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Abstract. The carbon isotopic compositiod’fC) of land  and hatching of our cultured snails controls carbon isotope
snail shell carbonate derives from three potential sourcesfractionation.
diet, atmospheric C& and ingested carbonate (limestone).
However, their relative contributions remain unclear. Under
various environmental conditions, we cultured one land snail
subspeciesAcusta despecta sieboldignaollected from 1 Introduction
Yokohama, Japan, and confirmed that all of these sources
affect shell carbonat&'3C values. Herein, we consider the Land snail shells are widely applied for the study of pa-
influences of metabolic rates and temperature on the carboleoenvironment and present environment characteristics be-
isotopic composition of the shell carbonate. Based on resultsause most of the species that were well preserved in Quater-
obtained from previous works and this study, a simple butnary fossils still exist today (e.g., Yapp, 1979; Lecolle, 1985;
credible framework is presented to illustrate how each sourcésoodfriend et al., 1989; Goodfriend, 1992; Zanchetta et al.
and environmental parameter affects shell carbosit€  2005; Colonese et al., 2007, 2010 and 2011; Yanes et al.,
values. According to this framework and some reasonable as2008a, b, 2009, 2011, 2012, 2013a, b, c; Kehrwald et al.,
sumptions, we estimated the contributions of different carbon2010; Zaarur et al., 2011). Specifically, the carbon isotopic
sources for each snail individual: for cabbage-fed ant) composition §13C value) of land snail shell carbonate is re-
groups, the contributions of diet, atmosphericC@nd in-  garded as useful for reconstructing the distribution of terres-
gested limestone vary in the ranges of 66—-80, 16—24, and Otrial C3/C4 vegetation, which itself is related to some envi-
13 %, respectively. For corn-fed g®lant) groups, because ronmental parameters such as rainfall amounts and tempera-
of the possible food stress (less ability to consum@l@nts),  ture variations (Goodfriend and Magaritz, 1987; Goodfriend,
the values vary in the ranges of 56-64, 18-20, and 16-26 %].992; Stott, 2002; Metref et al., 2003).
respectively. Moreover, according to the literature and our Land snail shell carbon has three sources: food, atmo-
observations, the subspecies we cultured in this study showpheric CQ, and ingested carbonate (limestone) (Good-
preferences towards different plant species for food. Therefriend and Hood, 1983). Food sources such as plants, fungi,
fore, we suggest that the potential food preference should band other organic matter can be transformed into metabolic
considered adequately for some species in paleoenvironmef?O, in the body of a land snail by two pathways: di-
studies. Finally, we inferred that only the isotopic exchangerect digestion and breakdown of urea (Stott, 2002). The re-
of the calcite-HCQ -aragonite equilibrium during egg laying sulting CG will dissolve into the bicarbonate pool in the
hemolymph and then precipitate as shell carbonate. Atmo-
spheric CQ can be introduced into the bicarbonate pool via
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respiration. Similarly, ingested carbonate can first dissolve inCaCQ-rich areas vs. CaC§{poor areas, wet areas vs. dry ar-
stomach acid to produce gaseous,Chen it can be intro-  eas, hot/warm areas vs. cold/cool areas); (3) the limitations of
duced into the bicarbonate pool too. Some previous worksalculations. Therefore, a better understanding of the contri-
have been undertaken to clarify their relative contributionsbution of each carbon source and related environmental con-
both from observations and model calculations. Neverthe4trolling factors can promote this isotopic tool in the field of
less, this topic remains poorly understood (Goodfriend andpaleoenvironment reconstruction. For this study, we cultured
Hood, 1983; Goodfriend and Stipp, 1983; Stott, 2002; Metrefone land snail subspecieAdusta despecta sieboldignan-
et al., 2003; Balakrishnan and Yapp, 2004; Romaniello et al. der different controlled conditions. Based on previous works
2008). The following are estimations of each carbon sourceand results of this study, a simple but credible framework was
based on published works: food source ratios vary in theraised to discuss the mechanism of how each possible source
range of 25-40% (Goodfriend and Hood, 1983), 36—73 %and environmental parameter can affect shell carbotia@
(Romaniello et al., 2008), and 100 % (Stott, 2002; Metref etvalues. According to this framework and some reasonable as-
al., 2003); atmospheric CChas been estimated as negligi- sumptions, we estimated the contributions of different carbon
ble (Stott, 2002; Metref, 2003), 16—48 % (Romaniello et al., sources for each snail individual. This report is the first to de-
2008), and 30-60% (Goodfriend and Hood, 1983); ingestedscribe an attempt at estimating the contributing proportion of
carbonate has been estimated as up to 30% (Goodfriend anuinestone ingested by snail individuals using stable isotope
Stipp, 1983), often negligible for small terrestrial gastropodsvalues compared with a previous method using calculations
of less than 10 mm, and as always much less than 20-30 %ncluding radiocarbon dating (Goodfriend and Stipp, 1983;
for larger species (Pigati et al., 2004, 2010), 3-23 % (Ro-Romaniello et al., 2008; Pigati et al., 2010).
maniello et al., 2008), and 20 up to~40% (Yanes et al.,
2008a).

