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The terrestrial mollusk fossils found in Chinese loess strata have been studied for over one hundred years.
However, the greatest progress in these studies has been made only in the last two decades. In this paper, we
review the advancements, advantages and limitations of terrestrial mollusk studies in Chinese loess deposits.
Improvements in research methods and approaches have allowed the extraction of more detailed paleoenvironmental and paleoclimatic information from mollusk assemblages. The broadened research scope and content
have yielded many new ﬁndings and results. The mollusk record has thus become one of the most important
proxies in the paleoenvironmental and paleoclimatic reconstruction of loess-paleosol sequences in China. The
greatest progress in the studies of terrestrial mollusks in Chinese loess sequences can be summarized as follows:
(1) modern mollusk assemblages can be classiﬁed into four ecotypes, based on their temperature and humidity
requirements, including eurytopic, semi-aridiphilous and sub-humidiphilous, cold-aridiphilous, and thermohumidiphilous types; (2) Quaternary mollusk assemblages can be modiﬁed into the following three ecological
types: glacial loess, interglacial paleosol, and interstadial weakly-developed paleosol assemblages; (3) mollusk
records successfully reveal long-term climatic and environmental changes reﬂective of the history of East Asian
monsoonal variations since the Late Cenozoic, and the succession of mollusk species also indicate short-term
environmental changes such as millennial climate variability during Last Glacial Maximum and unstable climatic
ﬂuctuations during glacial and interglacial periods; and (4) more recently, new analytical approaches have
oﬀered increased research potential in areas such as paleotemperature reconstruction using the isotopic compositions of modern and fossil mollusk shells, combined with higher accuracy 14C dating of Quaternary loess
deposits, which will greatly improve future loess paleoenvironmental research.

1. Introduction
The widespread fossil remains preserved in Quaternary loess-paleosol sequences represent an important record for the study of geological evolution and climate change. Terrestrial mollusks, taxonomically
classiﬁed into the Gastropoda of Mollusca, are the most common biological remains identiﬁed in Quaternary loess deposits. They are highly
sensitive to environmental, and therefore climatic changes, and can
thus be considered typical ‘index animals’ for loess-based paleoenvironmental research (Liu, 1985). During the early years of loess research,
Richthofen proposed in his initial research that the Chinese loess deposits contained fossil gastropods which were all terrestrial species
sparsely distributed throughout the stratigraphic sequence,
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demonstrating that these loess deposits had not been reworked by water
ﬂow. This provided the most direct biological evidence for his hypothesis that the loess deposits in China had been transported there by
the wind (Richthofen, 1877, 1882). Recently, international Quaternary
studies have developed rapidly, using new methods and techniques,
leading to an increasing importance being placed on the paleoenvironmental studies of terrestrial mollusk fossils found in Quaternary loess
and Late Cenozoic wind-blown dust deposits. Especially in recent decades, the study of the loess snail in the world has made great progresses,
including snail's ecological distribution, high resolution fossil record
and stable isotopes analysis of terrestrial snail shell etc. (e.g. Metref
et al., 2003; Balakrishnan et al., 2005; Zanchetta et al., 2005; Antoine
et al., 2009; Yanes et al., 2009; Kehrwald et al., 2010; Zaarur et al.,
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considered a vital research tool for investigating the evolution of the
East Asian monsoonal environment.
Apart from the use of the new methods reviewed above, the studies
of loess terrestrial mollusks has focused especially on paleoclimatic and
paleoenvironmental studies related to the evolution of the monsoonal
environment, and on investigations into the ecological requirements of
modern terrestrial mollusk assemblages, thus: (1) paleoclimatic and
paleoenvironmental studies have focused on diﬀerent timescales, including climatic conditions during typical time intervals such as marine
isotope stages (MIS) 24–22, 15–13, and 11 (Wu and Wu, 2008, 2011;
Wu et al., 2007), climate instability and asynchronous changes in
temperature and precipitation (Wu et al., 1999, 2002), and climatic
periodicities and the response to orbital forcing as recorded by terrestrial mollusk fossils (Wu et al., 2000, 2001; Pei and Wu, 2005; Chen and
Wu, 2008; Li et al., 2008; Rousseau et al., 2009; Li and Wu, 2010); and
(2) investigations into the ecological requirements of modern terrestrial
mollusk assemblages. This has included a survey of the habitats of
modern terrestrial mollusks, and in particular their appearance, distribution and abundance within these habitats, the optimum conditions
for survival, reproduction, and growth rates etc., and the relation between terrestrial mollusk assemblages and their relevant environmental
factors. These basic investigations are the key to using terrestrial mollusks to quantitatively reconstruct paleoclimatic and paleoenvironmental evolution. Recently, several studies have provided promising
results. For example, experiment and observation of the survival, activity and feeding habits of Bradybaena similaris in environments with
diﬀerent relative humidities has provided reliable information for the
interpretation of paleoenvironments (Xu et al., 2002).
Looking back on the progress of research in terrestrial mollusks
found in loess since the publication of the seminal monograph ‘Loess
and the Environment’ in 1985, such research can be seen to have entered a new phase. There have been comprehensive and systematic
studies of terrestrial mollusk assemblages in loess. Additionally, considerable progress has been made in establishing the origins of loess and
paleoclimatic evolution at diﬀerent timescales, based on the analysis of
terrestrial mollusk fossils preserved in Quaternary loess strata (e.g.,
Keen, 1995; Wu et al., 1995, 1996, 1997, 1999, 2000, 2001, 2002,
2007; Rousseau and Wu, 1997,1999; Chen and Zhang, 1998; Chen and
Wu, 2008; Wu and Wu, 2008, 2011; Rousseau et al., 2000, 2009) and
Late Miocene–Pliocene red clay strata (e.g., Pei et al., 2004; Wu et al.,
2006), as well as Miocene–Pliocene loess strata (e.g., Li et al., 2006a,
2006b, 2008; Li and Wu, 2010).

