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Stable isotopes of land snail fossil shell carbonates (δ13Cshell and δ18Oshell) provide the
opportunity to decipher paleodietary and paleoenvironmental changes. However, the environmental
meanings of δ13Cshell and δ18Oshell remain elusive especially in the monsoonal climate region. To elucidate
this, δ13Cshell and δ18Oshell of the two most common land snails in China, Cathaica and Bradybaena,
were analyzed in this study. Results show that Bradybaena has a wider distribution than Cathaica and
provides considerable potential for use in paleoenvironmental reconstruction. In addition, δ13Cshell of
Bradybaena increases with altitude and temperature, decreases with mean annual precipitation, and reﬂects
the isotopic signal of C3 plants. In contrast, Cathaica δ13Cshell documents a C3/C4 mixing signal and exhibits
only a strong altitude effect. δ18Oshell of Bradybaena decreases with mean annual precipitation in the
Indian monsoon and westerlies regions but increases with mean annual temperature in the East Asian
monsoon region; as a strong correlation exists between the two variables, they could thus potentially be used
to reconstruct paleotemperatures. However, uncertainties should be recognized due to the complexity of
the land‐snails' ecophysiological responses to environmental changes. Cathaica has slightly lower δ18Oshell
than Bradybaena, which suggests that the two land snails have different ecophysiological traits, and the
δ18Oshell of Cathaica follows mean annual temperature in northeast China. This study lays a ground for
explaining land snail stable isotopes in paleorecord in China and reasserts the importance of different
ecophysiological traits of land snails in paleoclimatic research.

Abstract

1. Introduction
Fossil land snails are of use as an archive material in paleoclimatic and paleoenvironmental studies because
they are more sensitive to climatic changes than other nonbiogenic tissues. In addition, they are widely
distributed throughout the world and are very abundant in geological stratigraphy. Taxonomic analyses of
the land snail assemblages have been extensively conducted and applied in paleoclimate reconstruction
(Laurin & Rousseau, 1985; Moine et al., 2002; Wu et al., 1996, 2002, 2006; Wu & Wu, 2008, 2011), and with
the development of stable isotope techniques, the carbon and oxygen isotopic compositions of land snail shell
carbonate (δ13Cshell and δ18Oshell) have been analyzed to determine new proxies for providing
paleoenvironmental and paleoecological information. Studies from different regions have shown that both
δ13Cshell and δ18Oshell values can be used as dietary & environmental indicators (Goodfriend et al., 1989;
Goodfriend & Ellis, 2002; Goodfriend & Magaritz, 1987; Magaritz & Heller, 1980; Milano et al., 2018; Yapp,
1979). More recently, high‐resolution δ13Cshell and δ18Oshell analyses conducted along the growth band of
individual fossil shells have been employed to track seasonal climate changes (e.g., Leng et al., 1998;
Rangarajan et al., 2013), and the results have been found to be superior to those of other bulk geological
and biogenic archives. However, as multiple factors inﬂuence the stable isotopic composition of land snail
shell carbonate, the relationship between these isotopes and environmental variables remains ambiguous.
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This paper provides a brief review of the current progresses made in land snail stable isotope studies. As
shown in previous studies, δ13Cshell is mainly governed by carbon isotope composition of snail intake, which
usually incorporates carbon from three sources: food (Baldini et al., 2007; Goodfriend & Ellis, 2002; Metref
et al., 2003; Stott, 2002; Yanes et al., 2008), atmospheric CO2 (Magaritz & Heller, 1980), and that of CO2
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produced by the reaction between carbonate absorbed by the snail and its gastric acid (Goodfriend & Hood,
1983). To partition the different sources of carbon taken in by land snails, radiogenic 14C analyses have been
used in combination with stable isotope measurements. In this respect, Goodfriend and Hood (1983)
conducted 13C and 14C analyses on modern land snails in Jamaica and estimated that only 25–40% of shell
carbonate originates from a plant diet but up to 33% originates from limestone. In contrast, a similar study
of land snails from the Chinese Loess Plateau found that the carbon derived from an organic diet accounted
for more than 70% of the total shell carbon (Xu et al., 2010). Furthermore, a comprehensive examination of
the 14C content of the most common small land snails from habitats on carbonate terrain in North America,
which included 247 accelerator mass spectrometry 14C measurements of modern shell materials from 46
different species, revealed that ~78% of the shell aliquots did not contain dead carbon from limestone or other
carbonate rocks, even though it was readily available at all sites, and only 3% of the total contained more than
10% dead carbon (Pigati et al., 2010).
Other research has used snail culturing studies to decipher the controlling factor of δ13Cshell. Land snail
culture experiments have revealed that plant dietary carbon accounts for almost 100% of shell carbon and
that if the snail is fed an added CaCO3 source, the ingested carbonate makes no contribution to δ13Cshell
values (Metref et al., 2003; Stott, 2002). However, the results of a more recent study showed that land snails
ingested a considerable amount of carbonate (up to 26%) and that the corn‐fed (C4 plants) groups ingested
more carbonate than the cabbage‐fed (C3 plant) groups had, which suggests the potential effect of a food
preference on δ13Cshell (Zhang, Yamada, et al., 2014).
Despite the complexity of carbon sources ingested by snails, stable isotopic studies conducted on
ﬁeld‐collected snails from regions that have differing vegetation over a large geographical range have found
that dietary δ13C is the primary variable affecting δ13Cshell (Colonese et al., 2014; Liu, Gu, et al., 2007;
Prendergast et al., 2017; Stott, 2002; Yanes et al., 2009). In the Chinese Loess Plateau, Liu, Gu, et al. (2007)
analyzed δ13Cshell of land snails (mainly Cathaica pulveratricula, Cathaica pulveratrix, and Cathaica
gansuica) and recognized that δ13Cshell can reﬂect the isotopic characteristics of the food and the potential
ecological background. This means that δ13Cshell can be used to infer the relative abundance of C3/C4 plants
in a region with C3‐C4 mixed vegetation and can also reveal the environmental effects on C3 plants, such as
water stress and temperature, in regions dominated by C3 vegetation (i.e., Leng & Lewis, 2016; Prendergast
et al., 2017). For example, in north China, the δ13C of C3 plant shows a negative correlation with
precipitation (Liu et al., 2005; Wang et al., 2003; Wang et al., 2008) but a positive correlation with temperature (Wang et al., 2013). However, such environmental effects have seldom been examined on δ13Cshell over
the entire geographical range of China.
The inﬂuences of environmental variables on δ18Oshell are rather complex, and a variety of controlling
factors have been determined globally, even though δ18Oshell is theoretically governed by δ18O of snail body
water and the temperature at which shell carbonate precipitates. In this respect, a number of studies in
different parts of the world have linked δ18Oshell to rain water δ18O (the δ18O of precipitation, δ18OP)
and/or the rainfall amount. For example, Leng et al. (1998) conducted a high‐resolution stable isotope
analysis along the growth band of the shell of a land snail collected in Ethiopia and proposed that seasonal
changes in the amount and isotopic composition of rainfall accounted for the shape and amplitude of
δ18Oshell cycles. In some parts of Europe, the northern part of Africa (the circum‐Mediterranean region),
and North America, a strong correlation has been found to exist ubiquitously between δ18Oshell and δ18OP;
however, the regression lines constructed in studies have highly variable slopes with respect to the different
region studied (Colonese et al., 2014; Goodfriend et al., 1989; Goodfriend & Ellis, 2002; Lécolle, 1985;
Prendergast et al., 2015; Zanchetta et al., 2005).
Research conducted on the Chinese Loess Plateau proposed that the δ18Oshell of land snails (mainly
C. pulveratricula, C. pulveratrix, and C. gansuica) is mainly controlled by the δ18O of summer monsoon
precipitation and that it exhibits a negative correlation with summer rainfall amount (Liu et al., 2006). It
has also been proposed that relative humidity (RH) controls δ18Oshell. For instance, Yapp (1979) performed
a pioneering stable isotope study on modern land snail shells in North America and found that enrichment of
δ18Oshell appears to be linearly related to the reciprocal of local RH. Another study conducted on the Great
Plain of North America further conﬁrmed that RH at the time of snail activity is an important control on
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δ18Oshell (Balakrishnan et al., 2005). Following these results, Zaarur et al. (2011) reinforced the key role of RH
and local evaporation in modulating δ18Oshell variations based on studies conducted on stable and clumped
isotopes in land snail shells. However, no clear correlation between δ18Oshell and RH was found in a seasonal
stable isotope study conducted on modern land snails on the coastal plain of Israel, but the results showed
that δ18Oshell was well correlated with mean annual temperature (MAT; Magaritz et al., 1981). Similarly,
Yanes et al. (2009) also observed a strong correlation between δ18Oshell and MAT on the low‐latitude oceanic
island of Tenerife in Spain. This inﬂuence of temperature on δ18Oshell has been also employed to explain the
negative excursion of δ18Oshell during the Older Dryas (ca. 13,857 ~ 14,171 years calibrated before the present
B.P.) at Grotta del Romito in southern Italy (Colonese et al., 2007). The effect of water vapor has also been
found to be prominent, particularly in some arid lands (e.g., Colonese et al., 2014; Hassan, 2015).
In summary, the main controlling factors relating to the isotopic compositions of land snail shell carbonate
may differ in differing regions due to discrepancies in both climatic seasonality and the ecophysiological
traits of land snails. Therefore, it is necessary to conduct a systematic study of typical land snails in diverse
environments, particularly in monsoonal China where associated research is scarce, with the ultimate aim of
using δ13Cshell and δ18Oshell of fossil land snails to probe past environmental changes in this region.
In brief, the current studies on the stable isotopes of modern land snails in China have only been conducted within the Chinese Loess Plateau. Although δ13Cshell and δ18Oshell are believed to correlate respectively with dietary δ13C and rainwater δ18O on a local scale, it is currently unclear which environmental
variables have the most important role in affecting stable isotope changes within the shells of land snails
within the vast area of monsoonal China. To conduct such a systematic study over a broad region of
China, we collected samples from the two most common land snail genera (Bradybaena and Cathaica)
within different climatic zones in China and measured the stable carbon and oxygen isotopes in snail
shells. Based on modern climate data and oxygen isotopes of precipitation at the studied sites, we then conducted statistical analyses with the aim of determining the key climatic factors affecting the carbon and
oxygen isotopic compositions of modern snail shells. Moreover, carbon isotopes (δ13CSBOM) were measured
on shell‐bound organic matter, which includes the periostracum and both the acid soluble and insoluble
organic matrix of the shell, for the both species at selected sites, with the aim of determining the carbon
isotopic fractionation (CIF) of shell carbonate relative to diet and evaluating any difference between the
CIF in Bradybaena and Cathaica land snails. This study aims to assist in precisely reconstructing dietary
vegetation using the measured δ13Cshell. It is considered that the main ﬁndings of this study will facilitate
a better understanding of stable isotopes in land snail shell carbonates to enable environmental interpretations in monsoonal regions.

