1969; Zhao, 1996).
Although vertebrates provide a rather broad basis for
such studies (Bouchud and Wernert, 1961), for years,
other fossils such as pollen (Bastin, 1969; Frenzel,
1964, 1987; Gerasimenko, 1988; Sun et al., 1995;
Zelikson, 1986), phytoliths (Wu et d., 1995) and
mollusks provided reliable biostratigraphical refer-
ences, applied according to the state of the art at the
time of investigation. Numerous examples can be
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cited in Europe, in the Great Plains of North Amer-
ica and even China, where mollusk assemblages
were, and are still, intensively studied. In Europe, it
is clear that the investigations of the mollusk fauna
carried out in western, centra and eastern Europe
have provided a reliable picture of conditions across
this extensive area (Alexandrowicz, 1985, 1986;
Alexandrowicz et al., 1989; Grossu, 1957; Kovanda,
1979; Krolopp, 1995; Lozek, 1964, 1965, 1966,
1969, 1990; Mazenot, 1951, 1953, 1956, 1957, 1959;
Mazenot and Cailleux, 1957; Preece, 1990; Puisségur,
1978; Rousseau, 1986, 1987ab, 1990, 1991,
Rousseau and Puissegur, 1988, 1990; Rousseau et
al., 2000; Sala, 1990; Wagner, 1979ab,c; Wernert,
1949, 1955, 1957). In the USA, several investigators
have concentrated on the Great Plains (Frankel,
1956a,b; Leonard, 1952, 1959; Rousseau and Kukla,
1994). In contrast, surprisingly few workers have so
far investigated the mollusk assemblages of China
(Chen et d., 1982; Keen, 1995; Rousseau and Wu,
1997, 1999; Wu et al., 1996).

D.-D. Rousseau / Earth-Science Reviews 54 (2001) 157-171

The old concept of biostratigraphical zonation has
been widely used to study the succession of biologi-
cal units and to correlate between deposits. This was
mainly achieved by palynological studies, athough
pollen grains are by no means well preserved in
many loess—palaeosol sequences. Biostratigraphic
zones have also been designed on the basis of mol-
lusk studies and have allowed precise correlations,
both between different sequences within a single
region and between different regions. Index taxa
provide some information on the age of the deposits
with respect to their first or last occurrences, as
widely practiced in classic biostratigraphy. They can
aso provide information about the general environ-
mental conditions occurring in a specified region.
However, the age information is generally rather
crude and, in a way, old fashioned when still used.
This includes examples even by the author of the
present review.

The aim of this paper is to review some previous
biostratigraphical studies of mollusks in the loess of
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Fig. 1. Distribution of the loess sediment (from Pecsi, 1990, modified); 1, 2, 3 examples are discussed in the text; (a) loess sediments, (b)

loess derivates sediments.
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the Northern Hemisphere (Fig. 1), and to consider
how their principal results, especially in high-resolu-
tion studies, can provide as ‘added value' in terms of
the biostratigraphy of loess sequences.

2. Basic biozonation: an example from the Great
Plains of North America

The Upper Pleistocene loess deposits in the Great
Plains are represented by the Peoria Silt, overlying
the Gilman Canyon (**C ages around 2024 kyears)
and Sangamonian (last interglacia) geosols. The
Peoria Silt is aloess unit composed of three sub-units:
a lower loess, bedded layers (intercalation of loams
and pseudo-gleys) and an upper loess. Mollusk shells
are very abundant and rather well preserved. This
allowed the definition of an Upper Pleistocene bios-
tratigraphy for the aeolian deposits of the Great
Plains on the basis of the occurrence of identified
species within the established stratigraphical units,
i.e. Discus shimeki, D. cronkhitei, Columella alti-
cola, (Table 1) (Leonard, 1952). Frankel (1956a,b),
reinvestigating the loess deposits of Nebraska and
Kansas, indicated a change in the mollusk content
from the bottom to the top of the Upper Pleistocene.
Leonard (1959) determined two main mollusk zones.
As noted by Frankel, these biozones, named lowan
and Tazewellian, show an increase in species rich-
ness with a larger number of individuals in the upper
zone. Such observations permitted correlation from
place to place of the different outcrops of the Peoria
Silt right across the Great Plains basin. Leonard
(1959) also discussed the ecological significance of
these two mollusk zones. He reported on the older
one (Ilowan) from Kansas, Oklahoma, northern Texas
and Nebraska, and the younger one (Tazewellian)
from Kansas, southern and central Nebraska, western
lowa and central Illinois. However, because the aim
of the study was mostly to refine the biostratigraphy
of the Great Plains, this ruled out any precise inter-
pretation in terms of past environmental or climatic
changes. More recent high-resolution sampling of the
Peoria Silt in Eustis (Nebraska), where the thickness
is significant, has provided some insight into this
problem (Rousseau and Kukla, 1994).

In Eustis, three main mollusk zones (MZ) were
distinguished and named MZ 1, MZ 2 and MZ 3
according to the diversity, abundance and the species
content of the mollusk assemblages. They corre-
spond with the zonation described earlier by Leonard
(1952) in Kansas (Fig. 2). The wide distribution of
the zones, and the similarity of the species content
from place to place, show that they represent well
defined biostratigraphic units that reflect particular
environmental conditions that are relatively uniform
over large expanses of the Great Plains. The compo-
sition of mollusk assemblagesin MZ 1 and MZ 3 is,
however, strikingly reminiscent of the pleniglacia
assemblages of the European loess belt. The older
community of a grassand environment could be
compared with the European low diversity loess-
steppe Pupilla association (Lozek, 1964; Puissegur,
1976; Rousseau, 1987b). The assemblage of the
younger zone (MZ 3) shows more species and indi-
viduals, more diversity, and an environment in which
some sparse arboreal vegetation is present. It can be
compared with the European tundra-like Columella
associations, in which the boreal C. columella and
the boreo-apine Vertigo genesii, among others, are
well represented. In North America, C. alticola rep-
resents similar ecological characteristics to C. col-
umella in Europe.