2011; Huang et al., 2012; Colonese et al., 2013; Eagle et al., 2013;
Yanes and Romanek, 2013; Horsák et al., 2015).
Important research activity was conducted in China between the
1920s and 1980s into the terrestrial mollusk fossils found in loess. Liu
(1985), in ‘Loess and the Environment’, put forward a detailed compilation of the research conducted into terrestrial mollusk fossils during
this period. It can be concluded that this period’s body of work could be
subdivided into: (1) the period prior to the 1950s, when the focus was
placed on descriptions of the genus and species of terrestrial mollusks
(Yen, 1939, 1943); (2) the period from the 1950s to the 1980s, when
the emphasis was still on the collection of terrestrial mollusk data, apart
from some detailed work on the taxonomic identiﬁcation and classiﬁcation of terrestrial mollusks. A focus was placed on stratigraphic records and the ages of the strata in which the fossils were found (Yu
et al., 1963; Li, 1966). Some research was also begun into the relation
between the composition of terrestrial mollusks and their living environment during the period from the 1950s to the 1980s (Lu and An,
1979; Chen et al., 1982). All of this previous work lay the biological
foundations for the subsequent subdivision and diﬀerentiation of loess
strata, and therefore of past paleoenvironments and paleoclimates. Liu
(1985), in ‘Loess and the Environment’, explicitly suggested that the
terrestrial mollusk fossils preserved in the loess strata could be used as
‘indicator animals’ of the paleoenvironment and paleoclimate recorded
in loess-paleosol sequences, pointing toward their potential for future
studies of the paleoclimate and paleoenvironment of China’s loess regions. However, due to the lack of much basic work on the relation
between the composition of modern terrestrial gastropods and climatological parameters, research into this ﬁeld of science in China came
more or less to a full stop between the mid-1980s and the early 1990s.
Internationally, this period saw a rapid development of research into
terrestrial mollusk fossils, allowing paleoenvironmental and paleoclimatic research to progress from a state of qualitative analysis state
toward a semi-quantitative or quantitative stage (Rousseau, 1991).
From the beginning of the 1990s, research on the terrestrial mollusk
fossils found in Chinese loess entered a new phase. Research methods
and ﬁelds of terrestrial mollusk fossils made remarkable headway,
gradually being used as new and vital indices in loess paleoenvironmental research. Major advances in research approaches were reached
in terms of: (1) the employment of an internationally-used washing and
sieving of snail samples using water became the preferred method for
collecting fossil terrestrial mollusks from Chinese Quaternary loess. For
example, in our study, mollusk samples were taken from loess sections
at 3, 5 and 10 cm intervals (Wu et al., 1995, 1996, 1997, 1999, 2000,
2001, 2002, 2007; Rousseau and Wu, 1997, 1999; Chen and Wu, 2008).
Each sample was approximately 60 × 45×20 cm3 in size, or weighed
∼15 kg to 20 kg. All samples were washed and sieved in the ﬁeld using
a mesh of diameter 0.5 mm. The mollusk shells were sorted and identiﬁed under a binocular microscope. All identiﬁable mollusk fragments
were considered in the total count of individuals following the method
developed by Puisségur (1976). This new method of sampling and
collecting mollusks has since been used in sampling of the Quaternary
loess sequence in China, yielding a great abundance of terrestrial
mollusk fossils. This meets the requirements of quantitative statistics
and improves the reliability of any environmental analysis and interpretation, and also greatly reduces the transportation diﬃculties caused
by the vast quantities of sediments in all the samples; (2) a wide variety
of multivariate statistical methods have been used to handle and process the terrestrial mollusk fossil data and to establish the statistical
relation between terrestrial mollusk species and/or its assemblages, and
climatic factors. Of these methods, the use of transfer functions based
on terrestrial mollusks can quantitatively or semi-quantitatively reconstruct paleoclimatic parameters (Rousseau, 1991; Wu et al., 1997);
and (3) the introduction of geochemical methods, especially stable
isotope analysis, into the research of the relation between terrestrial
mollusk shell stable isotopes and climatic or environmental factors, has
been able to produce remarkable results, and can therefore be

2. The geographical distribution and ecological environments of
extant terrestrial mollusks on the Chinese Loess Plateau
Information on the ecological requirements of modern terrestrial
mollusk species, whose fossil species are found in loess, can provide a
base for interpreting the paleoenvironment. The growth and reproductive rates of modern terrestrial mollusks are intimately related to
the environments within which they live and develop. The type of vegetation, air temperature and relative humidity (RH), the degree to
which the soil has been enriched with organic matter, soil moisture
content, sunlight and habitat substrate, all greatly inﬂuence the diversity of terrestrial mollusk communities, the composition, distribution and abundance of mollusk species. Of these numerous environmental factors, temperature and RH appear to be the key factors
controlling the growth and development of terrestrial mollusks.
Nonetheless, there are marked diﬀerences in the sensitivities to changes
in temperature and RH displayed by diﬀerent terrestrial mollusk species
(Li et al., 2016).
Yen (1939) conducted an outstanding piece of mollusk research,
producing a systematic survey and classiﬁcation of modern Chinese
terrestrial mollusks. This remains a seminal point of reference when
identifying terrestrial mollusk species. During the 1980s, Chen and Gao
(1987) conducted a systematic identiﬁcation and classiﬁcation of the
36
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Fig. 1. Sketch map showing the location of the Chinese Loess Plateau (CLP) and surrounding regions (a), and the predominant geographical distribution of the eurytopic (indicated in
yellow), semi-aridiphilous and sub-humidiphilous (indicated in light green), cold-aridiphilous (indicated in blue), and thermo-humidiphilous (indicated in red) ecological groups of extant
terrestrial mollusks on the CLP and surrounding regions (b). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

species in this group include Bradybaena similaris, and species of
Cathaica such as Cathaica fasciola and Cathaica pulveratrix etc.
(2) The semi-aridiphilous and sub-humidiphilous group prefers semiarid and sub-humid environments. This group of terrestrial mollusks is widely distributed in the semi-arid, sub-humid zones of
central eastern, northern and western China in regions where the
MAT is ∼8 to 14 °C, and the MAP is ∼300 to 600 mm. They are
most abundantly found in northern China, central China, and the
southeastern CLP. Typical species in this group include Cochlicopa
lubrica and species of Succinea and Vallonia, such as Succinea erythrophana and Vallonia cf. pulchella etc.
(3) The cold-aridiphilous group prefers cold and dry environments.
These are widely distributed in the semi-arid and arid continental
zones of northwestern China in regions where the MAT is ∼5 to
10.5 °C, and the MAP is ∼ 200 to 450 mm. They are also found in
the high and cold regions (> 4000 m above sea level) of the Tibetan
Plateau (TP), but are most abundant in the central northern CLP,
where the MAT is ∼6 to 9°C, and the MAP is ∼200 to 400 mm.
Typical species in this group include species of Pupilla, Vallonia and
Cathaica, such as Pupilla aeoli, Vallonia tenera and Cathaica pulveratricula etc.
(4) The thermo-humidiphilous group prefers warm and humid environments. These are found in subtropical and temperate zones. In
our investigations into the geographical ranges of modern terrestrial mollusk communities, we found that this group of terrestrial
mollusks is distributed in regions to the south of the Yellow River
where the MAT is ∼13 to 17.5 °C, and the MAP is ∼620 to
1120 mm. Within this group are some species which have adapted
to particularly warm and humid environments, such as those found
in southeastern China where the MAT is > 14 °C and the MAP
is > 800 mm. The optimum growing season temperature is ∼25