For solving problems of this kind, additional studies in- 2 Materials and methods
cluding laboratory culturing experiments must be done. Stott
(2002) and Meterf et al. (2003) reported two independent2.1 Culturing of land snails
works related to land snail culture experiments. Both show
a marked but discrepant correlation between land snail shelland snail Acusta despectawith the Japanese name
carbonateé13C and diets13C, with slopes less than one. Ad- Usukawa-maimais widely distributed around Japan (except
ditionally, Stott pointed out that ingested carbonate does noHokkaido (Azuma, 1995)) and Korea (Lee and Kwon, 1996).
contribute to shell carbonaté3C values based on results of This species is regarded as very useful for reconstructing
shails fed with and without an added Cag$durce. Finally, the paleoenvironment of the Japanese archipelago from the
according to their calculations and discussions, both papertate Pleistocene Epoch because their fossils have been found
reported that atmospheric G@oes not contribute to shell in Okinawa (3370 BP, Takamiya and Meighan, 1992) and
carbonates13C values. Those reports notwithstanding, in- many other islands in southern Japan (e.g., 3000-2000 BP,
consistent observations and discussions emerged soon therieujie, 2000a; 38 000-35 000 BP, Fujie, 2000b). As a com-
after. Yanes et al. (2012) reported that high&tC values  mon species in Japan, their physiology and ecology have
were observed during the younger growth stages of both livbeen well researched in the literature (e.g., Sumikawa, 1962;
ing and fossil snails, which showed signs of a higher contri-Kohno, 1976; Okuma, 1982; Takahashi et al., 1992). Gen-
bution of ingested limestone. Results of this research suggesrally speaking, they mainly consume fresh plants (Suzuki
strongly that environmental carbonate is incorporated as amnd Yamashita, 1967; Takeuchi and Tamura, 1995) and live
important source for precipitating land snail shells (at leastat temperatures of 15-3C (with a broader range in nature)
some snail species) and suggest that it can affect their shellith the optimum temperatures of 25-30 (Kohno, 1976).
813C values. Regarding the atmospheric £@fter summa-  Typically, theAcusta despectifespan is around 1 year. In-
rizing the previous studies of the relationship between landdividuals become adults 6 months from birth (Sumikawa,
snail shell carbonat&!3C and shell organics/body tissue or- 1962; Okuma, 1982; Takahashi et al., 1992).
ganics/diet (Stott, 2002; Goodfriend and Ellis, 2002; Balakr- In this study, eight adult snails oAcusta despecta
ishnan and Yapp, 2004), McConnaughey and Gillikin (2008) sieboldianaa subspecies @#custa despecjavere collected
pointed out that the offsets betwe&tC of shell carbonate  in Suzukakedai, Yokohama, Japan and were cultured at room
and their diet (or body organics) are greater whensti€ temperature (ca. 2Z%2) beginning in January 2012. These
of the latter diverge more from atmospheric £6uggesting  snails began to lay eggs in March 2012. The eggs were trans-
that the atmospheric CQloes contribute to shell carbonate. ferred into a stainless steel container and were covered with

These great discrepancies from reports of the literature arenoist cloth in a 28C incubator. Most eggs hatched at around
probably attributable to (1) the variation of land snail species3—4 weeks.
studied with different ecological requirements, ethology, and Larvae were distributed randomly into around 30 small
other species-dependent behavior; (2) the variation of envitransparent plastic boxes that had been perforated to allow
ronmental conditions where these snails were living (e.g.air and vapor exchange: each box contained 3-5 snails. Some
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Ultimately, the snails were collected into labeled sampling
bottles and were preserved a#0°C for additional treat-
ment.