The extensive distribution of the lowan and
Tazewellian fauna zones in the Great Plains implies
also that the results from the Eustis section do not
reflect merely local microclimatic variation. They
show changes of more general regional significance,
expressed through the correspondence analysis of the
species counts at Eustis. In this study, this method
involved the simultaneous analysis of the species
counts and the mollusk assemblages. It permits the
determination of the species and the assemblages,
which are weighted according to the general variabil-
ity and, thus, are the most significant for use as
environmental indices (Rousseau, 1987b). The re-
sults indicate that the maximum cooling appeared in
mid-sequence, and that a trend towards decreasing
moisture occurred from the bottom to the top the
sequence. The deposition of the Peoria Silt in the
Eustis sequence took place when both Laurentide
and Cordilleran ice sheets expanded, reaching their
maximum extent at around 18,000 years B.P.
(Andrews, 1987; Hughes, 1987) followed by retreat
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Table 1
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Biostratigraphy of Crete—Loveland gravels, sands and silts (Illinoian age), lower (lowan) and upper (Tazwellian) faunal zones of the Peoria
loess (Wisconsinan age) and Bignell loess (post-Bradyan age) (from Leonard, 1952, modified)

Crete—
Loveland

Species

Peoria-
lower

Peoria-
upper

Bignell

Anguispira alternata
Senotrema monodon aliciae
Trodopsis albolabris
Vallonia pulchella
Gastrocopta armifera
Hender sonia occulta
Succinea grosvenori
S ovalis

Hawaiia minuscula
Heliodiscus parallelus
G. holzingeri

C. alticola

Sriatura milium
Vertigo coloradensis
Ver. modesta
Carychium axiguum
Cionella lubrica
Pupilla blandi

D. cronkhitei

D. shimeki

Ver. tridentata
Euconulus fulvus

H. singleyanus

Ver. gouldi paradoxa
Ver. milium
Deroceras laeve

P. muscorum
Retinella electrina
Zonitoides arboreus
V. gracilicosta

S avara

Helisoma trivolvis
Pupoides albilabris
Strobilops labyrinthica
Car. perexiguum

G. cristata

G. tappaniana

Sir. sparsicosta

Ver. ovata

(Fig. 2). The growth in ice volume required low
temperature, but also an adequate moisture supply,
both indicated by the MZ 1 and MZ 2 environments
in the periglacial area of the Nebraskan loess hills.
Thus, while the first two mollusk zones in Eustis are
indicative of relatively high annual precipitation and
milder temperatures, the upper MZ 3 shows that cold

and relatively dry conditions paralleled the ice re-
treat. However, these interpretations must be re-
garded with extreme caution because they relate to
only one sequence. Temperature reconstructions ap-
pear significant in terms of ice behaviour, while
moisture levels appear to conform with regional
climatic conditions.
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Fig. 2. Time series of the Eustis (Nebraska) Upper Pleistocene sequence. Mollusk zones identified. The temperature and moisture gradients are derived from correspondence

analysis of the mollusk assemblages and comparison with the low field magnetic susceptibility (from Rousseau and Kukla, 1994, modified). Reconstructions of the North
American ice sheets at 18, 14 and 12 kyears, simulated using a geomorphologica model (from Hughes, 1987, modified). (a) Soil, (b) loess, (c) bedded deposits, (d) pseudo-gley.
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3. Comparison between different units species, when comparing the two assemblages of the
main regions, suggests an interpretation implying
Contrary to the pleniglacial assemblages in the precipitation or temperature variations over Europe
Great Plains of North America, the species composi- rather than accepting the concept of a central origin,
tion of the mollusk assemblages in the loess deposits as mentioned by Lozek (1964).
of western Europe is always of poorer diversity than The genera climate during the Last Pleniglacial
in centra Europe (Fig. 3). These two main cold in the European loess belt can be compared to the
assemblages, i.e. the Pupilla and the Columella present climate of the cold temperate latitudes of the
communities, essentially correspond to loess steppe Earth. Temperature contrasts are important, with
and tundra-like environments, respectively. How- long, cold winters, followed by a brief thermal break
ever, the presence or absence of some characteristic corresponding to summer, with temperatures higher
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Fig. 3. Comparison of the upper Pleistocene mollusk sequences in western and central European loess series (from Lozek, 1969, modified).
Lithology: (1) chernozem, (2) initial stage of a chernozem, (3) brown leached sail, (4) type brown soil, (5) soil slightly decalcified, (6) grey
horizon of the loess, (7) typical loess, (8) colluvium, (9) reworked loess, (10) pellet sands, (11) humic soils, (12) horizons dlightly deformed
by solifluction, (13) soils deformed by solifluction. H—Holocene, R—Rissian, PK—soil pedocomplex. Mollusk assemblages. Col.—Col-
umella, Pup.—Pupilla, H.st.—Helicopsis striata, C.tri.—Chondrula tridens, B.fru.—Bradybaena fruticum, H.—Helix, H.ba.—Helicigona
banatica. Interst. —Interstadial., Intergla—Interglacial.
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than 10°C. Thisis in agreement with Berger's (1979,
1988) reconstruction of past insolation. The precipi-
tation regime is continental. Appropriate distinctions
must be made between oceanic and continental fa-
cies with respect to relative exposure, notably the
western or eastern maritime regions and the conti-
nental interior, a clear constraining factor affecting
the precipitation regime.

A review of the localities where Weichselian cold
climate mollusk faunas occur, in western France and
Britain, shows that the tundra-like assemblage, typi-
fied by C. columella, spread to the extreme western
parts of the continent in sheltered site (Bréhat, Jer-
sey, north of France, England: Rousseau et al., 1990)

Loess distribution over western and central Europe

(Fig. 4). In comparison with central European faunas
of the same type, however, those of western Europe
are impoverished in terms of species numbers lead-
ing to two different domains being recognized.