modern terrestrial mollusks frequently found in China. In addition to
species identiﬁcation, Chen and Gao (1987) presented in their monograph the ecological habitats, and geographical and geological distributions, of diﬀerent species. Since the turn of the 21st Century,
successive publications have focused on the shell morphology, geographical distribution and ecological habitats of modern terrestrial
mollusks (e.g., Chen and Zhang, 2004; Qian, 2008; Wang and Chen,
2011; Qian and Zhou, 2014). Research on Chinese modern terrestrial
mollusks has made substantive progress, providing a foundation for the
ecological classiﬁcation of the terrestrial mollusk fossils found in loess.
Using previously published data on the geographical distribution and
habitats of modern terrestrial mollusks (Yen, 1939; Chen and Gao,
1987; Chen and Zhang, 2004; Qian, 2008; Wang and Chen, 2011; Qian
and Zhou, 2014), and combining with our investigations into the geographical distribution of modern terrestrial mollusks, we subdivided
modern terrestrial mollusks from the Chinese Loess Plateau (CLP) into
four ecological groups, i.e. terrestrial mollusks which are: (1) eurytopic
group; (2) semi-aridiphilous and sub-humidiphilous group; (3) coldaridiphilous group; and (4) thermo-humidiphilous group (Fig. 1).
(1) The eurytopic group includes species which exhibit a strong ability
to adapt to ecological environments. They are widely distributed in
diﬀerent ecological habitats found in the humid areas of the
northern subtropics-temperate zone where the mean annual temperature (MAT) is ∼6 to 15 °C, and the mean annual precipitation
(MAP) is ∼400 to 800 mm. The optimum temperature for growth
and development is ∼20 to 25 °C, with a corresponding RH of
∼90% (Chen and Gao, 1987; Xu et al., 2002). Our research into
modern terrestrial mollusk communities on the CLP and its surrounding regions has shown that this group of terrestrial mollusks
was most abundantly distributed in the southeastern CLP. Typical
37
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to 27 °C, and the preferred precipitation is ∼330 to 440 mm.
Typical species in this group include species of Cyclophorus,
Macrochlamys, Euphaedusa, Opeas, Kaliella and Metodontia etc.

Punctum orphana (Heude, 1882) (Fig. 3a–c)
Macrochlamys angigyra Yen, 1939 (Fig. 3d–f)
Gastrocopta armigerella (Reinhardt, 1877) (Fig. 3 g, h)
Opeas striatissimum (Gredler, 1882) (Fig. 3 k)
Metodontia yantaiensis (Crosse and Debeaux, 1863) (Fig. 3 l–n)
Metodontia huaiensis (Crosse, 1882) (Fig. 3o–q)
Metodontia beresowskii (Moellendorﬀ, 1899)

Our most recent research of modern terrestrial mollusk assemblages, based on 356 samples collected from the surface soils of the CLP
and its surrounding regions, has allowed the characterization of the
quantitative distribution and the optimum ecological factors of
Metodontia. In the studied region, Metodontia with an abundance
of > 20% appears to occur mainly in regions where the MAT is > 11 °C,
and the MAP lies between 550 mm and 850 mm. The optimum MAT is
∼10.2 to 14.1 °C for Metodontia huaiensis, and ∼8.9 to 14.0 °C for
Metodontia yantaiensis; the optimum MAP is ∼530 to 800 mm for
Metodontia huaiensis, and ∼470 to 750 mm for Metodontia yantaiensis.
These results provide the quantitative evidence required for using
Metodontia species as indicators of changes in the East Asian summer
monsoon (EASM).

This assemblage is often observed in mid and upper paleosol layers,
e.g. in S0, S1, S2, S3 and S4 paleosol strata at the Luochuan and Xifeng
sections, and in the Qin’an Miocene paleosols. These are correspondent
with those modern terrestrial mollusk species that prefer warm and
wet/humid environments. This terrestrial mollusk fossil assemblage is
represented by the species Macrochlamys angigyra. This is an important
species which prefers warm and wet/humid environments, and thus
indicates a warm and humid climatic regime. Another important
member of this assemblage is Punctum orphana. This species has a
comparatively lower ecological dependence upon temperature and
humidity than does Macrochlamys angigyra. A comparatively large
number of Metodontia are also observed in this assemblage, although
their abundance is often no higher than 20% (Wu et al., 1996, 2000,
2001; Rousseau and Wu, 1997). Further, this assemblage also includes a
certain number of species which thrive in cold and dry, and/or cool and
wet, environments, but these are few, and their abundance is low. As a
whole, this assemblage reﬂects the presence of relatively warm and
wet/humid climatic conditions indicative of a forest-steppe environment. The strong carbonate leaching which occurred during the soil
development process has led to the dissolution of terrestrial mollusk
shells, especially in the lower part of strongly-developed paleosols,
creating a non-fossilized ‘barren bed’. This non-fossilized bed, with its
characteristics indicative of strongly-developed paleosols, is indicative
of those extremely warm and wet/humid climatic conditions found
throughout geological history that are known to have occurred in forest
and/or forest-steppe environments.

3. Modiﬁcation of the ecological composition of terrestrial
mollusk groups in Quaternary loess deposits
The species composition and distribution of terrestrial mollusk assemblages in Quaternary loess sequences are comparatively diﬀerent
from those of modern terrestrial mollusk assemblages. In ‘Loess and the
Environment’ (Liu, 1985), based on the terrestrial mollusk assemblages
from the Luochuan loess sequence, Quaternary terrestrial mollusk assemblages from the CLP were subdivided into two groups, i.e. CathaicaPupilla and Metodontia-Cyclophorus. The former represents the dominant
species found in glacial loess deposits, while the latter is the main
species observed in interglacial paleosol layers (Liu, 1985). However,
our recent systematic and statistically quantitative research of terrestrial mollusk fossils collected from numerous loess sequences such as
the Luochuan, Xifeng, Weinan and Changwu sections on the CLP, implies that the dominant species in these two assemblages needs to be
amended. In accordance with the composition and/or abundance of the
dominant species found in the loess and paleosol strata, and the characteristics of the ecological environments that they represent, we subdivided the groups of terrestrial mollusk fossils found in CLP loess-paleosol sequences into three groups:

(3) Terrestrial mollusk assemblages found in weakly-developed
paleosols
Vallonia-Metodontia-slugs. This assemblage is composed mainly of
the following species:
Vallonia cf. pulchella (Müller, 1774) (Fig. 2 h–j)
Metodontia yantaiensis (Crosse and Debeaux, 1863) (Fig. 3 l–n)
Metodontia huaiensis (Crosse, 1882) (Fig. 3o–q)
Gastrocopta armigerella (Reinhardt, 1877) (Fig. 3 g, h)
Gastrocopta coreana Pilsbry, 1916 (Fig. 3i, j)
Slug

(1) Terrestrial mollusk assemblages found in loess
Pupilla-Vallonia-Cathaica. This assemblage is mainly composed of
the following species:
Pupilla aeoli (Hilber, 1883) (Fig. 2a, b)
Pupilla muscorum (Linne, 1758) (Fig. 2c, d)
Vallonia tenera (Reinhardt, 1877) (Fig. 2e–g)
Vallonia cf. pulchella (Müller, 1774) (Fig. 2 h–j)
Cathaica pulveratrix (Martens, 1882) (Fig. 2 k–m)
Cathaica pulveratricula (Martens, 1882) (Fig. 2n–p)
Cathaica fasciola (Draparnaud, 1801)

This assemblage is often found in weakly-developed paleosol layers,
such as the last glacial L1-2 and L1-4 layers at the Luochuan and Xifeng
loess sections (Wu et al., 1996, 1999, 2000, 2001; Chen and Wu, 2008).
They correspond to modern terrestrial mollusk group which thrive in
semi-arid, semi-humid conditions. This assemblage is characterized by
considerable numbers and abundant species which include many coldaridiphilous and thermo-humidiphilous mollusks, and as well cool and
humid/wet species are present. The total mollusk individuals exceeds
2000 in some strata (e.g. in the weakly-developed paleosols within loess
units L4 and L5) (Wu et al., 2007). The thermo-humidiphilous Metodontia is relatively abundant, and populations of Gastrocopta often form
peaks. This is reﬂective of comparatively warm and humid periods
within an overall cold glacial environment, and indicates the existence
of relatively lush steppe.