2.2 Isotopic samples preparation and analysis

Frozen snails were dried using a cryogenic vacuum line.
They were then washed with distilled water and were kept
in the water for 10 min. The soft body tissues of respective
snails were separated from shells using a nipper causing no
damage. Then they were immersed into 3N HCI for 2-4 h,
rinsed with distilled water and then lyophilized. All dry tis-
sues were ground to powder and were wrapped in tinfoil
(Sn) capsules. Samples were introduced into a combustion
tube from the auto-sampler one by one and were converted
into gaseous C@at 980°C. Then the resultant CQOwas in-
jected into a cavity ring-down spectroscope (CRDS, L1121-
I; Picarro, Inc., Santa Clara, CA, USA) féf3C measure-
ment. More details related to the CRDS method and system
were presented by Wahl et al. (2006) and Balslev-Clausen
et al. (2013). All measured'3C values were normalized

: . ' against two simultaneously measured standards, acetanilide
Figure 1. Growth phases of\custa despecta sieboldian@) adult 13 ) . .

snails collected from Suzukakedai, Yokohama, Japan (Iength.(‘S Cz__33'62%°’ Costech Analytical Technoolog.gles, Inc.,
ca. 10-17mm)i(b) eggs (ca. 2mm){c) larva (1-3 days, ca. Valencia, CA, USA) and sucrosé'€C = —13.55 %o; Kanto

2mm); (d) juvenile (3-4 months, ca. 5-8 mm(g) adult/juvenile ~ Chemical Co., Inc., Tokyo, Japan) using a two-point calibra-
(> 6 months, >10 mmYf) shells used for isotopic measurement.  tion method (Coplen et al., 2006). The analytical precision
was better than 0.4 %a (= 3).

Shells were washed successively with distilled water, then
later-hatched larvae were added in May and June 2012. Thewith acetone under an ultrasonic bath for 60 min to eliminate
four small boxes were put into semi-sealed big plastic boxesthe organic residues. After washing again using distilled wa-
two parallel groups were fed cabbag¥dssica oleraceavar. ter, they were put into labeled sampling bottles containing
capitata green cabbage, sOplant, $13C= —284+£1.2%, diluted hydrogen peroxide (10%) to remove the remaining
n =12) that had been sprinkled with fine calcium carbon- organic matter. These bottles were kept overnight in a shak-
ate powder (CaC§) 813C = 4.0 %0). Another two were fed  ing machine with a speed around 100 rpm. Finally, all the
cabbage sprinkled with calcium phosphate {@&)2). A shells were dried using lyophilization and were crushed into
NaCl saturated solution was used to produce high humiditya homogeneous powder using an agate mortar for isotopic
conditions in each large box. The snails grew under natu-analyses. The first two internal spirals were removed, which
ral light/dark cycles. The air and food were changed everywere inherited from their parents and which accounted for
2 days. Then the big plastic boxes were put into three in-less than 5% of the total shell mass. Regarding the collected
cubators with respective temperatures of 20, 25, amtiC30  adults and cultured snails, their shell powder (7—10 mg) was
until January 2013; some snails from 2D group were cul-  reacted with 103 % phosphoric acid for more than 2h in a
tured until May 2013. At the end of culturing period, we 25°C water bath. Then the purified G@vas analyzed using
recorded the length and height for each snail (see Table S2 iisotope ratio mass spectrometry (MAT 253; Thermo Fisher
the Supplement). Additionally, we checked the growth stageScientific Inc., Waltham, MA, USA) and calibrated against
of one individual cultured at 25C (S43, Table S2). Itslength an synthetic calcium carbonate standatf¢ = —9.13 %o;
was 10.1 mm. The results suggest that this snail had alreadyako Pure Chemical Industries Ltd., Osaka, Japan). The pre-
become an adult. Consequently, the lengths for most othetision was better than 0.1 % & 3).
snails were larger than 10.0 mm, suggesting that they had Regarding the larvae and eggshell, the powder @400
probably reached adult stage. The growth phases of snails50 ug) was reacted with 103% phosphoric acid for more
are presented in Fig. 1. than 1h at 72C. The resultant C® was analyzed us-

We also cultured some snails using corn, (@ant, §13C ing an isotope ratio mass spectrometer (Delta XL; Thermo
= —120+0.7 %0, n = 4; first we usedliscanthus sinensis  Fisher Scientific Inc., Waltham, MA, USA) coupled with a
but the snails did not eat it; then we changed the food to cornPAL auto-sampler (GCPAL; CTC Analytics AG, Zwingen,
sprinkled with fine calcium carbonate powder in a20in-  Switzerland), and a GasBench Il preparation device (Thermo
cubator. Fisher Scientific Inc., Waltham, MA, USA). Ti#3C values
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100 B translucent, more fragile, and had thinner shells than snails
90 - fed CaCQ during our cultivation. Moreover, Fig. 2b shows

I a lower survival rate (30%) of snails fed §&R0O,)2 than
those fed CaC@(50 %), which is consistent with results of
the previous study, suggesting that calcium from the powder
of Caz(PQy)2 was ingested only to a slight degree by land
snails.