The investigations of Lozek (1968) and Kukla
(1977) indicate that the loess of the European belt
originated under cold, continental climatic conditions
with long, severe, but relatively dry winters, fol-
lowed by humid and fairly warm conditions, fol-
lowed by a dry phase that persisted until the next
winter. In fact, these interpretations apply only to
central Europe. The differentiation between western
and central European mollusk assemblages implies
that these interpretations cannot be strictly applied to
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Fig. 4. Digtribution of the loess sediment over Europe with reconstruction of the continental ice caps. The dots correspond to mollusk
sequences reviewed in Rousseau et d. (1990). The grey oblique zone indicates the boundary between the two discussed mollusk domains
corresponding to poor pleniglacial faunas towards the west and highly diverse pleniglacial faunas eastward. Stratigraphy, climatic and
environmental variations of Achenheim, and pleniglacial biomes evolution with particular emphasis on P. loessica (figured at the bottom
from Lozek, 1990) and V. tenuilabris (figured near the top from Lozek, 1990) in Achenheim (from Rousseau, 1986, modified). The black
arrows indicate the main wind direction. (1) Loess, (2) last glacial advance, (3) maximum glacia advance. Lithology: (a) loess, (b) bedded
formations, (c) colluvium, (d) fluviatile sands, (e) humic sails, (f) Bt soil horizon, (g) frost wedges.
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the whole of Europe. Other data provide complemen-
tary support for this interpretation. These include the
following.

(a) Lautridou's investigations in Normandy and
Brittany determined that, for the last climatic cycle,
westerly winds contributed significantly to loess sed-
imentation in this region. He concluded (Lautridou,
1985) that summers were moist and cloudy during
the pleniglacial. Furthermore, Lautridou and
Sommeé's (1981) investigations on fossil ice-wedges
show that deep and continuous permafrost was pre-
sent during the Weichselian glacia in western Eu-
rope. Pursuing this line of research, Van Vliet-Lanoé
(1988) has investigated the Weichsdlian European
permafrost in some detail. She concludes that, taking
into account field experience in the Arctic, the physi-
cal limits relevant to existing permafrost cannot be
applied in the same terms for the last western Euro-
pean Pleniglacia. Rather, she explains the occur-
rence of continuous permafrost in this part of mid-
latitude Europe in terms of relative moisture and low
insolation levels.

(b) Joussaume' s (1989) results of the modelling of
the last glacial maximum indicate the occurrence: (1)
of the strongest cooling in western Europe; (2) of
high precipitation during both winter and summer in
western Europe with strong westerly winds; and (3)
of a warming in central Europe. These results are
partly supported by Thompson Webb et al. (1993)
who aso indicate drier conditions in eastern Europe.
However, a disagreement remains concerning tem-
perature reconstructions.

The period for vegetation and land snails devel op-
ment was less favorable westwards than eastwards.
However, given that moistureis also a major limiting
factor in land and snail development (Rousseau,
1989), greater precipitation towards the west appar-
ently led to a degree of selection among the tolerant
cold species. Thus, the impoverishment of Upper
Pleistocene pleniglacial faunas from east to west
seems to have corresponded with increasing atmo-
spheric moisture or precipitation, at least during the
growth interval. Such an interpretation appears as
paradox. For a vegetal point of view, a steppe forma-
tion, represented by a Pupilla assemblage, would
indicate low precipitation with a strong evaporation,
whereas tundra, represented by a Columella assem-
blage, would imply low precipitation with almost no

evaporation. Thus, a discrepancy appears to exist
between vegetation and mollusk evidence that cannot
be tested, because pollen is not recorded in sufficient
concentrations within the studied loess sequences.
This might then be regarded as a limitation on the
use of mollusks in environmental reconstruction, but
this question is given further consideration below.

The mollusk dynamics of the Pleniglacial within
the last climatic cycle can be thus considered as a
model that is testable using long-term extrapolation,
i.e. the four last cycles. This takes into account that,
in the Achenheim sequence (a key reference site in
the Rhine valley), the analysis of the malacofauna
has demonstrated that each climatic cycle has its
own course and characteristics (Rousseau, 1987b,
1991) (Fig. 4). When reviewing the numerous mol-
lusk studies from Upper Pleistocene sequences in
Northwestern Europe, Rousseau et al. (1990) noticed
that P. loessica and Vallonia tenuilabris are never
mentioned. Furthermore, C. columella, P. alpicola,
Vertigo parcedentata and Ver. genesii are aways
present in central European deposits, dating from the
Middle Pleistocene to the Late-Glacial, whereas a
variable distribution is indicated for western Europe.
The investigation by Rousseau et al. (1990) con-
cluded that P. loessica and V. tenuilabris (Fig. 4) are
biogeographical and biostratigraphical indicators of
domains, the extent of which varied during the Pleis-
tocene. In fact, studies of the Pleniglacial mollusk
dynamics in Europe over different cycles suggest
that it is vital to consider both the occurrence of
climatic events and the location of the analyzed loess
sites with respect to the southern limits of Scandina-
vian ice cap.

It is important to emphasize that the Pupilla
assemblages seem to be associated with the amount
of precipitation to a greater degree than those of
Columella, a situation similar to that found in the
Great Plains, where the Columella assemblage oc-
curs on top of the loess sequence at a time when the
conditions were at their driest. Although C. col-
umella is generdly interpreted as a moisture-de-
manding species, the view can be taken that the
Columella assemblage might correspond rather more
with a decrease in precipitation. One element in such
an interpretation can be derived from looking at the
present distribution of C. columella in Europe. This
species occurs mostly in Scandinavia, in the tundra-
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mountain environments. Two localities where C.
columella has been recognized, Kongsvold (62°21' N,
9°37'E—Norway) and Abisko (62°18' N, 18°49 E—
Sweden) have an annual precipitation of 473 and 300
mm, respectively. Such precipitation totals might
well be considered to be low for a moisture-demand-
ing species. In fact, while the precipitation regime
remains low, the determining factor is the availabil-
ity of moisture at the ground level, a condition
driven by a low evaporation.

4. “Expanded” biostratigraphy: Chinese loess
mollusk assemblages

One of the first analyses of the Chinese mollusk
assemblages in the thick loess in Shaanxi Province
indicated the occurrence of terrestrial species right
down the Luochuan sequence, i.e. throughout the
complete Quaternary record (Chen et al., 1982). Two
main assemblages, the Cathaica and the Metodontia,
were identified and interpreted as corresponding to
cold and dry, or warm and wet, environments repre-
senting monsoon conditions (Chen et al., 1985) (Fig.
5). However, the time resolution, as presented in Fig.