2. Materials and Methods
2.1. Sample Collection
We collected living land snails from 69 sites in China between the years 2013 and 2017 (Figure 1). Fewer sampling sites were used in western China because of the lack of land snails found during sample collection; this
was considered to be due to the low amount of annual rainfall (<200 mm) in the region. During the sampling
period, Bradybaena was collected from a total of 64 sites and Cathaica from 27 sites. The Bradybaena land
snail species included Bradybaena (Acusta) ravida ravida, Bradybaena (B.) similaris similaris, Bradybaena
(B.) fuchsia, and Bradybaena (Acusta) ravida sieboldiana, and the Cathaica snail species included Cathaica
cunlunensis, C. pulveratricula, C. (Pliocathaica) pulveratrix, Cathaica (Xerocathaica) pekinensis, Cathaica
(C.) fasciola fasciola, C. gansuica, and Cathaica sp. Photos of some of the selected species are shown in
Supporting Information Figure S1. Information on the land snail species at each study site are listed in
Table S1. The land snails were collected from greenlands and parks in rural area or on the outskirts of a cities
far from obvious human disturbances. The vegetation at the sampling sites was either trees or shrubs with
grass species as the understory. Trees were mostly conifer, willow, and poplar, and shrubs were predominantly Loropetalum chinense var. rubrum, Symplocaceae Pittosporum, Nanshan Berberidaceae bamboo,
Schefﬂera heptaphylla, and Photinia serrulata. Most of plants were classiﬁed as being C3 plants. Data from
16 sites reported by Liu et al. (2006), Liu, Gu, et al. (2007) were also incorporated, and in this respect, 1
and 16 extra data were included for Bradybaena and Cathaica, respectively. Collectively, 23 sites contained
both Bradybaena and Cathaica land snails.
WANG ET AL.
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Figure 1. (a) Schematic map shows locations of sampling sites for two modern land snail genera in this study.
Sampling sites for isotopic data cited from Liu et al. (2006), Liu, Gu, et al. (2007) are also shown (include two Cathaica
18
sites of Xi'an and Zhengzhou); (b) monthly distribution of δ OP and environmental variables in Wulumuqi, Puer, Beijing,
and Sanya.