For the cabbage groups, shell weight proportions of the
snails, which is equal to the mass of dry shell divided by their
total body mass, cultured with CaG@t different tempera-
ture are 25+ 2.7% (20°C), 311+6.1% (25°C), 17.9+
5.5% (30°C). Those without CaCgare 78+2.9 % (20°C),
5.7+ 1.8% (25°C), respectively. That discrepancy also re-
veals worse growth conditions at 30 among the temper-
Figure 2. Snail survival rate(a) at different temperaturegb) with atures discussed above. Those without Ca@n obtain
different calcium sources. only a very small amount of calcium from either4{RaCOy)»,

drinking water, or diet. Regarding the corn groups, pre-
liminary results demonstrate that the snails probably have
were normalized against two simultaneously measured syna higher shell weight proportion than those fed with cab-
thetic calcium carbonate standards, WaSC = —9.13 %o; bage ( test, p<0.01): 347+ 0.3% (corn, CaC@, 20°C)
Wako Pure Chemical Industries Ltd., Osaka, Japan) ands. 27.5+ 2.7 % (cabbage, CaC£)20°C).
Kanto (13C = —20.62 %o; Kanto Chemical Co., Inc., Tokyo,
Japan) using two-point calibration. The analytical precision3-2 Carbon isotope results
was around 0.1 %= 3). i o .

All of our in-house working standards described here areBpdy tissues of cultured snails yield a S|m|l&]r30 value
calibrated with respect to IAEA standards such as NBS-19W'trl the same food source (Table 1), Wh'fh aré7.9+
and thes3C values are reported relative to Vienna Peedeeo'6 %o (fed cabbageu_z 38) and—10.8+0.7%. (fed corn,
Belemnite (VPDB). n = 3). No marked dlfference_s were fqund among tempera-

In addition, the crystal structure of shell carbonate powderturgﬁ:”r f;rtg\(') iZT;Z?SciIfS:eV;I?nZHS f\gghc%ut;[biace:gn d Gaco
was chgcked using ray diffractometry (XRD, MXP?’TA; nder 20, 25 and 3T, respectivel ieldedlgC values
Mac Science Ltd.). The results revealed that our snail shel! ' ' P Y,y .
carbonate is aragonite, although the eggshell carbonate is ca?—f —9.7£05, ~104+0.8, and-13.2+0.8 % (Tabl_e L.,
cite. Fig. 6a). Those fed cabbage ands(R0y)2, respectively,
yielded values of-125+0.4, —13.7+0.7, and—14.2 %o.
Snails fed corn and CaCQat 20°C yielded a value of
3.9+ 0.5 %eo.

We also measured t13é3C values of collected adult snails,
newly hatched snails, and eggshells; the results are, respec-

tively, —11.541.2%o (n = 6), —11.0= 0.1 %0 (mixed sam-

Figure 2a shows that snails that grew at low tempera-P/€S:7>10), —~13.1+0.9%o (two groups of eggs, for each
ture (20°C) have a higher survival rate (72%) than those 9roup.n>10).
at 30°C (16 %), which is consistent to the observations
by Kohno (1976). The reason is probably that, in high-
temperature groups, the humidity is slightly higher so that
the leaves are more easily putrefied. Because the cultured.1 | and snail shell carbonate precipitation and carbon
environment is a sealed system with an air exchange every  source estimation
2 days, the perishable leaves consumed oxygen and perhaps
produced noxious gases, which might have caused all th&he solid line of Fig. 3 shows a model of diet-controlled snalil
snails in one small box to have died. Therefore, these snailshell carbonaté3C (Francey, 1983; Stott, 2002), whereas
show higher mortality. the dashed line shows a flux balance model based ard@O
Egonmwan (2008) reported a positive correlation betweerfusion when the input flux of C@is equal to respired flux of
calcium provision, snail body weight, and shell length. High CO; in the body fluid of land snails (Balakrishnan and Yapp,
mortality was observed for snails that were deprived of a cal-2004). However, additional enrichments were observed in
cium source. Similarly, in our study, snails fed {RQy)2 the published results and in this study (e.g., snails cultured
exhibited lower weight and shorter length. They were moreat 20 and 25C with carbonate), suggesting a contribution

Survival Rate (%)

20 25 30 Carbonate Phosphate

Temperature (°C) Ca Sources

3 Results

3.1 Summary of culturing experiment

4 Discussion
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Table 1. Stable isotope results of snails cultured under different conditions and the estimated contributions of their shell carbon sources.