Strati Environment
gra- Cold-Dry Warm-Wet
phy 0 S.U 1
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Metodontia Assemblage

R 0.9.9.9.9.9.9.9.9.9.
KRR Pateosol ([T Loess

5, was not high to permit any detailed comparison
with other proxies. Subsequent investigations of the
Luochuan sequence have since provided extensive
material for more precise interpretation and compari-
son. Studying the variations in time of the particular
species Cathaica sp. and Metodontia beresowskii,
Wu et al. (1996) interpreted the data as indicating
that the peak occurrence of individuals during the
last climatic cycle corresponded with global oscilla-
tions, as expressed in the Atlantic Ocean record and
related to the main phases of iceberg discharge. A
similar interpretation was proposed by Porter and An
(1995), on the basis of grain size analysis in the
same region. Considering the mollusk assemblages
within the fossil deposits on the basis of the present
distribution of identified species, it is possible to
show high-resolution variations that may be related
to cycles of humidity and aridity.

Identified snail species can be clustered into eco-
logical groups as determined by Rousseau and Wu
(1997), with the species considered according to
their moisture requirements. The xerophilous (taxa
living in dry places, exposed to the sun) species
consist of V. tenera, P. aeoli, Cathaica richtofeni,
Cat. pulveratrix, and Cat. pulveraticula. The hy-
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grophilous (warmth- and moisture-loving taxa) set
includes Macrochlamys angigyra, Opeas striatissi-
mum, Vitrea pygmaea, Gastrocopta armigerella,
Punctum orphanum, M. yantaiensis, M. huaiensis,
M. beresowski, Kaliella lamprocystis and Succinea
sp. A third group can be extracted from the previous
one, as it includes the species belonging to
Macrochlamys, Opeas, Vitrea, Gastrocopta and
Punctum, species that live in particularly warm and
wet habitats, and currently distributed in southeastern
China (Chen and Gao, 1987; Yen, 1939). Their fossil
occurrence in the studied section is an indicator of
humid conditions associated with particularly strong
summer monsoons.

Using a time scale based on the susceptibility
model of Kukla et a. (1988), a comparison of varia-
tions in the different groups during the last 244,000
years shows two different scenarios for the S1-L1
(the last climatic cycle) and S2—L 2 (the penultimate
cycle) intervals (Fig. 6). The total number of individ-
uals is higher in L2-S2 than in the younger se-
guence. The oriental taxa show maximum values of
between about 160,000 and 170,000 years that corre-
spond to the most strongly weathered L2SS2 subunit
within the L2 loess. More generdly, the L2-S2
sequence shows higher values of the oriental species
than is found in L1-S1, although the variation in the
magnetic susceptibility signal indicates the same
magnitude in both cycles. The warm and moist
species indicate at |east three main maxima of small
magnitude, labelled 2, 3 and 4, during the interval
10,000-100,000 years. However, the interval
130,000—244,000 years is marked by a strong maxi-
mum centered at about 170,000 years, with smaller
peaks at about 140,000, 220,000 and 240,000 years.
The oriental and hygrophilous taxa indicate similar
maxima between 244,000 and 130,000 years, al-
though they differ during the S1-L1 cycle, espe-
cidly during the deposition of the L1SS1 subunit
(Fig. 6). Findlly, the xerophilous species show two
main maxima, with counts (805 and 585) that are
higher in the older sequence than the maximum of
about 70,000 years in the younger sequence. Con-
trary to the situation for the moist taxa, the maxima
for these species does not correspond exactly with
the minimum readings in the magnetic susceptibility
record, the latter being interpreted as representing the
coldest conditions. In both the S1-L1 and S2-L2

sequences, changes in the xerophilous species show
a lead of about 5000 years with respect to the
changes in the magnetic susceptibility signal in the
loess deposits. The converse is true of the moist
species (Rousseau and Wu, 1999).

Comparison with other proxy data from pedologi-
cal or magnetic investigations makes it possible to
interpret the Chinese mollusks in terms of monsoon-
induced indicators. Variations in the hygrophilous,
oriental and xerophilous speciesfit the Fe, /Fe, max-
ima (Guo et al., 1998) calculated from the Changwu
sequence (100 km far from Luochuan). This en-
dorses the view that phases with increased summer
or winter monsoons occurred during the glacial inter-
vas of the last 244,000 years BP. It has been
demonstrated in modern environments that condi-
tions detrimental to mollusk development and growth
result in low diversity and reduced numbers of iden-
tified individuals (Dyduch-Falniowska, 1988;
Rousseau et al., 1993). Thus, the differences ob-
served between S2—L. 2 and S1-L1 sequences can be
interpreted, according to these assumptions, as corre-
sponding with times in the younger S1-L1 series
that were less favorable for mollusks. This conforms
with the work of Hovan et al. (1989), suggesting
increasing aridity over the region during the past
500,000 years. Other mollusk records exist else-
where in the Chinese Loess Plateau (Keen, 1995; Wu
et a.,1999), but they are not continuous and they
concern only the last climatic cycle (Upper Pleis
tocene).

The snail assemblages at Luochuan, interpreted as
belonging to xerophilous, hygrophilous, and oriental
groups, record environmental changes related to the
monsoon variations. The correspondence between
the mollusk and pedological records may indicate
that their variations are representative of the South-
east Asia monsoonal regime during the last 244,000
years. If that is the case, potential correlation with
monsoon events identified in other “monsoon re-
gions,” such as the Indian Ocean and Africa might
be considered. An example is provided by the strong
monsoon signal yielded by the hygrophilous and
oriental mollusk taxa at about 176 kyears in the
Luochuan sequence. This corresponds not only with
awell expressed monsoon event in the Indian Ocean,
but also with the record of the Mediterranean sapro-
pels that are representative of the African monsoon.