With respect to physioecological and/or growth‐seasonal differences, the two land snail species have
different geographic distribution ranges, for example, Bradybaena is found in a broad area from south
to north China, whereas Cathaica is mainly conﬁned to north China. The study sites follow a similar geographical distribution in that they incorporate both inland and coastal areas. Table S1 summarizes the
geographical, topographical, and environmental data of these sites. Bradybaena were sampled over an
area distributed between 18.26–45.80°N (latitude) and 87.62–126.53°E (longitude) at an altitude between
3 and 1,679 m, with a MAT of 1.27–25.15 °C, mean annual precipitation (MAP) of 88.40–2128.8 mm,
and mean annual relative humidity (MARH) of 41.42–82.17%. In contrast, Cathaica were sampled from
a narrower geographical range (31.89–41.78°N and 103.82–124.33°E), which has smaller ranges of MAT
(6.35–15.97 °C), MAP (155–1000.80 mm), and MARH (41.42–74.83%) but larger topographical
variations (3–1982m).
WANG ET AL.
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2.2. Chemical Pretreatments
The shell was ﬁrst cleaned in distilled water using a toothbrush to remove large particles of soil and debris
and then further cleaned using an ultrasonic utility to remove surﬁcial sediments and organic ﬂuid stuck
to the shell surface. The cleaned shell was dried at 60 °C overnight and ground into ﬁne powder with a pestle
and mortar. Some of the selected ﬁne powder was tested for carbonate polymorphs by X‐ray diffraction using
a PANAlytical diffractometer with Ni‐ﬁltered Cu‐Kα radiation (40 kV and 40 mA) and aragonite was identiﬁed (Figure S2). The ﬁne aragonite powder was reacted with 3% H2O2 at room temperature for 24 hr to
further remove organic substances occluded in the shell carbonate, and it was then centrifuged and rinsed
three times. The residue was ﬁnally dried overnight at 60 °C.
The shell‐bound organic matter was extracted following the method developed by Yanes et al. (2018). Brieﬂy,
an aliquot of homogenized shell powder from multiple shells (i.e., from 4–10 shells, depending on availability) from each study site was placed into a beaker with 2M HCl solution at room temperature. After the shell
carbonate had fully dissolved following a reaction time of 12 hr, the released organic matter was centrifuged
at 4,000 rpm for 10 min and then rinsed with deionized water. Following centrifugation three times and rinsing, the organic matter was subsequently recovered as a pellet, and the pellet residue was oven dried at 40 °
C overnight.
2.3. Carbon and Oxygen Isotopic Analyses
The δ13C and δ18O of pretreated shell carbonate powders were measured using a GasBench II linked to Delta
V plus isotope ratio mass spectrometer (Thermo Fisher). Sample powders weighing approximately 100 μg
were reacted with 100% H3PO4 at 72 °C for 1 hr. The resultant CO2 was puriﬁed by passing through two
Naﬁon™ water traps and a PoraPlot Q chromatograph column (maintained at 45 °C) and it was then introduced to a mass spectrometer for isotopic measurements. The δ13C of shell‐bound organic matter (δ13CSBOM)
was determined using an elemental analyzer (Flash EA 1112) coupled with a MAT 253 isotope ratio mass
spectrometer (Thermo Fisher). Stable isotope results were reported relative to the Vienna Pee Dee
Belemnite (VPDB) standards. As the stable isotope standards (GBW4416: δ18OVPDB = ‐ 11.59‰; and
NBS19: δ18OVPDB = ‐2.20‰) employed for calibration are calcite, which has a different oxygen isotope acid
fractionation factor from our snail shell aragonite (Kim et al., 2007), a correction factor of 0.38‰ was applied
to generate δ18Oshell data. External analytical precisions of 0.06‰ and 0.10‰ were obtained for δ13C and
δ18O of carbonate, respectively, and better than 0.2‰ for δ13CSBOM.
2.4. Examining Representativeness of Multiple‐Shell Samples
Previous studies have shown apparent variabilities in δ13C and δ18O between individual shells collected from
the same site. It was thus decided to conduct isotopic analyses of multiple shells from each site to obtain the
representative average condition for the population (e.g., Goodfriend & Ellis, 2002; Liu et al., 2006). In most
cases, 10 shells from each location were combined to make one sample (referred to as multiple shell) to compile a representative sample and to approximate the average conditions under which the land snails existed.
As it was difﬁcult to ﬁnd snails at some sites, a minimum number of four shells were employed. A total of 38
multiple‐shell samples of Bradybaena were analyzed and 24 of Cathaica.
To examine the representativeness of our multiple‐shell samples, we also randomly selected 10 extra individual shells at two sites (Sanmenxia and Dalian) for Cathaica and four sites (Sanmenxia, Dalian, Yinchuan,
and Ningbo) for Bradybaena (although only ﬁve shells of Bradybaena were taken from Dalian) to conduct
δ13C and δ18O analyses. The mean δ13C and δ18O for those individual shells from each of the selected sites
were then compared with the isotopic data of the multiple‐shell sample from the same site.
2.5. Shell Size Measurements
To compare the shell sizes of Bradybaena and Cathaica, we measured the shell width and height, the relative
aperture area, and the number of whorls on each shell of the two species at the same site. The shell width was
measured as the maximum length of the base body whorl (“1” in Figure S3a) and the shell height as the distance from the top to the base of the shell (“2” in Figure S3a). The relative aperture area was the area of the
shell mouth, which was calculated approximately based on an ellipse shape (S = πab), where a or b refers to
the aperture width or aperture height, respectively (“3” or “4” in Figure S3a). Furthermore, the number of
WANG ET AL.
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whorls relates to the number of shell rings that extend along the central columellae (e.g., the snail in Figure
S3b has ﬁve whorls).
2.6. Data Source for Environmental Variables and Oxygen Isotope of Precipitation (δ18OP)
Instrumental data of environmental variables for each sampling site were obtained from the China
Meteorological Data Service Center; these data represented environmental variables monitored daily at local
meteorological observation stations. We used averaged annual or monthly data over the past 30 years (from
1981 to 2010).
For δ18OP, we used actual measured rainfall isotope data for available sites collected by the Global Network
of Isotopes in Precipitation (https://gnip.com/) but used predicted data for other sites by employing the
online isotope in precipitation calculator (at wateriso.utah.edu/waterisotopes/) provided by Bowen (2008).

3. Results
3.1. Comparison Between Isotopic Composition of Individual Shells and Multiple‐Shell From
Same Sites
As shown in Figure S4, the intrapopulation variation was between 1.5‰ and 3.5‰ for both δ13Cshell and
δ18Oshell at the same site, except for Cathaica snails from Sanmenxia, which had variability of up to 5.5‰
for δ18Oshell. Although there were relatively large variations in δ13C and δ18O among individual shells from
each site, the mean δ13C and δ18O of those shells were almost the same as those of the multiple‐shell sample
from the same site (the largest difference was <0.3‰). These results show that the δ13C and δ18O values of
our multiple‐shell sample can be used to represent the average condition gained from discrete measurements
on several individual shells. Therefore, all the δ13Cshell and δ18Oshell data discussed in this study were
obtained from multiple‐shell samples.
3.2. Carbon Isotopes of Land Snail Shell
All measured data are shown in Table S1. The ranges of δ13Cshell values for Bradybaena and Cathaica are ‐
14.16‰ to ‐9.52‰ (amplitude: 4.64‰) and ‐13.03‰ to ‐5.21‰ (amplitude: 7.82‰), respectively, and the
mean δ13Cshell value for Bradybaena is ‐11.31‰ while that for Cathaica is ‐10.42‰. When the δ13Cshell values
of both species from the same sites are put together in a plot, 14 out of 22 δ13Cshell values of Cathaica are
higher than those of Bradybaena, with a mean offset of 0.43‰ (Figures 2a and 2b). The t test for the
δ13Cshell of the two genera was conducted using SPSS software, and the δ13Cshell values of Cathaica are statistically indistinguishable from those of Bradybaena (Table S2).
Spatially, the δ13Cshell values of Bradybaena at sites east of 112°E exhibit a V‐shaped changing pattern by latitude (Figure 3a), for example, δ13Cshell becomes more positive from the southeast to the northwest. However,
in regions north of 40°N, such as Shenyang (41.78°N, 123.40°E), δ13Cshell values are more negative than those
in the 31°–40°N region. In contrast, this trend is not obvious for δ13Cshell values of Cathaica (Figure 3b);
instead, δ13Cshell values of Cathaica show an increasingly positive trend from coastal areas to inland areas.
However, when we plot δ13Cshell against latitude, the V‐shaped changing pattern is more evident for both
Bradybaena and Cathaica. It should be noted that rainfall amount (MAP) displays the same latitudinal
change (Figure S5).
A correlation analysis was conducted to examine the relationship of δ13Cshell with certain environmental or
geographic variables. Results show that δ13Cshell of Bradybaena and Cathaica both correlate with MAP,
MAT, and altitude (Alt; Figure 4). In addition, δ13Cshell values for both Bradybaena and Cathaica show a generally decreasing trend with increases in MAP and MAT (Figures 4a, 4b, 4c, and 4d), but the correlations are
relatively weak between δ13Cshell and MAP for Cathaica and between δ13Cshell and MAT for Bradybaena
(Figures 4b and 4c). In addition, δ13Cshell values of both land snail species display a positive correlation with
altitude, although the correlation is a little stronger for Cathaica (Figures 4e and 5f). Furthermore, δ13Cshell
of Bradybaena also negatively correlates with MARH whereas that of Cathaica does not (Table S3).
δ13CSBOM from four sites varies from ‐24.64‰ to ‐28.09‰ for Bradybaena and from ‐24.00‰ to ‐26.78‰ for
Cathaica (Table S4). Meanwhile, a strong positive correlation is observed between δ13CSBOM and its corresponding δ13Cshell for both species (Figure S6a): the slopes of both regression lines are close to 1 (i.e., 1.048
WANG ET AL.
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Figure 2. Comparison of stable isotopes between Cathaica and Bradybaena at the same sampling sites. (a) δ Cshell com18
parison between the two genera; (b) δ Oshell comparison between the two genera.