Snail Temp. CaCgl Diet Diet Shell Tissue x* y* z* Shell weight

No. (°C) 813C (%) 813C (%o) S13C (%) (%) (%) (%) proportion (%)

S1 20 + Cabbage —28.4 -9.6 -284 67.7 21.2 111 30.1
S2 20 + Cabbage —28.4 -9.1 —28.6 66.0 206 133 28.3
S9 20 + Cabbage —28.4 -9.1 —285 66.2 20.7 13.1 29.7
S10 20 + Cabbage —28.4 -9.7 -288 673 21.0 117 27.0
S11 20 + Cabbage —28.4 —-9.7 —27.6 695 217 8.7 32.7
S12 20 + Cabbage —28.4 -9.5 —-279 684 214 103 254
S5 20 + Cabbage —28.4 -9.5 —-27.7 68.7 215 9.8 25.9
S6 20 + Cabbage —28.4 -9.8 —-274 702 219 7.9 26.4
S13 20 + Cabbage —28.4 -94 —-28.1 679 212 109 28.2
S14 20 + Cabbage —28.4 —10.2 =277 70.7 221 7.2 23.6
S15 20 + Cabbage —28.4 —-11.0 —26.9 745 233 2.2 24.8
S3 20 - Cabbage —28.4 —-13.1 —294 743 257 0.0 4.6
S7 20 - Cabbage —-284 —-12.3 =277 76.9 231 0.0 10.1
S8 20 — Cabbage —28.4 —-12.3 —27.8 76.6 234 0.0 8.8
S16 20 + Corn -12.0 4.2 —-10.3 59.1 185 224 34.4
S17 20 + Corn -12.0 4.0 -116 56.3 176 26.1 34.9
S18 20 + Corn —-12.0 33 —-105 63.7 199 164 -
S19 25 + Cabbage —28.4 -9.7 —-275 696 174 129 33.1
S21 25 + Cabbage —28.4 —-11.0 =277 728 18.2 9.0 31.0
S25 25 + Cabbage —28.4 —-12.1 —28.7 741 185 7.4 19.9
S26 25 + Cabbage —28.4 —-10.1 —-27.7 705 176 119 345
S29 25 + Cabbage —28.4 —10.2 =273 716 179 105 37.8
S31 25 + Cabbage —28.4 -9.8 —27.0 710 178 11.2 30.2
S3P 25 + Cabbage —28.4 -9.9 —-265 723 18.1 9.6 9.7
S22 25 - Cabbage —-284 —14.9 —-285 839 161 0.0 4.3
S23 25 — Cabbage —28.4 —13.7 —-275 821 179 0.0 5.9
S27 25 - Cabbage —28.4 —13.6 —-285 773 227 0.0 5.1
S28 25 - Cabbage —-284 —13.4 -279 788 21.2 0.0 4.2
S32 25 - Cabbage —28.4 —-13.0 =277 778 222 0.0 8.7
S34 30 + Cabbage —28.4 —-13.7 —28.0 785 20.1 1.4 13.8
S35 30 + Cabbage —28.4 —-13.5 —272 796 204 0.0 18.2
S36 30 + Cabbage —28.4 -13.1 —28.7 752 193 5.6 18.3
S37 30 + Cabbage —28.4 —-13.3 —28.3 76,5 19.6 3.9 16.2
S38 30 + Cabbage —28.4 -13.4 —285 764 19.6 3.9 14.5
S39 30 + Cabbage —28.4 —-11.4 —-27.3 73.3 18.8 7.9 31.0
S40 30 + Cabbage —28.4 —13.8 —29.3 759 195 4.6 14.4
S41 30 + Cabbage —28.4 —-13.5 —-280 779 20.0 2.2 17.1
S4Z 30 - Cabbage —28.4 —14.2 —28.21 795 205 0.0 -

a%_" means those fed G&POy)», which is probably hard and rarely ingested by snélilsnails regarded as a control group, cultured under an air-free
exchange system with a small amount of sbilixture of four individuals cultured in the same condition (sizes are simflayerage value of snails of
S34-541,

* x, calculated proportion of metabolic GOy, proportion of atmospheric Gz, proportion of CQ produced from ingested carbonate

from ingested carbonate. In addition, because a commomults of a previous study as well as results from the present
model seems unsuitable for all snails because of the differstudy. Almost all of these three carbon sources are expected
ent metabolic rates among snail individuals growing up atto transform into gaseous GGand then dissolve into the
different conditions (Barnhart and McMahon, 1987), the es-hemolymph of a snail (so-called bicarbonate pool) for reach-
timation of shell carbon sources for each snail is expected tang isotopic equilibrium with bicarbonate (HGQ. The frac-
be useful and necessary. tionation between gaseous g@nd HCQ under equilib-