CHINESE LOESS MONSOON PROXIES
AGE UNITS SUSCEPTI- MOLLUSKS INDIAN MEDIT.
BILITY OCEAN SEA
(103yr BP) (108 m3 kg1) = Xero. = Hygro. = Orient. SST (°C) Sapropels
0 100 200 400 600 800 100 200 300 100 20028 27 26 25
0 i~ = R ‘ ' ! ' T I T T T T e=81 (=97 ka)
L1 2
= 50 2 — 527 (~52 ka)
B : — 53 (~80 ka)
100 st R no mollusks ’_ — 54 (-105 k’d)
X — S5 (~125ka)
150 ) E
L2
e s — $6 (~176ka)
%’ 200 ¥ no mollusks :7 — 57 (~197 ka)
52 : = S8 (~220ka)
250 —_— = 59 (~242 ka)
Strength of monsoon
smj__/loos
w‘/l.uo(‘huam
PRESENT L/ .
- el |
200 |- \\Monsoon 10 |
b “ 7 & \

Winter

100° no° 120° 130°

Summer

TLT—/ST (100Z) ¥'S SMO18Y 80UB[05-U1eT / nesssnoy “a-"'d

Fig. 6. Comparison of the mollusk variations at Luochuan (Chinese Loess Plateau) during the last two climatic cycles (last 250 kyears) (from Rousseau and Wu, 1999, modified)
with other monsoon proxies from the Indian Ocean and the Mediterranean Sea (Clemens et al., 1991; Rossignol-Strick, 1983). The mollusk species have been grouped according
to their ecologica characteristics. Indication of the present meteorological conditions during winter and summer SE Asian monsoons (from Porter and An, 1995, modified).

19T



168 D.-D. Rousseau / Earth-Science Reviews 54 (2001) 157-171

In the Indian Ocean, Clemens et al. (1991) demon-
strate a strong contrast in the sea surface temperature
over this area at that time. In the Mediterranean,
Sapropel S6 occurs at about 175 kyears (Rossignol-
Strick, 1983), being one of the best developed in the
last 600 kyears. Both indices suggest a strong mon-
soon signa (Masson et al., 2000) that fits the mol-
lusk results well (Fig. 6). However, although such
correspondence appears interesting, more investiga
tions are needed before extrapolation can be under-
taken with confidence over such great distances.

5. Conclusions

This review, although by no means exhaustive,
is concerned with recent developments in loess
biostratigraphy using mollusk assemblages. This dis-
cussion rests upon a framework provided by the
investigations of the author as a means of presenting
various aspects of the present state of the art. From a
general point of view, new advances in loess bios-
tratigraphy require high-resolution investigations and
quasi-continuous records. The three examples pre-
sented in this paper clearly show how important the
resolution is and what benefit may be gained from
comparisons with several palaeoclimatic proxies. The
last two examples also stress the importance of
sufficiently long records for comparisons with other
records or proxies. The first of these shows that
comparison of mollusk records within a large do-
main allows us to recognize two main biogeographic
regions, the boundaries of which varied to east and
west during the Quaternary. The second example
shows how comparison of the long mollusk record
from China can form the basis of the reconstruction
of the monsoonal regime during the last 250,000
years (Rousseau et al., 2000). It is further shown that
the use of statistical methods such as correspondence
analysis can provide distinct improvements, as is
evident in the first example, athough this is not
always so, as indicated in the third example.

This review shows that mollusk faunas are not
strictly identical from one cycle to another, and that
they may display longitudina and tempora varia-
tions. Their composition is an expression of both
local and global climatic conditions. Thus, they con-
tribute to a fuller understanding of stratigraphical

events that represent the responses of the environ-
ment to climate and climatic change. At one site, a
local ecostratigraphy may be proposed, based on the
succession in the recognized assemblages, which can
be related to a more genera chronostratigraphy,
including the interglacial—glacia cycles of Kukla
(1977) and Kukla and Cilek (1996) or the 6°O
SPECMAP chronology (Imbrie et al., 1984). In fact,
if the occurrence of mollusk faunas belonging to
particular biomes (biome being used in its basic
biogeographical sense) is primarily due to decreased
temperatures, a factor commonly invoked in the
literature, important variations in the pleniglacial
assemblages are responses to different precipitation
regimes in the regions they occupied. The different
examples presented in this paper support this inter-
pretation athough the studies cited come from dif-
ferent geographical contexts.

Recent advances in loess biostratigraphy offer a
powerful tool that, according to the numerous se-
guences investigated, provide accurate and precise
proxy data that cannot be ignored in any considera-
tion of aeolian deposits as an indicator of global
climatic change.

Acknowledgements

I would like to thank al loess biostratigraphers
for the numerous studies with which they have en-
riched the literature in both international and national
journals, so demonstrating the universality of sci-
ence! This is an impressive data set that remains
inadequately appreciated. | would also like to thank
my colleagues Ed Derbyshire and Ludwig Zoller for
inviting me to the Bonn “Loessfest”, providing me
with the opportunity to develop this review, and also
for their great patience in awaiting the delivery of
my manuscript. | am aso prompted, in considering
loess hiological indices, to express my thanks to
three great scientists who greatly inspired me: J.J.
Puissegur, V. Lozek and George Kukla, not forget-
ting, at the same time, all the loesss friends | have
talked to in the conference room and the field. Last
but not least, | must express my thanks to the French
group (Chrisine Hatte, Pierre Antoine, Michel
Fontune, Jean Sommé and Jean-Pierre Lautridou)
who have worked with me for several years through



D.-D. Rousseau / Earth-Science Reviews 54 (2001) 157-171 169

EC or CNRS grants. Thanks are due also to Do-
minique Jolly, Rick Hoches and David Keen for
improving the manuscript. Thisis ISEM contribution
2000-064.

References

Alexandrowicz, SW., 1985. Molluscan assemblages of the Polish
loess. Guide-Book of the International Symposium “Problems
of the stratigraphy and the paleogeography of loesses”. M.
Curie Sklodowska Univ. Lublin, pp. 55-61.

Alexandrowicz, SW., 1986. Molluscan assemblages from a loess
profile at Odonow (Malopolska Upland). Biul. Peryglacjalny
31, 7-15.

Alexandrowicz, SW., Butrym, J, Maruszczak, H., 1989. The
malacofauna of the Younger and Older loess of the Przemysl
region SE Poland. Folia Malacol. 3, 7-21.