for Bradybaena and 0.991 for Cathaica). There is a mean 13C enrichment factor of +15.18 ± 0.26‰ for
Bradybaena δ13Cshell with respect to its δ13CSBOM, but Cathaica has a relatively low 13C enrichment factor
of +13.89 ± 0.15‰.
3.3. Oxygen Isotope of Land Snail Shell
The δ18Oshell values for Bradybaena and Cathaica range from ‐7.02‰ to 0.45‰ (amplitude = 7.47‰) and
from ‐7.65‰ to ‐1.98‰ (amplitude = 5.67‰), respectively. The mean δ18Oshell value of Bradybaena is ‐
2.99‰, which is less negative than that of Cathaica (‐4.55‰). For snails collected from the same sites, 16
out of 23 Bradybaena show higher δ18Oshell values than Cathaica, with a mean offset of 0.97‰
(Figure 2b). A t test for the δ18Oshell of both species was conducted using SPSS software, and results demonstrate that δ18Oshell values of Cathaica are statistically more negative than those of Bradybaena (Table S2).
Geographically, the δ18Oshell for Bradybaena presents a more complicated changing pattern: the values are
more negative in the southwest, which is the area controlled by the Indian Monsoon; less negative values
are found in the northwest where the westerlies dominates; and the shift becomes more negative from southeast to northwest in the East Asian monsoon region (Figure 5a). In comparison, δ18Oshell values for Cathaica
become more negative towards inland regions (from east to west) but are less negative further
inland (Figure 5b).
With respect to the relationship with environmental variables, an overall positive correlation can be found
between temperature (MAT) and δ18Oshell of Bradybaena in the East Asian Monsoon region (R2 = 0.26, P
WANG ET AL.

3362

Journal of Geophysical Research: Biogeosciences

10.1029/2019JG005255

13

13

Figure 3. Contour maps showing spatial changing pattern of (a) δ Cshell of Bradybaena and (b) δ Cshell of Cathaica.

< 0.001, and n = 56), and the correlation is obviously improved when ﬁve deviated data from the big lake area
(triangle data) or coastal area (square data) are eliminated (Figure 6a; R2 = 0.47, P < 0.001, and n = 51).
Moreover, in coastal areas, there is a strong and convincing negative correlation between precipitation and
δ18Oshell of Bradybaena (Figure 6b; R2 = 0.67). In the westerlies and Indian monsoon regions, the δ18Oshell
values of Bradybaena exhibit a signiﬁcantly negative correlation with MAP (Figure 6c, R2 = 0.96; and
Figure 6d, R2 = 0.88, respectively). In contrast, the correlation between Cathaica δ18Oshell and either MAT
or MAP has no statistical meaning, despite δ18Oshell of Cathaica showing a slight correlation with δ18OP for
all the study sites (Table S3). In addition, the positive correlation between Bradybaena δ18Oshell and
temperature is more robust in northeast China, where temperatures are usually low throughout the year,
for example, MAT is as low as 5.0 °C in Harbin, which is situated in the northernmost (R2 = 0.84; Figure
S7a). In addition, the δ18Oshell values for Cathaica also show a signiﬁcantly positive correlation with temperature in this region (R2 = 0.74; Figure S7b).

4. Discussion
4.1. Contrasting Ecophysiological Habits of the Two Land Snail Species
The lifestyle and habits of the Bradybaena genus have been extensively studied through ﬁeld observations
and culturing experiments, and our previous study has thoroughly summarized the ﬁndings in this respect
WANG ET AL.
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Figure 4. Plots showing (a) changes in δ Cshell of Bradybaena with mean annual precipitation (MAP), (b) changes in
13
13
δ Cshell of Cathaica with MAP, (c) changes in δ Cshell of Bradybaena with mean annual temperature, (d) changes in
13
13
δ Cshell of Cathaica with mean annual temperature, (e) changes in δ Cshell of Bradybaena with altitude, and (f) changes
13
13
in δ Cshell of Cathaica with altitude. Red dash line shows the trend of decrease in δ Cshell of Bradybaena when MAP
13
is less than 800 mm whereas green dash line indicates the slope of δ Cshell decrease when MAP is higher than 800 mm.

(Wang et al., 2016). We thus brieﬂy introduce the ecophysiological habits of the land snails. Bradybaena
generally lives for up to 2 years, and its optimal environmental conditions are a temperature of 10–30 °C
and RH higher than 66% (the most optimal is ~90%). In this respect, the growing season for Bradybaena
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Figure 5. Contour maps showing spatial changing pattern of (a) the δ Oshell of Bradybaena and (b) the δ Oshell of
Cathaica.

land snails is from April to October in many parts of China, and they may hibernate in July and August when
temperature becomes too high.
In contrast, studies of the lifestyle of Cathaica are rather scarce. Nevertheless, an appropriate temperature for
this genus is 10–30 °C, and Cathaica land snails usually hibernate in winter time (from mid October to early
March), but they seldom hibernate in summer. This may suggest that Cathaica is tolerant to relatively high
temperatures. Cathaica live in groups on the trees, and they crouch on the trunk or branches to ingest food
(Yang & Ren, 2012). In addition, our previous studies showed that the clumped isotope temperatures of
Cathaica were 3–5 °C higher than those of Bradybaena at the same study sites (Wang et al., 2016; Zhai
et al., 2019). This is consistent with Cathaica's tolerance to relatively high temperature and may also reveal
that the two genera have different ecophysiological habits. For example, Cathaica may be more active (than
Bradybaena) in the summer and therefore register a greater summer signal.
Shell form and sizes can offer clues about the ecophysiological habits of land snails. Previous studies have
shown that larger snails are often associated with moister conditions, and the relative aperture area tends
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Figure 6. Plots showing changes in δ Oshell of two genera along with temperature and precipitation. (a) Changes in δ Oshell of Bradybaena with mean annual
18
temperature (MAT) in the East Asia monsoon region except for some coastal sites (square data) and near lake sites (triangle data). (b) Changes in δ Oshell of
18
Bradybaena with mean annual precipitation (MAP) in coastal area of the East Asia monsoon region. (c) Changes in δ Oshell of Bradybaena with MAP in westerlies
18
region. (d) Changes in δ Oshell of Bradybaena with MAP in India monsoon region.