This assemblage occurs principally in thick loess layers, such as the
L1, L2, L3, L4 and L5 loess layers at the Luochuan and Xifeng sections,
and contains terrestrial mollusk species which correspond with the
cold-aridiphilous ecological group of modern terrestrial mollusks.
Pupilla and Vallonia are most abundant in this assemblage, at usual >
90% of the total. Between three and ﬁve species of Cathaica are also
often observed in this assemblage, but their abundance is relatively low
at, usually, < 10%. Small numbers of other species which prefer cool
and wet and/or thermo-humid environments are also present, reﬂective
of a comparatively dry and cold steppe and/or desert steppe environment.

4. Changes in the monsoonal environment as recorded by
terrestrial mollusk fossils on the CLP

(2) Terrestrial mollusk assemblages found in interglacial paleosols
Punctum-Macrochlamys-Metodontia. This assemblage is mainly
composed of the following species:

Terrestrial mollusks are sensitive indicators of climate change and
have certain unique advantage in diﬀerentiating terrestrial and aqueous
38
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Fig. 2. Photographs of some typical cold-aridiphilous terrestrial mollusk species found in the Chinese loess-paleosol
sequences. (a, b) Pupilla aeoli; (c, d) Pupilla muscorum; (e–g)
Vallonia tenera; (h–j) Vallonia cf. pulchella; (k–m) Cathaica
pulveratrix; (n–p) Cathaica pulveratricula.
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j
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Guo, 2004). Although there are numerous lines of sedimentological and
geochemical evidence proving that these deposits are of wind-blown
origin (e.g., Guo et al., 2002; Hao and Guo, 2004), more evidence,
especially concerning the character of the original sedimentary environment, is necessary to clarify the initial conditions of deposition.
Among those, biological approaches are of particular values. Li et al.
(2006a, 2006b) analyzed the composition and preservation of mollusk
assemblages in the Dongwan and QA-I sections, and found that all
mollusk fossil individuals were preserved in perfect condition, without
exhibiting any signs of reworking. The terrestrial mollusk fossils discovered were all terrestrial species, with no aquatic species present, and
were mostly identical to the species often collected in Quaternary loess
and paleosol sequences from the CLP. Generally, cold-aridiphilous
species were dominant in the loess layers, while thermo-humidiphilous
species were mostly encountered in the paleosols. These terrestrial
mollusk fossil characteristics support the suggestion that the MiocenePliocene loess-paleosol deposits in the western CLP are typical loesspaleosol sequences of wind-blown origin. Similar analytical research
has also been conducted into the Neogene red clay formation at Xifeng
(6.2–2.4 Ma) on the eastern CLP (Pei et al., 2004). These research results have strongly corroborated the non-aquatic environmental conditions known to have accompanied dust deposition during the late
Miocene to Pliocene.

sedimentary environments. Research on the terrestrial mollusk fossils
found in Chinese loess over the last 20 years has allowed the reconstruction of changes in the long-term evolution of the East Asian
winter monsoon (EAWM) and EASM during the Neogene and
Quaternary (Liu, 1985; Wu et al., 1995, 1996, 1997, 2000, 2001; Keen,
1995; Rousseau and Wu, 1997, 1999; Rousseau et al., 2000; Li et al.,
2008). Terrestrial mollusk fossils are also sensitive to short-term
changes in the monsoonal environment (Wu et al., 1999, 2002). In this
paper, we address the ecological succession and evolution of the
monsoonal environment of the CLP since the Late Cenozoic, based on
the species composition, ecological group, abundance, and changes in
the isotopic composition of the shells of terrestrial mollusk fossils found
in wind-blown loess sequences on the CLP.

4.1. Wind-blown origin of the late Miocene-Pliocene loess-paleosol and red
clay sequences as documented by terrestrial mollusk records
Terrestrial mollusk fossil research has made signiﬁcant contributions to many diﬀerent aspects of geology, including the continental
drift hypothesis. More particularly, in the early years of loess studies
such research provided key evidence for the wind-blown origins of the
Quaternary loess (Richthofen, 1882). Recent research about the Neogene terrestrial mollusk fossils has provided crucial paleontological
evidence for the wind-blown origin of the Neogene loess sequences in
the western CLP and the red clay deposits in the eastern CLP (Pei et al.,
2004; Li et al., 2006a, 2006b). In the past decades, the Miocene
(22–6.2 Ma) and late Miocene-Pliocene (7.1–3.5 Ma) loess-paleosol
deposits were reported from the western CLP (Guo et al., 2002; Hao and
39
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Fig. 3. Photographs of some typical thermo-humidiphilous
terrestrial mollusk species in the Chinese loess-paleosol
sequences. (a–c) Punctum orphana; (d–f) Macrochlamys angigyra; (g, h) Gastrocopta armigerella; (i, j) Gastrocopta coreana; (k) Opeas striatissimum; (l–n) Metodontia yantaiensis;
(o–q) Metodontia huaiensis.

4.5–3.4 Ma, when the climate was moderately mild, the EAWM and
EASM exerted the equivalent impact on the studied region; and
3.4–2.4 Ma as the EAWM predominated, the climate quickly cooled
(Fig. 4). Climatic changes in this region are characterized by a stepwise
cooling from 5.4 to 2.4 Ma, with a 1 Ma rhythmicity. The cooling trend
is in good agreement with the general global cooling trend during this
period, as documented by marine δ18O records (Wu et al., 2006).
Changes in the three terrestrial mollusk fossil ecological groups
found in the Xifeng red clay sequence spanning the time interval from
6.2 to 2.4 Ma have revealed three major eco-environmental shifts that
occurred at ∼5.4, 4.5 and 3.4 Ma (Fig. 4). The 5.4 Ma shift towards a
strengthened EASM is consistent in age with the change in vegetation in
Lingtai from completely dominant desert or desert-steppe vegetation to
coniferous and broadleaved forest, with a small quantity of subtropical
vegetation types (Wu, 2001). The shift that occurred at 4.5 Ma towards
milder conditions is coincident with the reduction in C3 plants and the
expansion in C4 plants, as shown in the stable isotope records at Xifeng
and Lingtai during the 4.5–4 Ma (Ding and Yang, 2000; Jiang et al.,
2002) (Fig. 4). Analysis of these records shows that the ecological shift
that occurred at ∼5.4 Ma may be related to the global climate change
that happened at that time. The ecological shifts which occurred at
∼4.5 Ma and ∼3.4 Ma may be closely related to the uplift of the TP,
and the shoaling of the central American seaway (Nie et al., 2014), i.e.
they could correspond to the indirect response of terrestrial ecosystems
to tectonic movement, although the ultimate causes for the climatic