The main sources of shell carbon are diet, atmospherigium is controlled by temperature, showna¥Chco,—g =
CO,, and ingested carbonate (Goodfriend and Hood, 1983)_ (0.114+0.003) 7 (°C) + (10.78+ 0.05) %. (Mook et al.,

A simple framework of the possible mechanisms to pre-1974; zhang et al., 1995; Szaran, 1997). Therefore, the
cipitate shell carbonate is presented in Fig. 4 based on re-

www.biogeosciences.net/11/5335/2014/ Biogeosciences, 11, 5332014
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Food
(living plants; other
organic matter, e.g.,
fungi, lichens, etc. )

ABCpeo, 4= - (0.1140.003)T('C) + (10.780.05) %o
(Zhang et al., 1995)

ABC gt coy = 2.740.2 %o
(Rubinson and Clayton, 1969)

¢ Direct digestion or breakdown of urea

Metabolic CO, \
|

10 |

15 L

20 -

1
1
1
o ! 1
i HCOy | ! Shell it
m dissolved nto > |_CO > Jn e ragonte
imbibed watery 1 .
1 Bicarbonate pool in hemolymph |,
O This study vs. body tissue (20°C, CaCOs) ! 1y
O This study vs. body tissue (25°C, CaCOs) 'l e J'I
/A This study vs. body tissue (30°C, CaCOs) _ n !
( i

Gaseous CO,
@ This study vs. body tissue (20-30°C, Cas(POx)z)
W Stott (2002) vs. body tissue (~25°C) T Digested by stomach acid 1
-30 @ Metref et al. (2003) vs. diet (25°C)
A Balakrishnan and Yapp (2004) vs. organic litter (~22°C) Ingested carbonate
% Yanes et al. (2008a) vs. body tissue (limestone)
Diet controlled model (Francey, 1983)
= =Flux balance model (Balakrishnan and Yapp, 2004)

5" Canel (%o0)

25 F

Trace amount of DIC
dissolved in leaf water
& drinking water

-35

-40 ' y ' ' : : Figure 4. Simple framework of shell carbon sources and their rela-

-40 -35 -30 25 -20 -15 -10 o . . . : .
s tive isotope fractionation processes based on this and earlier studies.
) >Corgamc (%0)

Figure 3. Measureds13C of snail shell aragonite again&;%3C of
associated organic matter (This study; Stott, 2002; Metref et al.,

2003; Balakrishnan and Yapp, 2004). §13Cs = x813C; + y513Ca+ 283Cc + b 1)

carbon isotope fractionations under our culturing tempera-
tures might be 8.5, 7.9, and 7.4 %o, respectively, at 20, 25;° +

o 37, il e shlssgonte v rcice 191 2 s e opccompsion of sl arago
P pic €q ( g ite; 813C; is the isotopic composition of snail tissue. Based

ca[jb?;] |sotot§:)e s-teatdy Statff’ Bqlarl](trlzhnan gl;]ddY:;lpp, 200£n our observations and discussions (see Sect. 4.2.2), we
an € carbon ISolope rafic mig € enriched 1o arounq, o 1he measurements for each snail, not an average value,

2.7%. (Rubinson and Clayton, 1969; Romanek etal., 1992)because of the individual differences among snaiSCy
Therefore, the total fractionation between each carbon sourcg o isotopic composition of atmospheric aﬁllg(c of at-

(diet, a_ttm(_)sphenctctﬁ aEd mgest_edh carbtonfaﬁ) 2an1d0 56hell ospheric CQ was observed from June 2010 to July 2011
aragonite 1S expected to be an enrichment ot 1.2, 1U.5, an Suzukakedai, Yokohama, Japan. The average value is

10.1 %o, respectively, at 20, 25, and QD. In addition, trace —0.5% (1 =42; Zhang et al., unpublished data): the an-
amounts of dissolved inorganic carbonate (DIC) dissolvednw'iI rate of dec’rease reported by Keeling et al (2610) is ap-
in leaf water and drinking water might also introduce iso- roximately 002 %eyr—L. Therefore, we use-9 5'%0 as the
topic fractionations of shell carbonate. For instance, Pigati eglgc value); 513C. is th.e isotopic éompositidn of ingested
al. (2004), based on radiocarbon dating technique, reporte arb?)nate (4_0 %o‘):x is the proportion of metabolic COy

that aqueous carbon sources account for approximately 10 0|% the proportion of atmospheric G is the proportion of

of the shell carbon for one species @étinella, which is a CO, from ingested carbonaté;is the isotope fractionation

semi-aquatic gastropod. However, no report to date describe\§alue from gaseous GQlo aragonite at different tempera-
a study of this source related to terrestrial gastropods. tures (11.2, 10.6 and 10.1 %o, at 20, 25 and®BQrespec-