to be smaller under drier conditions (Goodfriend, 1986 and references therein). The larger snail size
associated with a moister environment is commonly explained by an increased food intake and higher
growth rate under such conditions (Gould, 1984; Sacchi, 1965). Moreover, several studies have related
larger snail shells with warmer conditions, although this has not been universally conﬁrmed (Bengtson
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et al., 1979; Goodfriend, 1986); therefore, we measured the shell sizes of Cathaica and Bradybaena at the
same sites in this study.
Our results showed that Bradybaena is overwhelmingly larger than Cathaica, with respect to shell height,
width, and relative aperture area (Figures S8a, S8b, and S8c), but Cathaica tends to have more number of
whorls than Bradybaena (Figure S8d). The observed smaller size of Cathaica than that of Bradybaena could
be attributed to certain factors, such as population density, insolation, and ecophysiological traits. For example, previous studies have observed a decreasing shell size trend with an increase in population density for
some European land snail species (table 1 in Goodfriend, 1986). During snail collection in the ﬁeld, we
noticed that Cathaica were usually more abundant than Bradybaena at the same site, and Cathaica tends
to be gregarious land snails that usually live in groups, whereas Bradybaena snails are sporadically distributed throughout their habitat. In the summer months of some years, thickly dotted Cathaica snails have been
seen crawling on the trunks of fruit trees and eating leaves in north China, which damages fruit trees and
greatly reduces fruit production (Yang & Ren, 2012). In addition, a previous study found that smaller snails
had better survival rates than larger snails under unshaded conditions (Knights, 1979). It is also considered
that the relatively large whorl number of Cathaica may manifest its high growth rate. This needs to be investigated in further study.
From a perspective of stable isotopes, there are no statistical differences between δ13Cshell values of Cathaica
and Bradybaena at the same sites (Figure 2a), which suggests that the two have the same food source.
However, Cathaica have generally lower δ18Oshell than Bradybaena at the same study sites in north China
(Figure 2b and Table S2). As the two genera were collected from the same sites, they would experience the
same climatic and environmental conditions; therefore, they may use the same water sources, such as precipitation, dew water, and plant water, if so, the oxygen isotopes in their ingested waters would be similar.
Therefore, the different δ18Oshell values of the two genera may indicate differing ecophysiological traits.
The relative small aperture area of Cathaica shells (Figure S8c) may effectively reduce body water loss and
keep the oxygen isotope from shifting to more positive during the evaporative process. In our previous study,
it was found that the clumped isotope temperatures of Cathaica were 3–5 °C higher than those of
Bradybaena at the same study sites, which means that Cathaica snails precipitate their shells at higher temperatures, and this drives δ18Oshell towards more negative values due to a reduction in oxygen isotope fractionation between shell carbonate and body water at elevated temperatures. This discovery deserves further
investigation in future studies.
Because of the large variability in climatic seasonality in China, the length of the growing season for land
snails differs in different regions. For example, the length of snail activity differs by approximately 40
days (i.e., from 202 to 162 days) between the eastern and western parts of the Chinese Loess Plateau
(Huang et al., 2012). Therefore, the exact growing season for land snail at each study site still needs
further investigation. In this study, we compared δ13Cshell and δ18Oshell with annual instrumental data.
This may incur some uncertainties in calculation but provide baseline relations of stable isotopes to
environmental variables. Moreover, it allows for direct comparisons with many previous studies, which
used annual averages of environmental variables to build relationships with stable isotopes in land snail
shells and plants.
4.2. Carbon Isotopes in Shell Carbonate of Land Snails
4.2.1. Spatial Changes in δ13Cshell of Land Snails in China and Their Linkages to Vegetation
As aforementioned, both culturing and ﬁeld studies have shown that the carbon isotope composition of the
shell carbonate of land snails is mainly related to the assimilation of plant‐based food resources
(Balakrishnan & Yapp, 2004; Francey, 1983; Goodfriend & Ellis, 2002; McConnaughey et al., 1997;
McConnaughey & Gillikin, 2008; Metref et al., 2003; Stott, 2002). Based on the photosynthetic pathway,
plants can be mainly classiﬁed as C3 and C4, and the two groups have radically different carbon isotopic compositions: with the δ13C values of C3 plants ranging from ‐33‰ to ‐21‰ and those of C4 plants are typically
from ‐17‰ to ‐9‰ (Cerling & Quade, 1993; Jacobs et al., 1999). When land snails digest and utilize carbon
from differing plant types, the δ13Cshell registers different isotopic signals. In this respect, δ13Cshell can be
employed to reﬂect the composition of the local vegetation (i.e., C3 vs. C4), and this approach has been widely
applied to reconstruct past vegetation types in a variety environments throughout the world (Leone et al.,
2000; Goodfriend & Ellis, 2000, 2002; Balakrishnan et al., 2005; Baldini et al., 2007; Yanes et al., 2008, 2009).
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To retrieve knowledge of the dietary vegetation consumed by our studied Bradybaena and Cathaica, it is
necessary to know the CIF of δ13Cshell relative to δ13C within plants ingested by the land snails. As snail
shell‐bound organic matter is considered to mainly be derived from ingested plant material (Burleigh &
Kernney, 1982; DeNiro & Epstein, 1978), it is possible to estimate the CIF based on the difference between
δ13Cshell and δ13CSBOM (namely the 13C enrichment factor in the shell carbonate relative to shell‐bound
organic matter). The 13C enrichment factors obtained in this study are +15.18 ± 0.26‰ and +13.89 ±
0.15‰ for Bradybaena and Cathaica, respectively (Table S4). The value of +13.89‰ for our Cathaica is
very close to the previously published enrichment factor of +14.2‰ in δ13Cshell relative to δ13C of snail
body (δ13Cbody) for living land snails (mainly Cathaica family) in north China (Liu, Gu, et al., 2007).
This means that the shell organic matter and the snail body have almost the same CIF with respect to
shell carbonate. Yanes et al. (2018) also observed little difference in offsets of δ13Cshell ‐ δ13CSBOM and
δ13Cshell ‐ δ13Cbody for the snail, Neohelix, in North Carolina (USA), and their CIF values were +14.1‰
and +14.5‰, respectively. A similar positive offset of 14.5‰ was determined for δ13Cshell relative to
δ13Cbody of Helix melanostoma in the eastern Mediterranean (Prendergast et al., 2017). In addition, the
regression line between δ13Cshell and δ13CSBOM/δ13Cbody for Cathaica in this study and that of Liu,
Gu, et al. (2007) are indistinguishable from that for Helix aspersa developed in a culturing study (Stott,
2002). In contrast, however, our regression line for Bradybaena shows an apparent deviation and has a
higher intercept (Figure S6b); this is possibly attributed to the larger CIF at a lower temperature because
our previous study exhibited that the calciﬁcation temperature of Bradybaena was 3 ~ 5 °C lower than
that of Cathaica (Wang et al., 2016; Zhai et al., 2019). Similar changes in shell CIF with temperature were
observed in a recent land snail culturing experiment (Zhang, Yamada, et al., 2014). Based on the newly
obtained CIFs for the two genera determined here, the calculated δ13C of snail organic tissues is
‐28.29‰ to ‐24.74‰ for Bradybaena snails and ‐26.82‰ to ‐19.10‰ for Cathaica snails. The inferred
δ13C of snail organic tissues for the two species indicate that these land snails generally have C3 plants
as their main food source. However, some Cathaica snails, which have more positive inferred dietary
δ13C values (of around ‐19‰) may also ingest a certain amount of C4 plants.