Andrews, J.T., 1987. The Late Wisconsin Glaciation and deglacia-
tion of the Laurentide Ice Sheet. In: Ruddiman, W.F., Wright,
H.E. (Eds.), North America and Adjacent Oceans during the
Last Deglaciation—The Geology of North America. The Geo-
logical Society of America, Boulder, pp. 13-37.

Bastin, B., 1969. Premiers résultats de I'analyse pollinique des
loess en Belgique. Bull. Assoc. Fr. Etude Quat. 18, 3-11.
Berger, A., 1979. Long term variations of daily insolation and
Quaternary climatic changes. Am. Meteorol. Soc. 35, 2362—

2367.

Berger, A., 1988. Milankovitch theory and climate. Rev. Geophys.
26, 624—657.

Bouchud, J., Wernert, P., 1961. Remarques sur les formes des
bois de Rennes recueillis dans les loess d’ Achenheim, pres de
Strashourg, et dans les stations paléolithiques du Sud-Ouest de
la France. C. R. Acad. Sci. 252, 579-581.

Chen, D.N., Gao, JX., 1987. Terrestria Mollusca: Economic
Fauna Sinica of China. Science Press, Beijing, 186 pp.

Chen, D.N., Lu, Y., An, Z., 1982. Snail assemblages in loess
strata and their environmental implication. Proc. 3rd Nat.
Quat. Conf. China (in Chinese). Science Press, Beijing, pp.
7-15.

Chen, D., Gao, J.,, Gao, F., Liu, T., 1985. Fossi| snails and their
environment. In: Press, C.O. (Ed.), Loess and the Environ-
ment. China Ocean Press, Beijing, pp. 1-251.

Clemens, S, Prel, W., Murray, D., Shimmield, G., Weedon, G.,
1991. Forcing mechanisms of the Indian Ocean monsoon.
Nature 353, 720-725.

Dyduch-Faniowska, A., 1988. Similarity, diversity and equitabil-
ity of snail communities in lower mountain zone in the Tatra
mountains. Folia Malacol. 1112, 7-28.

Frankel, L., 1956. Pleistocene geology and paleoecology of parts
of Nebraska and adjacent areas. Unpublished PhD Thesis,
University of Nebraska Department of Geology, 1-297.

Frankel, L., 1956b. Value of mollusks in the zonation of the
“Peorian” loess of Nebraska. J. Paleontol. 30, 1158.

Frenzel, B., 1964. Zur Pollenanalyse von Lossen. Eiszeitalter
Ggw. 15, 5-39.

Frenzel, B., 1987. On the vegetation of the Glacial Loess-Steppe
in Europe and on its bioproduction. In: Liu, T. (Ed.), Aspects
of Loess Research. China Ocean Press, Beijing, pp. 107—120.

Gerasimenko, N., 1988. Vegetation dynamics of the Kyis loess
Pain in the Late Pleistocene. Ukr. Bot. J. 45, 43—48.

Grossu, A., 1957. Considérations paléoécologiques et
biogeographiques sur les mollusques trouves au cours de
fouilles archéologiques et dans les couches de loess. Acad.
Repub. Pop. Rom. 4, 373-376.

Guo, Z.T., Liu, T.S,, Fedoroff, N., Wei, L.Y., Ding, Z.L., Wu,
N.Q., Lu, H.Y., Jang, W.Y., An, Z.S., 1998. Climate ex-
tremes in loess of China coupled with the strength of deep-
water formation in the North Atlantic. Global Planet. Change
18, 113-128.

Heim, J. et al., 1982. Achenheim: une séquence type des loess du
Pléistocene moyen et supérieur. Bull. Assoc. Fr. Etude Quat.
10-11, 147-159.

Hovan, SA., Rea D.K., Pisias, N.G., Shackleton, N.J., 1989. A
direct link between the China loess and marine 520 records:
aelian flux to the north Pacific. Nature 340, 296—298.

Hughes, T., 1987. Ice dynamics and deglaciation models when ice
sheets collapsed. In: Ruddiman, W.F., Wright, H.E. (Eds.),
North America and Adjacent Oceans during the Last Deglacia-
tion—The Geology of North America. The Geological Society
of America, Boulder, pp. 183—-220.

Imbrie, J., Hays, J.D., Martinson, D.G., Mclntyre, A., Mix, A.C,,
Morley, J.J., Pisias, N.G., Prell, W.L., Shackleton, N.J., 1984.
The orbital theory of Pleistocene climate: support from a
revised chronology of the Marine 80 record. In: Berger,
JI.A., Hays, J, Kukla, G., Saltzman, B. (Eds.), Milankovitch
and Climate. Reidel, Dordrecht, pp. 269—-305.

Joussaume, S., 1989. Simulations du climat du dernier maximum
glaciaire a I'aide d’'un modele de circulation générae de
I’ atmosphére incluant une modélisation du cycle des isotopes
de I’eau et des poussiéres d' origine désertique. Sciences The-
sis, Université Pierre et Marie Curie, Paris VI, 507 pp.

Keen, D.H., 1995. Molluscan assemblages from the loess of north
central China. Quat. Sci. Rev. 14, 699—706.

Kovanda, J., 1979. The snail Vertigo heldi (Clessin, 1877) from
the base of the youngest loesses of Dolni Vestonice (southern
Moravia). Vestn. Ustred. Ustavu Geol. 54, 119-124.

Krolopp, E., 1995. Palaeoecological reconstruction of the Late
Pleistocene, based on loess malacofauna in Hungary. GeoJour-
nal 36, 213-222.

Kukla, G., 1975. Loess stratigraphy of Central Europe. In: Butzer,
K.W., Isaac, G.L. (Eds), After the Australopithecines. Mou-
ton, The Hague, pp. 99-188.

Kukla, G., 1977. Pleistocene land—sea correlations: 1. Europe.
Earth-Sci. Rev. 13, 307-374.

Kukla, G., Cilek, V., 1996. Plio—Pleistocene megacycle: record of
climate and tectonics. Palacogeogr., Palaeoclimatol., Palaeo-
ecol. 120, 171-194.