For simplification of the model and calculations, we madetively)

two assumptions. First, no carbon isotopic fractionation takes Here we chose 2TC group snails to demonstrate how we

place when f[he ingested c_arbonate dissolves into the vv_ate alculated the contribution of each source. When there is no
and reacts with stomach acid. Second, because of the variab aCGQs addedz = 0

sources and probably low contribution of DIC from directly
ingested water, which are similar to all earlier published dis-§13cg — x§13C; + (1 — x)813C, + 11.2 %o (3)
cussions, we will not include such sources in our calculation.
These assumptions can be evaluated for their propriety in fu-
ture research. Results of those studies can be expected to im-= (63Cs — §13Ca— 112)/(813C; — 613Co) - 100%  (4)
prove the accuracy of this estimation method.
According to this framework, we will explain briefly how x4+y=1 (5)
to calculate the contribution of each source to shell carbon
based on our observed results. First, from the mass balancgrom inputting the measured data, we obtain thand y
model, we obtain the following: values shown in Table 1. For simplification of the calcula-
tion, for the snails fed CaC§)we assumed a similat/y ra-
tio to those of all the snails, although individual differences

y+z=1 (2)
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16 snails that had been fed corn compared with those that had
y = (0.43+0.04)x - (2.85+0.88) been fed cabbage, suggesting a higher ingested limestone
R?=0.80 *e o contribution, which is coincident with our calculations.

2 Figure 5a presents a positive correlation between the cal-

i culated contribution of ingested carbonate and the shell

weight proportion. Calcium carbonate can be transformed
into C&* in the stomach of land snails and can then be in-
gested into the hemolymph, and can finally be precipitated
into the shell carbonate. Therefore, high calcium carbonate
consumption is always correlated with a high shell weight
proportion. Thes13C of fed carbonate is more positive than
L 813C of food and atmospheric GOFor that reason, if snails
consume more carbonate, then their sbEIC values are ex-
pected to be more positive, which is consistent with the rela-
tionship presented in Fig. 5b.
. As described earlier, the/y ratio can vary among snail in-
dividuals. Therefore, the robustness of our estimation method
was tested using the maximum and minimurny values
observed from snails fed without Cag@t different tem-
peratures. The results are presented in Table 2. For snails
fed with cabbage and CaG@t 20°C, thex/y values vary
in the range of 2.9-3.3. Maximum discrepancies of estima-
tions by the maximum and minimuny y value could be 1.3,
16 : - : p : - : ” —2.9,and 1.6 % fox, y, andz values, respectively. For those

Shell weight percentage (%) fed with cabbage and CaG@t 25°C, x/y values vary in

the range of 3.4-5.2. Maximum discrepancies could be 3.0,

>

Estimated contribution of digested carbonate (%)

| ¥ =1(0.15+0.02)x - (14.69+0.39)
R?=0.71

5" Cshel (%o)
IN]

@

Figure 5. Relationship betwee(a) estimated contribution of in- —6.9, and 4.1 % fow, y, andz values, respectively. Consid-
gested carbonate and shell weight percentagdant3C of snail ering individual differences among snails (calculated stan-
shell aragonite and shell weight percentage. dard deviations of, y, andz for the snails fed with cabbage

and CaCQ are 3.9, 1.6, and 3.9 %, respectively), these dis-
crepancies are acceptable, especially for the estimated contri-
bution of diet and ingested carbonate. Moreover, almost all of
these re-estimated, y, andz values are within in the range
we have calculated based on an averagevalue, showing
x/y=32 (6) a satisfactory robustness of this estimation method.
" We have become aware of another possibility for the car-
at 20°C, b = 11.2%. Therefore, bon isotope fractionation related to metabolic S@hich
y = (813Cg—8%C. — 11.2)/ probably has already dissolved into the snail body water
13 13 13 when produced with no isotope fractionation generated from
(3:257C1 +67Ca—4.257Co) - 100% (7) gaseous state to aquatic state. In this case, the total carbon
By combining Egs. (2), (6), and (7), we calculated, z val- isotope fractionation values from metabolic £€@® shell
ues separately. Similar calculations were done &&nd  aragonite would be 12.4, 11.8, and 11.2 %0, respectively, at
30°C. Finally, for the G plant groups, we assumed the same 20, 25 and 30C. We calculated the contributions of each
x/y ratio for the G plant groups, which might not be accu- carbon source using this assumption and present the resultsin
rate because the food consumption preference differs gnd CTable S1 in the Supplement. In such circumstances, the con-
plant groups have a higher growth rate thajptaint groups.  tributions of diet, atmospheric GQand ingested limestone
Then we calculated, y, andz using the same method. All  for snails fed G plants varied, respectively, in the ranges 70—
calculated results are presented in Table 1. 85, 13-19, and 0-13 %, whereas those faglants varied,