As shown in Figures 3 and S5, δ13Cshell values of Bradybaena at sites east of 112°E in China show a latitudinal
V‐shaped changing pattern, with values that are more positive located between 31°–40°N. Many studies have
determined that the region of 31°–40°N in China is very suitable for the growth of C4 plants and provides a
maximum C4 biomass (e.g., Rao et al., 2008; Wang et al., 2000). As a result, this region has the least negative
δ13C values for soil organic matters, while the other regions (i.e., to the north or south) have δ13C values that
are more negative. However, since the inferred dietary δ13C values for Bradybaena, which fall in the range of
carbon isotope composition of C3 plants, show the same spatial pattern as the rainfall amount, it could be
inferred that the V‐shaped change in the δ13Cshell values of Bradybaena may not reﬂect the spatial change
of C3/C4 vegetation but instead reﬂect the effect of water stress on C3 vegetation along a latitudinal transect.
An investigation of MAP data shows that the region of 31°–40°N is quite arid, and high aridity causes plants
to close their stomata to conserve water for photosynthesis, which in turn reduces the intercellular partial
pressures of CO2 and increases plant δ13C values accordingly (Liu et al., 2005). However, at the sites west
of 112°E and with latitude between 24° and 30°N, the δ13Cshell values of Bradybaena have rather positive
values due to the high elevations (see the altitude effect referred to in the following section). In comparison,
the spatial changes in the δ13Cshell values of Cathaica possibly results from both water stress and latitudinal
distribution of C3/C4 vegetation. Previous studies have recognized that δ13Cshell can be used to infer the relative abundance of C3/C4 plants in the regions with C3‐C4 mixed vegetation (i.e., Balakrishnan et al., 2005;
Baldini et al., 2007; Goodfriend & Ellis, 2000, 2002; Leng & Lewis, 2016; Yanes et al., 2008; Yanes et al.,
2009) or to estimate plants in C3‐crassulacean acid metabolism mixed environments (Yanes et al., 2013).
However, our study implies that the ecophysiological traits of land snails (e.g., Cathaica registers a greater
summer signal than Bradybaena) may play important roles in determining the composition of their dietary
vegetation in a C3‐C4 mixed region. This fact therefore requires consideration when using δ13Cshell to retrieve
the C3/C4 biomass of the geological past.
4.2.2. Potential Environmental Factors Affecting δ13Cshell of Land Snails
Our results show that the δ13Cshell values of both Bradybaena and Cathaica generally decrease with an
increase in MAP (Figures 4a and 4b). As discussed above, this relation could reﬂect the negative response
of the carbon isotope composition of C3 plants to precipitation because the main dietary intake of the two
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genera is C3 plants. This assumption also agrees with the observed increase in the δ13C values of C3 plants
with a decrease in MAP in north China, which is associated with carbon isotope discrimination relating to
stomata closure under water stress (Liu et al., 2005; Wang et al., 2003). We also noted that the decrease rate
in δ13Cshell of Bradybaena changed at 800‐mm MAP, which is a critical precipitation isoline point used to
divide humid and semihumid zones in monsoonal regions (Figure 4a). The δ13Cshell of Bradybaena reduced
at ‐0.33‰/100 mm when MAP was less than 800 mm (red dash line in Figure 4a) and was close to ‐0.50‰/
100 mm for δ13Cshell of Cathaica at most sampling sites in north China (Figure 4b). These two rates are comparable with the sensitivity of ‐0.4‰/100 mm for C3 plants in response to precipitation in north China (Wang
et al., 2008). When MAP was higher than 800 mm, the δ13Cshell of Bradybaena diminished at ‐0.12‰/100 mm
(green dashed line in Figure 4a). This means that the carbon isotope composition of C3 plants has a less sensitive response to precipitation changes in the humid climatic zone (precipitation > 800 mm/year). The shallower slope at higher rainfall levels is in accordance with the changing pattern of C3 plant δ13C with
precipitation on a global scale (Kohn, 2010). The inference that water stress (water use efﬁciency) in plants
is recorded in snails (determined using snail δ13Cshell) has previously been conﬁned to only C3‐plant dominated landscapes (e.g., Colonese et al., 2007; Prendergast et al., 2017; Yanes, 2015). We extended it to different landscapes in this study.
We also observed a negative correlation between δ13Cshell and temperature for both Bradybaena and
Cathaica (Figures 4c and 4d). However, a recent study has shown a strong positive relationship between
δ13C of C3 plants and MAT in north China with a coefﬁcient of 0.104‰/°C (Wang et al., 2013), where the
precipitation effect was eliminated because all samples were collected along the 400‐mmisoline of annual
precipitation. It is thus considered that the observed negative correlation with temperature is actually a
reﬂection of the relationship between δ13Cshell and precipitation because temperature is positively correlated
with precipitation in monsoonal regions. To explore the clear relationship between δ13Cshell and temperature, we narrowed down the study sites by determining those with MAP in the range of 450–550 mm. A positive correlation was then found between δ13Cshell of Bradybaena and MAT for these selected sites, with a
slope of approximately 0.13‰/°C (Figure S9a), which is comparable to the results obtained by Wang et al.
(2013) and thus indicates that carbon isotopes have a similar sensitivity to temperature. However, there
was no positive relationship between δ13Cshell of Cathaica and MAT, which is possibly because of the smaller
temperature gradient (about 5 °C) at the study sites (Figure S9b).
For both Bradybaena and Cathaica, the δ13Cshell values exhibited an overall increasing trend at a higher
altitude. Moreover, this positive correlation between the δ13Cshell and altitude was stronger for Cathaica
(R2 = 0.51; Figure 4f) than Bradybaena (R2 = 0.32; Figure 4e). This could be attributed to the larger elevation gradient at sites where Cathaica land snails were sampled. The δ13Cshell is a reﬂection of the carbon
isotopic composition of a land snail's diet (e.g., Balakrishnan & Yapp, 2004; Francey, 1983; Goodfriend &
Ellis, 2002); therefore, the above changing pattern of the δ13Cshell infers that the δ13C of the digested
plants shifts to a less negative values when the altitude increases, which is consistent with modern observations of the relationship between δ13C of C3 plants and altitude on a global scale (Körner et al., 1988;
Körner et al., 1991). This occurs because carbon isotope discrimination during photosynthesis of terrestrial
C3 plants decreases with altitude, and it is associated with a greater carboxylation efﬁciency under lower
temperatures and atmospheric CO2/O2 partial pressures at high elevations (Körner et al., 1991). However,
controversial changing patterns of δ13C in C3 plants with altitude have been observed on local scales in
different mountainous areas of China (Pan et al., 2015; Wang et al., 2010). For example, leaf δ13C showed
a positive correlation with altitude in a subtropical monsoon forest at the Mt. Tianmu Reserve in eastern
China (Pan et al., 2015), while no consistent variation was observed in the δ13C values of C3 species along
an altitudinal gradient at Mt. Donglingshan in northern China under a temperate semihumid climate
(Wang et al., 2010). This discrepancy could be attributed to differing amounts of soil water availability
along with altitude on a local scale. Nevertheless, over a large geographical range, we observe a positive
shift in δ13Cshell at a higher elevation in this study, which suggests a positive δ13C response at altitude in
C3 plants.
As many environmental variables are not independent, we performed multivariate statistical analyses
on δ13Cshell, altitude (Alt), MAT, and MAP. Multiple linear regressions revealed the strongest
predictive model for Bradybaena δ13Cshell using Alt and MAP as predictor variables (R2 = 0.39, P < 0.001;
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Table S5), and a signiﬁcant multiple linear regression conducted using SPSS software yielded the
following relationship:
δ13 Cshell;Bradybaena ¼ 0:001ðAltÞ−0:001 ðMAPÞ−11:15:

(1)

In contrast, Cathaica δ13Cshell showed only a relationship with altitude (R2 = 0.51, P < 0.001; Table S6), as
shown by the following equation:
δ13 Cshell;Cathaica ¼ 0:002ðAltÞ−11:49:

(2)

4.3. Oxygen Isotopes in Shell Carbonate of Land Snails
4.3.1. Spatial Changes in δ18Oshell of Land Snails in China and Their Relationship With Oxygen
Isotopes in Precipitation
In the East Asian monsoon region, there is a gradually decreasing trend in δ18Oshell for Bradybaena from the
southeast coastal area to inland areas (Figure 5a). In northwest China (westerlies inﬂuenced region),
δ18Oshell is more positive with respect to the reduced precipitation and increased evaporation. In southwest
China (Indian monsoon region), δ18Oshell is more negative, and this result is generally consistent with the
negative excursion of oxygen isotopes of precipitation (δ18OP) towards inland areas, as observed in the monsoonal regions of China (Liu, 2008; Liu et al., 2009). However, the spatial pattern of δ18Oshell for Cathaica is
not as clear as that for Bradybaena, as shown by the slightly negative shift in δ18Oshell from coastal to inland
areas (Figure 5b). The reason for the less clear spatial pattern of δ18Oshell for Cathaica could be attributed to
the relatively small gradient of the environmental variables (i.e., MAT and MAP), as the sampled Cathaica
land snails are conﬁned to a narrow geographical range.
To examine the relationship between δ18Oshell and δ18OP, we conducted a statistical analysis of the two data
sets (https://gnip.com/). The result showed that δ18Oshell of both Bradybaena and Cathaica are moderately
correlated with annual δ18OP (Figures S10a and S10b). The relatively weak correlations are attributed to inﬂuence of shell‐forming temperature that determines oxygen isotopic fractionation between δ18Oshell and δ18OP.
A similar relationship has also been observed in a variety of regions with different climatic conditions, such as
the oxygen isotopic compositions of land snails in central Europe (Lécolle, 1985), Italy (Zanchetta et al., 2005),
the southern Great Plains of the USA (Goodfriend & Ellis, 2002), and Mediterranean and North African
regions (Prendergast et al., 2015), which are all primarily a function of δ18OP.
4.3.2. Potential Environmental Factors Affecting δ18Oshell of Land Snails
Our results show that the isotopic signature of δ18Oshell of Bradybaena differs among regions controlled by
different climatic systems (Figure 5a), and this is attributed to the different precipitation sources. We therefore discuss the potential environmental factors affecting δ18Oshell with respect to each region. In the East
Asian monsoon (namely, the southeastern monsoon) region (Group 1 with 56 sites), which covers a vast area
of mainland China, rainfall mainly originates from the southeastern Paciﬁc Ocean, and a typical monsoonal
climate prevails with clearly distinct wet/dry seasons and rainfall mostly concentrated during summer (i.e.,
Beijing; Figure 1b), although in some of the southernmost coastal areas (such as Sanya; Figure 1b), rainfall
occurs nearly all year round. In the westerlies region (Group 2 with only three sites), which lies in the western inland part of the country, rainfall is mostly derived from the North Atlantic Ocean and/or
Mediterranean; rainfall is comparatively low, and the amount of evaporation may be higher than precipitation (i.e., Wulumuqi; Figure 1b). Rainfall in the Indian monsoon region (Group 3 with six sites), which is
located in southwest China, is derived from the Indian Ocean, and the area receives a relatively large amount
of precipitation (>1,000 mm) and has a moderate temperature (13–20°C; i.e., Puer; Figure 1b).
For Group 1, there is a generally positive correlation between δ18Oshell of Bradybaena and MAT (R2 = 0.26, P
< 0.001, n = 56; Figure 6a). However, we noticed the apparent deviation of some data points (square and triangle data) from the regression line in relation to sites located either in the southernmost coastal area with
high precipitation (triangles; namely, Sanya [2,128 mm] and Guangzhou [1,801 mm]) or near the large lakes
(squares; namely, Huoshan County, Nanchang, and Ganzhou). Huoshan County is close to the Chao Lake,
and Nanchang and Ganzhou are situated around the Poyang Lake. In coastal areas, the Bradybaena δ18Oshell
values are more negative as they are inﬂuenced by the amount of rainfall (the so‐called rainfall amount
effect): δ18OP values become more negative as the amount of rainfall increases (Dansgaard, 1964; Liu,
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2008; Rozanski et al., 1993; Yapp, 1982). Indeed, the rainfall amount effect has been proven to exist in
southern China, and it tends to be more profound in coastal areas (e.g., Liu, 2008). To further conﬁrm this,
we made a plot of Bradybaena δ18Oshell against MAP for the study sites in coastal areas. The statistical results
exhibit a strong negative correlation between δ18Oshell and MAP (R2 = 0.67; Figure 6b), which indicates that
the amount of rainfall has a prominent effect on δ18Oshell. In large lake areas, water vapor recycled from the
lakes may contribute to local precipitation or dew water, which are eventually ingested by land snails and
drive δ18Oshell to become more negative. However, we also observed a slightly positive correlation between
δ18Oshell and MAP for the study sites except the deviated 5 points (square and triangle data) in Group 1
(Table S3), which contradicts the aforementioned amount effect on δ18Oshell, and we thus consider that this
is a “fake amount effect” relating to a reﬂection of the temperature effect, as MAT and MAP are highly correlated in the East Asian monsoon region of China (Figure S11).
After removing those data points, the positive correlation between Bradybaena δ18Oshell and MAT becomes
stronger in the East Asian monsoon region (R2 = 0.47, P < 0.001, n = 51; Figure 6a). This is in accordance
with the expected relationship that is derived from the following two facts: one, annual mean δ18O of precipitation correlates positively with annual mean air temperature (the so‐called “temperature effect”; e.g.,
Dansgaard, 1964); two, δ18Oshell links with δ18O of local rainfall, as shown by the moderate δ18Oshell ‐
δ18OP correlation (Group 1 in Table S3) as well as the results presented in previous studies (Goodfriend &
Ellis, 2002; Lécolle, 1985; Zanchetta et al., 2005). Many studies conducted in diverse environments have also
proven a correlation between δ18Oshell and MAT (Balakrishnan & Yapp, 2004; Magaritz et al., 1981; Yanes
et al., 2009). To further support these results, the temperature effect is more pronounced in northeast China
(i.e., northernmost part of the East Asian monsoon region), where temperatures are usually low throughout
the year (e.g., the MAT ranges from 5.0 °C to 11.5 °C from Harbin to Dalian), as shown by the high correlation coefﬁcient between MAT and δ18Oshell for both Bradybaena (Figure S5a) and Cathaica (Figure S5b).
Furthermore, Bradybaena δ18Oshell in Group 1 have a positive relationship with MARH and δ18OP (Table S3).
For Group 2, there is a negative correlation between δ18Oshell and MAP (R2 = 0.96, P > 0.05, n = 3; Figure 6c),
which infers a rainfall amount effect on δ18Oshell because a large amount of rainfall effectively reduces the
impact of evaporation that drives oxygen isotope of precipitation towards a more positive value. However,
the P value for this correlation is >0.05, which is possibly due to the limited number of sites sampled in
this region.
A statistical analysis conducted on Group 3 shows an obvious negative correlation between Bradybaena
δ18Oshell and MAP (R2 = 0.88, P < 0.05, n = 6; Figure 6c), which is a reﬂection of the rainfall amount effect
on δ18OP.
If we assume that shell carbonate occurs at isotopic equilibrium, we can obtain the theoretical oxygen
isotopic composition of shell (δ18Oeq) that precipitates at isotopic equilibrium with rainfall, with respect to
the mean temperature of the sampling site, and then compare it with measured δ18Oshell values. Such a
comparison assists in better understanding the processes involved in snail shell formation and associated
controlling factors (Zanchetta et al., 2005). Following the method of Zanchetta et al. (2005), who
considered that the following equation provided the most reasonable δ18O‐temperature relationship for
aragonite (Zanchetta et al., 2005 and reference therein), we calculated δ18Oeq using the equation of
Patterson et al. (1993).