4.2. Paleoclimatic and paleoenvironmental evolution over diﬀerent
timescales
4.2.1. Late Neogene changes in the monsoonal environment as evidenced by
the terrestrial mollusk fossil record on the CLP
The large quantities of terrestrial mollusk fossils preserved in the
eolian deposits on the CLP from the Neogene to the present represent a
record of the evolution/history of the East Asian monsoon over this
long period (e.g., Liu, 1985; Wu et al., 1996, 1997, 1999, 2000, 2001,
2002, 2006, 2007; Rousseau and Wu, 1997, 1999; Rousseau et al.,
2000, 2009; Pei et al., 2004; Chen and Wu, 2008; Li et al., 2008; Li and
Wu, 2010; Wu and Wu, 2008, 2011). The analysis of terrestrial mollusk
fossil assemblages in the Xifeng red clay sequence (6.2–2.4 Ma) has
identiﬁed three ecological groups. The cold- and dry-loving Cathaica
has been used to identify changes in the EAWM; the warmth- and wetloving Metodontia represents changes in the EASM; and the eurytopic
species, including Bradybaena similaris, and some species of Cathaica
genus, such as C. fasciola and C. pulveratrix, indicate a relatively mild
climate, with moderate temperature and humidity within a moderate
EAWM and EASM regime. Therefore, the evolution of the monsoonal
environment from 6.2 to 2.4 Ma in the Xifeng area can be subdivided
into the following periods based on the succession of these three ecological groups of terrestrial mollusks: 6.2–5.4 Ma, when the EAWM
predominated, the climate was relatively cold and dry; 5.4–4.5 Ma,
when the EASM strengthened, the climate was warm and wet;
40
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Fig. 4. Variations in the percentages of three terrestrial mollusk fossil ecological groups from the Xifeng red clay sequence, compared with median grain size (MD) (Guo et al., 2001), δ13C
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Solid arrows indicate the major changes in terrestrial mollusk fossil ecological groups (modiﬁed from Wu et al. (2006)).

considerably warm and wet, epitomized by the signiﬁcant dissolution of
terrestrial mollusk shells during sustained and heavy leaching of the
soil. This leaching appears to have been more marked at Luochuan than
at Xifeng. The CLP’s climate during the late MIS11 was comparatively
mild, cool and wet. Overall climatic conditions on the CLP during
MIS11 experienced extreme warmth and humidity, short-term cooling,
relative warmth and humidity, and relatively cool and wet sub-stages
(Wu et al., 2007).
Case 2 is a study of the paleoclimate during the deposition of the L9
unit on the CLP, corresponding to MIS 24–22. The extremely thick and
visually distinguished L9 strata at Xifeng and Luochuan on the CLP
contain a rich and continuous abundance of terrestrial mollusk fossils.
The study of these terrestrial mollusk fossil assemblages reveals a
dominant abundance of cold-aridiphilous terrestrial mollusk group,
with two notable peaks in abundances of thermo-humidiphilous terrestrial mollusk group. This would suggest that during the period
during which L9 was deposited (comparable with MIS 24–22), the CLP’s
climate, as opposed to the extremely cold and dry climate apparently
reﬂected by ﬁeld observations and other physical and chemical indicators, was comparatively cool overall. The general climatic changes
experienced appear to have followed a pattern of cold and dry, comparatively warm and wet, short-term cooling, cold and wet, cold and
dry, and warming periods. During MIS 24–22, the EASM still exerted
some inﬂuence on the CLP, but a clear spatial diﬀerence is evident. This
can be seen in the weakness of the inﬂuence of the EASM at Xifeng,
relative to Luochuan. The two sub-stages during which the EASM
strengthened occurred at 922–910 ka and 893–885 ka. The mollusk
fossil record shows that the climatic conditions on the CLP during the
formation of L9 were similar to those indicative of gentle glacial (MIS
24 and MIS 22) and interglacial (MIS 23) periods, as suggested by the
marine δ18O record, indicating that the climate prevalent during the
depositional stages of the L9 loess layer is globally comparable (Wu and
Wu, 2011). The above two cases show that terrestrial mollusk records
can clearly reveal the long-term characteristics of changes in the glacial/interglacial monsoonal environment, and especially glacial climate
characteristics; this is because glacial periods are characterized by
weaker soil leaching than interglacial periods, conditions which are
more suited to the preservation of snail fossils.

transition are still under debate. They may also share an intimate relation with the development of the Northern Hemisphere ice sheet
during this period (Wu et al., 2006).
4.2.2. Quaternary changes in the monsoonal environment over diﬀerent
timescales as evidenced by the terrestrial mollusk fossil record on the CLP
Over the past 20 years or more, the majority of loess terrestrial
mollusk fossil research has focused on paleoenvironmental and paleoclimatic changes over diﬀerent timescales during the Quaternary (e.g.,
Liu, 1985; Wu et al., 1996, 1997, 1999, 2000, 2001, 2002, 2007;
Rousseau and Wu, 1997, 1999; Rousseau et al., 2000, 2009; Chen and
Wu, 2008; Wu and Wu, 2008, 2011). Here, we use two case studies to
review the Quaternary paleoclimatic changes on orbital timescale.
Case 1 concerns terrestrial mollusk fossil assemblages from the
L5–L4 loess stratigraphy (correlated with MIS 12–10) in the Xifeng and
Luochuan Quaternary loess-paleosol sections (Wu et al., 2007). A total
of 25 terrestrial mollusk fossil species were identiﬁed, from which six
dominant species were selected. Based on changes in the peak abundance of these six dominant species, Wu et al. (2007) reconstructed the
environmental and climatic changes during the MIS 12–10 period on
the CLP (Fig. 5), when climatic conditions over the CLP appear unstable. Fluctuations in the glacial and/or interglacial ecological environment appear much more frequently at Xifeng than at Luochuan.
Furthermore, climatic ﬂuctuations seem much stronger during MIS 12
(corresponding in age to loess unit L5) than during MIS 10 (comparable
in age with loess unit L4). This would indicate that the inﬂuence of the
EAWM on the CLP strengthened signiﬁcantly during MIS12, although
these two glacial periods also experienced sub-stages during which the
EASM was stronger, as exempliﬁed by peaks in the abundance of Gastrocopta armigerella. The particular compositional and ecological characteristics of terrestrial mollusk fossil assemblages show that cold climatic conditions were prevalent during MIS12 (glacial stages) on the
CLP. Overall, the climate during MIS11 (comparable in age with paleosol S4) on the CLP appears to have been warm and wet, although, in
comparison to the relatively stable record yielded at Luochuan, the
ecological environment seems to have experienced at least three or four
unstable ﬂuctuations at Xifeng. In the early stages of MIS11 (with a
duration of ∼ 30 ka), the CLP’s climate appears to have been
41
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at the four loess sections of Xifeng, Changwu, Luochuan and Weinan
have revealed the unstable climatic conditions that prevailed on the
CLP during glacial periods, with clear millennial ﬂuctuations which
correlate well with the Greenland Ice Core Project 2 ice core oxygen
isotope record. Such climatic instability during glacial periods might be
related to the unstable nature of lower atmospheric circulation patterns
in the Northern Hemisphere (Wu et al., 1999; Chen and Wu, 2008).
Changes in the abundances of terrestrial mollusk fossils seen in the L9
loess strata (comparable with MIS 24–22) at Luochuan and Xifeng reveal a ‘900 ka event’ on the CLP; it can be seen that the overall trend
towards climate cooling during this period experienced a number of
climatic ﬂuctuations, with three periods during which the EAWM
strengthened, at ∼930 ka, ∼900 ka and ∼880 ka. Of these, the sharpest cooling occurred at ∼900 ka. Periods experiencing a relative
strengthening of the EASM occurred at ∼920 ka and ∼890 ka. Analysis
suggests that the unstable cold/warm ﬂuctuations of these periods are
related to the expansion of Northern Hemisphere ice volumes and the
strengthening of solar radiation, leading to enhanced thermodynamic
diﬀerences between the land and sea, and a consequent strengthening
of both the EAWM and EASM, and subsequent climatic instability (Wu
and Wu, 2011). Generally speaking, these unstable climates, as revealed
by the above mentioned terrestrial mollusk records, have occurred at
diﬀerent timescales during the Quaternary. As for their causes, there is
a variety of possible explanations resulting from diﬀerent dynamic
mechanisms.