Kukla, G., Heller, F., Liu, X.M., Xu, T.C,, Liu, T.S, An, Z.S,
1988. Pleistocene climates in China dated by magnetic suscep-
tibility. Geology 16, 811-814.

Lautridou, J.P., 1985. Le cycle périglaciaire Pléistocene en Europe
du Nord-Ouest et plus particulierement en Normandie. These



170 D.-D. Rousseau / Earth-Science Reviews 54 (2001) 157-171

Doctorat Etat Universiteé Caen, Centre Géomorphologie Caen,
908 pp.

Lautridou, J.P., Sommeg, J., 1981. L’ extension des niveaux reperes
périglaciaires a grandes fentes de gel de la stratigraphie du
Pléistocéne récent dans la France du Nord-Ouest. Biul.
Peryglacjalny 28, 179-185.

Leonard, A.B., 1952. lllinoian and Wisconsinan molluscan faunas
in Kansas. Univ. Kans. Paleontol. Contrib. 4, 1-38.

Leonard, A.B., 1959. Handbook of Gastropods in Kansas. Univ.
Kansas, Mus. Nat. History Publication, Topeka, Kansas, vol.
20, pp. 1-224.

Lozek, V., 1964. Quatarmollusken der Tschechoslowakei, vol. 31,
Verlag der Tschechoslowakischen Akademie der Wis
senschaften, Praha, 374 pp.

Lozek, V., 1965. The loess environment in Central Europe. In:
Schultz, C.B., Frye, JC. (Eds), Loess and Related Eolian
Deposits of the World. Lincoln Univ. Press, pp. 67—80.

Lozek, V., 1966. A loess series with three interglacials near Dolni
Kounice. Vestn. UUG 41, 203-207.

Lozek, V., 1968. The loess environment in Central Europe. In:
Schultz, C.S., Frye, J.C. (Eds.), Loess and Related Eolian
Deposits of the World. Proc. 7th INQUA Congr., Boulder
1965, vol. 12, University Nebraska Press, Lincoln, Nebraska,
pp. 67-80.

Lozek, V., 1969. Le loess et |les formations assimilées: corréation
entre I’Europe centrale et la France par la faune de mol-
lusques. Etudes sur le Quaternaire dans le monde. V111 Congrés
INQUA Paris, pp. 597-606.

Lozek, V., 1990. Molluscs in Loess, their paleoecological signifi-
cance and role in geochronology—principles and methods.
Quat. Int. 7/8, 71-79.

Masson, V., Braconnot, P., Cheddadi, R., Marchal, O., de Noblet,
N., 2000. Simulation of intense monsoons under glacial condi-
tions. J. Geophys. Res. 27, 1747-1750.

Mazenot, G., 1951. La faune malacologique des deux loess d'Ars
(Ain). C. R. Somm. Soc. Géol. Fr. 12, 199—-200.

Mazenot, G., 1953. Reévision de la faune malacologique du loess
du Bas-Dauphiné et de ses abords. Soc. Linn. Lyon 7, 171-176.

Mazenot, G., 1956. Recherches sur les faunes malacologiques du
loess récent wirmien et de divers limons terrestres holocénes
dans le sud-est de la France. Soc. Linn. Lyon 1/2/3, 9-85.

Mazenot, G., 1957. Nouvelles recherches pétrographiques et mala-
cologiques sur loess et limons de basse-provence. Soc. Linn.
Lyon 10, 271-281.

Mazenot, G., 1959. Présence du loess fossilifere wilrmien en
amont des moraines internes, dans les collines du Bas
Dauphing, a I’'Est de Lyon. Bull. Mens. Soc. Linn. Lyon 10,
309-311.

Mazenot, G., Cailleux, A., 1957. Cryoturbations et loess wirmien
de I’agérogare d' Orly. Bull. Soc. Geol. Fr. 7, 853—860.

Pecsi, M., 1990. Loess is not just the accumulation of dust. Quat.
Int. 7/8, 1-21.

Porter, S., An, Z.S., 1995. Correlation between climate events in
the North Atlantic and China during the last glaciation. Nature
375, 305—308.

Preece, R.C., 1990. The molluscan fauna of the Late Devensian
loess from Reculver, Kent. J. Conchol. 33, 295-297.

Puissegur, J.J., 1976. Mollusgues continentaux quaternaires de
Bourgogne: significations stratigraphiques et climatiques. Rap-
ports avec d'Autres Faunes Borédes de France. Mémoires
Géologiques de I'Universite de Dijon, vol. 3, Centre de
paléogéographie et de paléobiologie évolutives, Dijon, 241 pp.

Puissegur, J.J., 1978. Les mollusques des series loessiques a
Achenheim. Rech. Geogr. Strasbourg 7, 71-96.

Rossignol-Strick, M., 1983. African monsoons, an immediate
climate response to orbital insolation. Nature 303, 46—49.

Rousseau, D.D., 1986. Intérét paléobiogeographique de Pupilla
loessica Lozek et de Vallonia tenuilabris (A. Braun) pour le
Pléistocéne Ouest-européen. C. R. Acad. Sci. Paris 303 (I1),
257-262.

Rousseau, D.D., 1987a. New approach to the Pleistocene land
snails. In: French, H.M., Pecsi, M. (Eds.), Loess and Periglacial
Phenomena. Hungarian Academy of Sciences, Budapest, pp.
151-163.

Rousseau, D.D., 1987b. Paleoclimatology of the Achenheim series
(middle and upper Pleistocene, Alsace, France): a malacologi-
ca analysis. Palaeogeogr., Palaeoclimatol., Palaeoecol. 59,
293-314.

Rousseau, D.D., 1989. Réponses des malacofaunes terrestres Qua-
ternaires aux contraintes climatiques en Europe septentrionale.
Palaeogeogr., Palaeoclimatol., Palacoecol. 69, 113-124.

Rousseau, D.D., 1990. Statistical analyses of loess molluscs for
paleoecological reconstructions. Quat. Int. 7/8, 81-89.

Rousseau, D.D., 1991. Climatic transfer function from Quaternary
molluscs in European loess deposits. Quat. Res. 36, 195-2009.