1; 000 lnα ¼ 18:56 103 T −1 −33:49;

(3)

where T is in degree Kelvin and α is the isotopic fractionation factor between shell carbonate and water. The
relation between α and δ18O of shell carbonate and water is presented in the following equation:


α ¼ 1; 000 þ δ18 Oshell = 1; 000 þ δ18 OP ;

(4)

where δ18OP is considered to be the δ18O of the water from which the shell aragonite precipitated.
The mean monthly temperature and δ18OP in April to October (the assumed growing season) were respectively employed in the above calculation for both Bradybaena and Cathaica. Although the land snail
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growth season may vary from southern to northern China, we assume that the general growing season for
land snails is the warm season (April–October) when most rainfall occurs. Although it is acknowledged that
this may incur some uncertainty in the calculated δ18Oeq, this provides a baseline for oxygen isotope fractionation in the water of land snail bodies. As can be seen, δ18Oshell is uniformly higher than δ18Oeq, and the
difference between them (Δδ18Oshell − eq) varies from ‐ 0.10 to +8.13‰ (mean: +3.97‰) for Bradybaena
and from ‐ 1.21 to +5.63‰ (mean: +1.95‰) for Cathaica (Figure S12). Many previous studies have also found
that δ18Oshell is more positive than expected if it is in equilibrium with rainfall (Baldini et al., 2007;
Goodfriend et al., 1989; Goodfriend & Ellis, 2002; Lécolle, 1985; Prendergast et al., 2015; Yanes et al.,
2009; Zanchetta et al., 2005). As the snail's shell carbonate is commonly precipitated from a body ﬂuid at
an isotopic steady state (Balakrishnan & Yapp, 2004), the overall positive Δδ18Oshell − eq suggests a more positive δ18O in snail body water than that in precipitation, which is due to evaporation, and this result is in fairly
good agreement with the previously observed 18O‐enriched snail body ﬂuid relative to rainwater (Goodfriend
et al., 1989; Prendergast et al., 2015). Moreover, the Δδ18Oshell − eq for Bradybaena positively correlates with
temperature and RH in growing season (growing season temperature [GST] and growing season relative
humidity, respectively, in Figures S12a and S12b). In contrast, the Δδ18Oshell − eq for Cathaica exhibits no
correlation with GST and growing season relative humidity (Figure S12c and S12d). The positive correlation
between Bradybaena Δδ18Oshell − eq and GST indicates that temperature plays an important role in the evaporation process of body water during the snail's active seasons and infers that higher rates of evaporation
occur with higher temperatures. However, the snail ﬂux balance model proposed by Balakrishnan and
Yapp (2004) contradicts the observed positive relation between Bradybaena Δδ18Oshell − eq and RH and
shows that RH has a negative effect on the δ18O of snail body ﬂuids. The reason for the positive effect of
RH on Bradybaena Δδ18Oshell − eq observed in this study is currently unclear. It possibly relates to expanding
of land snail growing season (to relatively dry seasons) at sites with high RH. The less effective correlation
between Cathaica Δδ18Oshell − eq and temperature possibly results from the relatively small temperature
range at Cathaica study sites.
We also determined the RH required for Bradybaena and Cathaica that cohabitated at same sites by using the
snail evaporative steady‐state ﬂux‐balance mixing model developed by Balakrishnan and Yapp (2004). This
model effectively integrates the δ18O of water vapor, the ﬂux and δ18O of water imbibed from local precipitation, temperature, and RH as the common controlling factors used to predict δ18O of snail body water and
eventually δ18Oshell. In this study, a total of 23 sites were co‐occupied by both Bradybaena and Cathaica
(Table S1 and Figure 1a). The average air temperature and δ18OP from April to October (the assumed growing season) for these sites are 19.77 °C and ‐ 6.09‰ Standard Mean Ocean Water (SMOW), and the mean
δ18Oshell values over the sites are ‐ 3.59 ± 1.22‰ and ‐ 4.56 ± 1.43‰ for Bradybaena and Cathaica, respectively. By projecting the mean δ18Oshell onto the lines, we obtained an RH of 93.06% for Bradybaena and
95.58% for Cathaica (Figure 7). This suggests that both Bradybaena and Cathaica grow their shells during
the condition of high RH (RH > 90%), which is consistent with the fact that land snails are often active after
rain or during the evening.
For Cathaica snails, we found no reliable relationship between δ18Oshell and environmental factors, such as
altitude, MAT, MAP, and MARH (Table S3), and Cathaica δ18Oshell only shows a robust correlation with
MAT on a local scale (i.e., in northeast China; Figure S7b).
To avoid problems of multicolinearity in our data set, we also conducted multivariate statistical analyses on
Bradybaena δ18Oshell and multiple environmental variables (Table S3). However, we could not ﬁnd a reliable
predictive model that could be used as a multiple regression model, and further analysis was not possible.
Furthermore, there was also no appropriate predictive modeling equation for Cathaica δ18Oshell due to its
unclear relationship with environmental variables.
Our results show a moderate correlation between δ18Oshell of both Bradybaena and Cathaica and δ18OP. Of
all the environmental variables, temperature acts as a major control on δ18Oshell of Bradybaena in the East
Asian monsoonal region, which differs from results of precipitation or RH control gained in the Chinese
Loess Plateau (Liu et al., 2006) and in other parts of the world (Bonadonna et al., 1999; Goodfriend &
Ellis, 2002; Lécolle, 1985; Yanes et al., 2008; Yapp, 1979; Zanchetta et al., 2005). As discussed above, the prominent temperature control on δ18Oshell for Bradybaena could be attributed to the effective temperature
inﬂuences on δ18OP and on evaporation processes that drive δ18O of snail body water in growth seasons.
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Figure 7. Predicted curves of δ Oshell as a function of relative humidity using the evaporative steady‐state ﬂux‐balance
18
mixing model by Balakrishnan and Yapp (2004). The curves were calculated for temperature and rainfall δ O value
of 19.8°C and 6.1‰. Arrows illustrate that, on average, Bradybaena and Cathaica shells grew at relative humidity of 93.1%
and 95.6%, respectively.

However, in the westerlies and Indian monsoon regions, rainfall amount plays a key role in determining the
δ18Oshell of Bradybaena.
Under these circumstances, a certain degree of uncertainty would be introduced if paleoclimatic reconstruction was conducted using Bradybaena δ18Oshell because the determined correlation coefﬁcient (R2) is not
high enough, and this uncertainty may stem from the complex ecophysiological response of land snails to
environmental changes. For example, δ18Oshell should reﬂect conditions within relatively narrow ranges of
RH (>70%) and moderate temperatures (10–27 °C; Balakrishnan & Yapp, 2004; Balakrishnan et al., 2005).
Furthermore, metabolic activity may also affect δ18Oshell through the changing isotopic composition of snail
body water (Goodfriend et al., 1989; Lécolle, 1985).

5. Conclusions
This paper presents a systematic study of stable carbon and oxygen isotopes in shell carbonates (δ13Cshell and
δ18Oshell) of two land snail genera (Bradybaena and Cathaica) within China, with the aim of determining
their potential usefulness in reconstructing paleoclimate and paleovegetation. The conclusions are made
as follows:
1. Stable isotope data and shell size comparison further conﬁrm that Bradybaena and Cathaica have different ecophysiological habits.
2. δ13Cshell reﬂects the carbon composition of dietary vegetation. Bradybaena δ13Cshell documents the isotopic signal of C3 plants, even in C3/C4 mixing regions, and shows the effects of water stress, temperature,
and altitude on δ13C of C3 plants (where the values decrease with rainfall and increase with temperature
or altitude). In contrast, Cathaica δ13Cshell registers a C3/C4 mixing signal in the C4 maximum zone and
exhibits a strong altitude effect and a moderate water stress inﬂuence.
3. δ18Oshell of both Bradybaena and Cathaica show a moderate correlation with δ18OP. The temperature
effect on δ18Oshell is prominent in the East Asian monsoonal region. Although there is a robust positive
correlation between Bradybaena δ18Oshell and MAT, which conﬁrms its usefulness in paleotemperature
reconstruction, it should be emphasized that a certain degree of uncertainty would be introduced if conducting a paleotemperature reconstruction using Bradybaena δ18Oshell, as the correlation coefﬁcient (R2)
determined in this study was not high enough. In contrast, the rainfall amount is the dominant factor
affecting Bradybaena δ18Oshell in the westerlies and the Indian monsoon regions; therefore, Bradybaena
δ18Oshell in these regions has potential of being used to retrieve paleorainfall.
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