The climatic sensitivity of terrestrial mollusks has also proved them
to be a reliable environmental proxy of climatic instability on the
millennial timescale (e.g., Wu et al., 1996, 1999, 2000, 2001, 2002,
2007; Rousseau and Wu, 1997, 1999; Chen and Wu, 2008; Wu and Wu,
2008, 2011; Rousseau et al., 2009). The study of the relatively highresolution (using a 3 cm sampling interval, equivalent to a time resolution of ∼200 yr) terrestrial mollusk fossil record of the Last Glacial
Maximum (LGM) at the Weinan loess section has revealed a millennial
climatic variability. A succession of peak abundances in six typical
terrestrial mollusk species shows millennial climatic ﬂuctuations, and
an asynchronous variation in temperature and precipitation, showing
that changes in temperature clearly predate those in humidity by 1–2 ka
(Fig. 6). This study has suggested that the reason for this particular
climatic pattern was the interaction between the EAWM and the EASM.
The EASM could have reached the southeastern parts of the CLP for the
whole LGM, as shown by the presence of thermo-humidiphilous mollusks. The intensiﬁcation of the EAWM during the LGM shortened the
duration of the EASM, impacting the CLP on an annual basis, but the
EASM maintained its inherent strength, thus providing quantities of
water and warmth suited to the continuous growth and development of
thermo-humidiphilous mollusks during a glacial age (Wu et al., 2002).
Terrestrial mollusk assemblages from the past 500 ka in the
Luochuan loess-paleosol sequence reveal that there were three exceptionally strong EASM events, as indicated by the exceptionally high
abundance of thermo-humidiphilous terrestrial mollusks during the
glacial periods concurrent with the L5, L4 and L2 loess depositional
stages (Fig. 7). It can be seen that the glacial environment experienced
three anomalous periods of EASM strengthening, occurring at ∼470 ka,
∼360 ka and ∼170 ka. The reason for the occurrence of these three
events could be related to orbital parameters, the reorganization of
atmospheric and oceanic circulations, the diﬀerence in the temperature
gradient between high and low latitudes, and changes in Northern
Hemisphere ice volumes (Rousseau et al., 2009).
Studies of terrestrial mollusk fossil assemblages since the last glacial

4.2.3. Climatic periodicities and orbital forcing as revealed by terrestrial
mollusk fossils
Previous paleoclimatic studies based on physical, chemical and
biological records from the loess-paleosol sequences of the CLP have
indicated that changes in the East Asian monsoon circulation patterns
appear closely related to global climatic drivers such as the Earth’s
orbital parameters, solar radiation and global ice volumes (e.g., Liu,
1985; Kukla, 1987; Ding et al., 1994, 1995; Xiao et al., 1995; Liu and
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Fig. 7. Variations in the cold-aridiphilous mollusks (indicators of the EAWM) and thermo-humidiphilous mollusks (indicators of the EASM) from the Luochuan loess-paleosol sequence,
compared with orbital parameters and insolation gradients (modiﬁed from Rousseau et al., 2009). The stacked δ18O (bold curve) is from Lisiecki and Raymo (2005). The computed
climatic precession and obliquity is from Laskar et al. (2004), and the diﬀerences in the mean summer and winter insolation values at 65°N and 15°N represent the insolation gradient
between high latitudes and the tropics. The gray bands characterize exceptional glacial summer monsoon intervals. L1 to L5: loess units; MIS 2 to MIS 12: marine isotope stages.

terrestrial mollusk species Gastrocopta coreana exhibited a cyclic change
of ∼23 ka, indicating that precession-driven low-latitude solar radiation was the principal controller of changes in the EASM on the CLP; the
changes in the cold- and dry-loving species Pupilla aeoli indicated, on
the contrary, a clear periodicity of ∼100 ka, and a weak periodicity of
∼43 ka, indicating that the EAWM was still aﬀected by global ice volumes under overall warm and humid climate conditions. Based principally on evidence derived from terrestrial mollusk assemblages, Wu
and Wu (2008) proposed that global ice volumes and Northern Hemisphere solar radiation were the most important factors in the evolution
of the CLP’s climatic environment and the growth and decline of the
EAWM and EASM during MIS15–13.
Systematic research into terrestrial mollusk fossil assemblages taken
from the Dongwan loess section in the western CLP, spanning the late
Miocene-Pliocene (∼7.1 to 3.5 Ma), has found a new transitional pattern of climatic change from ∼100 ka to ∼41 ka (Fig. 8), contrary to
that experienced during the Middle Pleistocene Transition (MPT). The
variations in the cold-aridiphilous and thermo-humidiphilous ecological groups of terrestrial mollusks in the Dongwan section indicate two
diﬀerent monsoon-dominated periods during 7.1–3.5 Ma (Fig. 8). Between 7.1 and 5.5 Ma, the EAWM, with a ∼100 ka periodicity, was
dominant. Between 5.1 and 4 Ma, the EASM dominated, with a ∼41 ka
periodicity. Between these two periods is a transitional period of
∼400 ka. Li et al. (2008) analyzed the possible reasons for such a climatic transition. The period characterized by a strengthening EAWM is
coeval with orbital-scale changes in global ice volumes. The dominant
EASM with 41 ka frequency may be related to the changes in oceanic
circulations caused by the closure of the Panama and Indonesian seaways, as well as the formation/enlargement of the Western Paciﬁc
Warm Pool, and changes in solar radiation caused by changes in obliquity; all these factors would have led to the increased transportation
of water vapor to mid and high latitudes (Li et al., 2008). The signiﬁcance of this study may be the discovery of a new climatic transition
mode hitherto neglected in long-term terrestrial and marine paleoclimatic studies.