Rousseau, D.D., Kukla, G., 1994. Late Pleistocene climate record
in the Eustis loess section, Nebraska, based on land snail
assemblages and magnetic susceptibility. Quat. Res. 42, 176—
187.

Rousseau, D.D., Puissegur, J.J., 1988. Analyse de la malacofaune
continentale. In: Tuffreau, A., Sommg, J. (Eds.), Le gisement
Paléolithiqgue Moyen de Biache-Saint-Vaast. Mémoires de la
Société Préhistorique Francaise, vol. 21, pp. 89-102.

Rousseau, D.D., Puissegur, J.J., 1990. A 350,000 years climatic
record from the loess sequence of Achenheim, Alsace, France.
Boreas 19, 203-216.

Rousseau, D.D., Wu, N.Q., 1997. A new molluscan record of the
monsoon variability over the past 130,000 yr in the Luochuan
loess sequence, China. Geology 25, 275-278.

Rousseau, D.D., Wu, N.Q., 1999. Mollusk record of monsoon
variability during the L2—-S2 cycle in Luochuan loess se-
guence, China. Quat. Res. 52, 286—292.

Rousseau, D.D., Puissegur, J.J., Lautridou, J.P., 1990. Biogeogra-
phy of the Pleistocene Pleniglacial malacofaunas in Europe.
Palaeogeogr., Palaeoclimatol., Palaeoecol. 80, 7-23.

Rousseau, D.D., Limondin, N., Puissegur, J.J., 1993. Holocene
environmental signals from mollusk assemblages in Burgundy
(France). Quat. Res. 40, 237-253.

Rousseau, D.D., Wu, N.Q., Guo, Z.T., 2000. The terrestria
mollusks as new indices of the Asian paleomonsoons in the
Chinese loess plateau. Global Planet. Change 26, 199—206.

Sda, B. (Ed.), 1990. Loess Fauna in Deposits of Shelters and
Caves in the Veneto Region and Examples in other Region of
Italy. Gutenberg, Milano, pp. 139-149.



D.-D. Rousseau / Earth-Science Reviews 54 (2001) 157-171 171

Sun, J, Ke, M., Zhao, J., Li, B., Wel, M., 1995. Vegetation and
climate of the loess plateau in China during the Late Pleis-
tocene. In: Wang, S. (Ed.), Scientia Geologica Sinica. Science
Press, Beijing, pp. 91-103.

Thompson Webb 111, T. et a., 1993. Climatic changes during the
past 18,000 years: regiona syntheses, mechanisms, and causes.
In: Wright, JH.E. et a. (Ed.), Global Climates Since the Last
Glacial Maximum. University of Minnesota Press, Minneapo-
lis, pp. 514-535.

Van Vliet-Lanog, B., 1988. Le role de la glace de ségrégation
dans les Formations superficielles de I'Europe de I'Ouest.
Science thesis Caen, 854 pp.

Veklitch, M.F., 1969. La stratigraphie des loess d’' Ukraine. Bull.
Assoc. Fr. Etude Quat. 145-150 (Specia issue).

Woagner, M., 1979a. Mollusc fauna from the Dunakomlod 1977 /1
borehole. In: Pecsi, M. (Ed.), Studies on Loess. Acta Geolog-
ica Academiae Scientiarum Hungaricae, Budapest, vol. 22, pp.
497-499.

Wagner, M., 1979b. Mollusc fauna of the Mende loess profile. In:
Pecsi, M. (Ed.), Studies on Loess. Acta Geologica Academiae
Scientiarum Hungaricae, Budapest, vol. 22, pp. 397-401.

Wagner, M., 1979c. Mollusc fauna of the Paks loess profile. In:
Pecsi, M. (Ed.), Studies on Loess. Acta Geologica Academiae
Scientiarum Hungaricae, Budapest, vol. 22, pp. 433—441.

Wernert, P., 1949. Le probléme des loess anciens a faune forestiére
et subtropicale. In: Bordeaux, L.A.M. (Ed.), Sedimentation et
Quaternaire, pp. 285—-292.

Wernert, P., 1955. Un fossile-directeur de la faune malacologique
interglaciaire dans les limons loessiques de la station

paléolithique d’ Achenheim: Zonites acieformis Klein: contri-
bution a la climatologie de I'ére quaternaire dans le fosse
rhénan. Bull. Serv. Carte Geol. Alsace Lorraine 8, 119-127.

Wernert, P., 1957. Stratigraphie paléontologique et préhistorique
des sédiments quaternaires d' Alsace Achenheim. Mémoires du
service de la carte géologique d' Alsace et de Lorraine Thesis,
Universite de Strasbourg, Strasbourg, 295 pp.

Wu, N., Lu, H., Sun, X., Guo, Z., Liu, J,, Han, J., 1995. Climatic
factor transfer function from opal phytolith and its application
in paleoclimate reconstruction of China loess—paleosol se-
quence. In: Wang, S. (Ed.), Scientia Geologica Sinica. Science
Press, Beijing, pp. 105-114.

Wu, N., Rousseau, D.D., Liu, D., 1996. Land mollusk records
from the Luochuan loess sequence and their paleocenvironmen-
tal significance. Sci. China 39 (5), 494-502.

Wu, N, Rousseau, D.D., Liu, T.S., 1999. Climatic instability
recorded by the mollusk assemblages from the Late Glacial
loess deposits in China. Chin. Sci. Bull. 44, 1238-1242.

Yen, T.C., 1939. Die chinesischen Land- und Susswasser-Gastro-
poden des Natur-Museums Senckenberg. Abh. Senckenb.
Naturforsch. Ges. 444, 1-233.

Zéelikson, E.M., 1986. On the palynological characteristic of Late
Valdai Loesses in the centre of Russian Plain. In: Maruszczak,
H. (Ed.), Problems of the Stratigraphy and Paleogeography of
Loesses. Maria Curie-Sklodowska University, Canada, pp.
137-148.

Zhao, Q., 1996. Microfossils from loess of the Miaodao Islands,
Bohai Sea. Sci. China 39 (5), 533-542.