Ding, 1998; An, 2000; Guo et al., 2000, 2002; Rousseau et al., 2000,
2009; Wu et al., 2000, 2001; Wu and Wu, 2008, 2011; Li et al., 2008; Li
and Wu, 2010). High-resolution studies of terrestrial mollusk fossils
from the Luochuan and Changwu loess-paleosol sequences on the CLP,
covering the last 350 ka, show diﬀerent responses of typical thermohumidiphilous and cold-aridiphilous terrestrial mollusk species to orbital forcing. The thermo-humidiphilous Punctum orphana shows predominant periodicities centered on 41 ka and 23 ka cycles, indicating
that the strength of the EASM is sensitive to orbital forcing at obliquity
and precession frequency bands; in contrast, the cold-aridiphilous
Vallonia tenera and Pupilla aeoli show a diﬀerent pattern, with predominant periodicities concentrating on the ∼100 ka and ∼41 ka
bands, indicating thereby the impact of global ice volumes on changes
in the EAWM. The terrestrial mollusk fossil record also indicates that
changes in the EAWM and EASM both show a ∼41 ka periodicity at the
obliquity band. This would indicate the relatively stronger impact of
obliquity on climate change in mid and high latitudes (Berger and
Pestiaux, 1984). As the obliquity increases, the solar radiation received
by mid and high latitudes also increases signiﬁcantly (Harrison et al.,
1995; Colman et al., 1995), leading to a reduction in atmospheric
pressure over land surfaces, a strengthening of the EASM, and conditions beneﬁcial to the growth and development of thermo-humidiphilous terrestrial mollusks on the CLP. When the obliquity decreases, the
solar radiation in mid and high latitudes decreases, providing favorable
conditions for ice sheet growth, and allowing a strengthening of the
EAWM, leading to an abundance of cold-aridiphilous terrestrial mollusk
species on the CLP (Wu et al., 2000, 2001). On an orbital timescale, the
relation between changes in the EAWM and EASM is highly complex,
and there is no single model indicative of the ‘seesaw’ pattern outlined
above (Wu et al., 2001).
Rousseau et al. (2000) analyzed terrestrial mollusk fossil assemblages from the Luochuan loess strata of the last glacial and discovered
diﬀerent periods during which the EAWM and the EASM predominated.
Climate change as documented by the abundances of diﬀerent ecological groups of terrestrial mollusk fossils is in good agreement with
variations in the summer and winter solar radiation values at 30°N. Wu
and Wu (2008) studied terrestrial mollusk fossil assemblages in the S5
paleosol layer (corresponding in age to MIS 15–13) and showed
through power spectrum analysis that the thermo-humidiphilous
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estimate carbon isotopic abundance in the diet of terrestrial mollusks
(Liu et al., 2007). The oxygen isotopic composition of the aragonite
shells of modern terrestrial mollusks appears to be related principally to
the δ18O values of summer monsoonal precipitation, which potentially
allows the reconstruction of the history of the EASM on the CLP (Liu
et al., 2006).
Gu et al. (2009) studied the stable carbon isotopic compositions of
the calcium carbonate shells of Cathaica pulveratrix, and of soil organic
matter (SOM) from the Mangshan loess section since the last glacial.
They showed that changes in the δ13C values of the carbon isotopic
composition of terrestrial mollusk shell aragonite, an indication of the
isotopic compositions of the mollusks’ diet, did not correlate signiﬁcantly with the carbon isotopic composition of the SOM (δ13CSOM),
an indicator of paleovegetation. Terrestrial mollusk shell δ13C values do
not accurately reﬂect the relative biomasses of C3 and C4 plants in local
vegetative environments, whereas the oxygen isotopic composition of
terrestrial mollusk shells depends principally on the isotopic composition of the precipitation which falls during the terrestrial mollusk shell’s
growing season, with temperature and humidity being only secondary
factors; this would indicate that the oxygen isotopic composition of
mollusk shells can reﬂect changes in the strength of the paleo-EASM.
The stable isotopic compositions of terrestrial mollusk shells provide
the potential to reveal seasonal climatic features. Based on stable
carbon and oxygen isotopic analysis of modern terrestrial mollusk assemblages from diﬀerent climatic zones across the CLP, Huang et al.
(2012) attempted to construct a statistical relation between the isotopic

4.3. The evolution of the monsoonal environment as revealed by the stable
isotopes of loess terrestrial mollusk shells
Numerous studies have conﬁrmed that the stable isotopes of the
calcium carbonate shells of terrestrial mollusks can eﬀectively record
an isotopic signal corresponding to their diet (vegetation) and precipitation (monsoonal) isotopes during the relevant terrestrial mollusk
growing season (e.g., Yapp, 1979; Lécolle, 1985; Goodfriend and
Magaritz, 1987; Goodfriend et al., 1989; Leng et al., 1998; Stott, 2002;
Metref et al., 2003; Balakrishnan et al., 2005; Zanchetta et al., 2005; Liu
et al., 2006, 2007; Gu et al., 2009; Sun et al., 2009; Yanes et al., 2009;
Kehrwald et al., 2010; Huang et al., 2012). These studies have demonstrated that the stable isotopes of terrestrial mollusk shells can act
as a good climatic proxy for paleoenvironmental changes, and especially for seasonal climate change at diﬀerent timescales (e.g., Leng
et al., 1998; Sun et al., 2009; Huang et al., 2012). Liu et al. (2007)
studied, from modern terrestrial mollusks on the CLP and its surrounding regions, the carbon isotopic composition of organic carbon
from the soft bodies and of inorganic carbon from the aragonite shells.
They found a signiﬁcant correlation between shell aragonite inorganic
carbon isotopes and the corresponding soft body organic carbon isotopes. Their result indicated dietary controls on the carbon isotopic
composition of terrestrial mollusk shell carbonates, as previous studies
have proved that the bodies of snails possessed the same carbon isotopic
composition as the food those snails consumed. Thus, the carbon isotopic composition of the carbonate shell can be used as a proxy to
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data, into the quantitative study of loess paleoclimates (Li et al., 2016).
The high-resolution analysis of terrestrial mollusk shell stable isotopes
and clumped isotopes (Δ47), and in particular of the continuous stable
isotopic analyses along the growth axis of a terrestrial mollusk shell,
can supply more detailed information concerning seasonal environmental diﬀerences and vegetation types (Leng et al., 1998; Liu et al.,
2006, 2007; Huang et al., 2012; Eagle et al., 2013; Wang et al., 2016).
Improvements in dating methods and techniques could lead to terrestrial mollusk shells being used to produce highly accurate dating results
(Xu et al., 2010, 2011). The study of the taphonomy of terrestrial
mollusk fossil shells is crucial for the accurate reconstruction of the
paleoenvironment, especially for paleosols, and has also become an
important area of research. The introduction and application of new
research methods have opened up new ﬁelds of research into the terrestrial mollusk fossils preserved in loess, rejuvenating this long-established academic discipline.
It should be pointed out that, regardless of terrestrial mollusks being
more directly sensitive to climatic, environmental and ecological processes, compared to some chemical and physical proxies, there are still
certain limitations to, and uncertainties in the interpretation of the
paleoenvironment, due largely to the insuﬃcient number of studies into
the taphonomy of fossil mollusks, and into ecological surveys of modern
terrestrial mollusks. These current deﬁciencies can be enumerated as
follows: (1) there is a lack of physiological and ecological investigations
into modern terrestrial mollusk species and individuals, as well as a lack
of observational data about their biological growth processes and environmental parameters under laboratory controlled conditions, resulting in possible deviations, including mistakes/errors in explanations
of the paleoenvironment and paleoclimate using terrestrial mollusk
fossil assemblages and shell isotopic data; (2) problems concomitant
with the diﬀerential preservation of terrestrial mollusk fossil species,
where it can be generally stated that terrestrial mollusk fossils in loess
units are well-preserved, and shell dissolution rarely occurs, but that
within paleosol layers, terrestrial mollusk shell dissolution can occur to
a greater or lesser extent, exempliﬁed especially by the fewer terrestrial
mollusk fossils preserved in strongly developed paleosol units such as
the lower parts of S1, S4 and S5 layers, implying any extremely diﬃcult
explanation of the paleoenvironment; (3) regional diﬀerences in the
stratigraphic distribution of terrestrial mollusk ecological groups. When
using terrestrial mollusk fossil ecological groups to explain paleoenvironments, we must consider regional diﬀerences, as identical
terrestrial mollusk ecological group may exhibit a diﬀerent, even quite
contrary, stratigraphic distribution in diﬀerent climatic regions. For
example, the Pupilla-Vallonia assemblage, frequently seen in the last
glacial loess units of the sections at Weinan, Luochuan and Xifeng on
the central and southern CLP (Wu et al., 1996, 1999, 2000, 2001, 2002,
2007; Rousseau and Wu, 1997; Chen and Wu, 2008), is dominant in
paleosols of the last interglacial and Holocene at the Lanzhou loess
section on the northwestern CLP (Keen, 1995); and the high abundance
of the thermo-humidiphilous Punctum orphana found in the Holocene
paleosol layers of the loess sections at Luochuan, Changwu and Xifeng
(Wu et al., 1995, 2001, 2002; Rousseau and Wu, 1997; Chen and Wu,
2008), shows a comparable abundance in last glacial terrestrial mollusk
assemblages at the Mangshan section on the southeastern CLP. Therefore, when using terrestrial mollusk fossil assemblages to interpret paleoenvironments, and in particular when reconstructing paleoenvironmental spatial patterns, it is imperative that the regional diﬀerences in
the stratigraphic distributions of terrestrial mollusk ecological groups
from diﬀerent climatic and environmental conditions should be carefully considered, so as to avoid discrepancies in paleoenvironmental
interpretations; and (4) with regard to the increasing quantities of paleoenvironmental information being extracted, e.g. concerning the
ecological signiﬁcance of extinct species, and the biological evolution of
terrestrial mollusk species in relation to the climate and the environment, it is crucial that more systematic research should be developed in
order to improve gradually the accuracy of any interpretations of the

compositions of terrestrial mollusk shells and the length of the growing
season. Their results indicated that diﬀerences between the isotopic
compositions of cold-aridiphilous Pupilla aeoli and thermo-humidiphilous Punctum orphana roughly reﬂected changes in the length of the
growing season on the CLP, from east to west. Both δ13C and δ18O
values decreased by 1‰ with a 15-day and 19-day shortening of the
growing season, respectively. This relation was then used to study
changes in the length of the growing season at diﬀerent stages of the
last glacial from 70 ka onwards. The result revealed the length of the
growing season during the Holocene to be ∼200 ± 10 days, ∼40 days
longer than that observed during the last glacial. This research opened
up new pathways into the study of the seasonal climatic changes in the
monsoon regions of China.
In recent years, research into the clumped isotopes (Δ47) found in
terrestrial mollusk shells has allowed new approaches to the quantitative reconstruction of paleotemperatures (e.g., Zaarur et al., 2011;
Eagle et al., 2013; Wang et al., 2016). Zaarur et al. (2011) were the ﬁrst
to report on the clumped isotopes (Δ47) found in the shells of modern
terrestrial mollusks collected from diﬀerent climate zones. They discovered that the temperatures at which the carbonates formed in terrestrial mollusk shells were notably higher than the site-speciﬁc annual
and growing season temperatures. They therefore suggested that the
Δ47 temperatures could not be directly used to reconstruct air temperatures. However, Wang et al. (2016) recently reported on the Δ47
values found in the shells of the two terrestrial mollusk species Cathaica
sp. and Bradybaena sp. at 24 sites in northern China, including the CLP.
They discovered that the temperatures obtained through an analysis of
the Δ47 values of these two species exhibited a relatively good relation
with the temperatures extant during the terrestrial mollusks’ growing
season. The temperatures thus gained might therefore act as a possible
temperature gauge for monsoonal regions. Eagle et al. (2013) tentatively studied the Δ47 values of 32 modern terrestrial mollusk shells and
of 37 LGM loess terrestrial mollusk shells from Puxian County in Shanxi
Province. They reconstructed changes in temperature since the LGM,
and determined that summer temperatures during the last glacial
changed by 6–7 °C. It must, however, be pointed out that although
using the Δ47 values of loess terrestrial mollusk shells to reconstruct
accurately changes in paleotemperatures seems very promising, there
are still multiple environmental factors to consider, such as the terrestrial mollusks’ physiology, ecology etc., which would have aﬀected
the Δ47 levels of calcium carbonate in the shells of terrestrial mollusks
during the growing season. Therefore, it is now necessary to develop a
deeper understanding of the Δ47 values of terrestrial mollusk shells, in
particular through the study of modern processes, in order to obtain
more accurate paleotemperatures.
5. Questions and future prospects for terrestrial mollusk fossil
research
Terrestrial mollusks have great potential for the study of paleoclimate and paleoenvironmental changes from the late Cenozoic to the
present. The 22 Ma old Chinese loess has preserved abundant terrestrial
mollusk fossils, providing a unique material for the study of terrestrial
mollusk successions since the Miocene (Guo et al., 2002; Li et al.,
2006b). The study of the terrestrial mollusks found in Chinese loess has
already established an initial biological succession from the Late Miocene to the Quaternary, providing a key record for the study of the
relation between biological evolution and environmental change. With
the development of a high-resolution terrestrial mollusk fossil sequence
and spatial pattern for particular periods (e.g., MIS 11, MIS 3 and the
Holocene etc.), it is now possible to explore the evolution of the monsoonal environment on a millennial scale, and compare these results
with modeling experiments. Surveys on the growing season of modern
terrestrial mollusks and their relation to the climate and environment
could establish the hydrothermal conﬁgurations of the paleoclimate
and paleoenvironment, providing new pathways, and more abundant
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paleoenvironment recorded by terrestrial mollusk fossils.
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