The calculated, y, z values for snails fed £plants reveal  respectively, in the ranges 64—73, 15-17, and 11-22 %. This
that the contributions of diet, atmospheric £@nd ingested  estimation shows a lower contribution of atmospheric,CO
limestone varied, respectively, in the ranges 66—80, 16—24and higher contribution of diet than the previous one. Al-
and 0-13 %. Furthermore, for those fegiilants, because of though we cannot discount either of these possibilities with
the potential food stress (less ability to consumeplants),  present knowledge, both imply similar discussions leading
they vary in the ranges of 56-64, 18-20, and 16—-26 %, reto similar conclusions. Consequently, in the following dis-
spectively. We observed a higher shell weight proportion ofcussion, we will consider only the data presented in Table 1.

might happen among snails attributable to different growth
rates. Therefore we calculated the average ratio in non-
carbonate groups and obtained
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Table 2. Estimatedy, y, andz under observed maximum and minimuny values at 20C and 25°C.

Snail No. ‘ Xmin (%) Ymin (%) zZmin (%) ‘ xmax (%) ymax (%)  zZmax (%) ‘ Ax (%) Ay (%) Az (%)
20°C, Cabbage| min:x/y =29 \ max:x/y = 3.3 \

S1 66.9 23.1 10.0 68.0 20.4 11.5 1.1 —-2.6 1.5
S2 65.3 22.5 12.2 66.3 19.9 13.8 1.1 —2.6 1.5
S9 65.4 22.5 12.1 66.5 20.0 13.6 1.1 —2.6 1.5
S10 66.5 22.9 10.6 67.6 20.3 12.1 1.1 —-2.6 1.5
S11 68.7 23.7 7.6 69.9 21.0 9.2 1.2 —2.7 1.6
S12 67.5 23.3 9.2 68.7 20.6 10.7 1.1 —2.7 1.5
S5 67.9 23.4 8.7 69.0 20.7 10.2 1.1 -2.7 1.5
S6 69.3 23.9 6.7 70.5 21.2 8.3 1.2 —2.7 1.6
S13 67.0 23.1 9.8 68.2 20.5 11.4 1.1 —2.7 1.5
S14 69.8 24.1 6.1 71.0 21.3 7.7 1.2 -2.8 1.6
S15 73.6 25.4 1.0 74.9 225 2.6 1.3 —-2.9 1.6
20°C,Corn | min: x/y =2.9 \ max:x/y = 3.3 \

S16 57.7 19.9 22.3 59.6 17.9 22.5 1.9 —-2.0 0.1
S17 55.1 19.0 25.9 56.8 17.0 26.2 1.7 -1.9 0.3
S18 62.2 21.5 16.3 64.2 19.3 16.5 2.0 -2.2 0.1
25°C, Cabbage| min:x/y = 3.4 \ max:x/y = 5.2 \

S19 68.5 20.1 11.4 71.3 13.7 15.1 2.8 —6.5 3.7
S21 71.6 21.1 7.4 74.5 14.3 11.3 2.9 —6.8 3.9
S25 72.9 21.4 5.7 75.7 14.5 9.8 2.9 —-6.9 4.1
S26 69.3 20.4 10.3 72.1 13.8 14.1 2.8 —6.6 3.8
S29 70.4 20.7 8.9 73.2 14.0 12.7 2.9 —6.7 3.8
S31 69.8 20.5 9.7 72.7 13.9 13.4 2.9 —6.6 3.7
S33 71.1 20.9 8.0 74.0 14.2 11.8 3.0 —6.7 3.7

Xmin» Ymin» andzmin are calculated using the minimumiy values;xmax, ymax, andzmax are calculated using the maximuwyly values;Ax, Ay, andAz show the
discrepancies of estimations by maximum and minimymvalues for each snail individual.

4.2 Contribution of each carbon source to shel§13C plants might prefer ingesting higher proportions of lime-
stone, which is probably caused by diet stress.

Figure 7a (see Table 3) portrays a decreasing trend of shell
§13C along with the snail growth direction, which is consis-
tent with the measurements of living land snail individuals
Stott (2002) reported no apparent differences in sHSC ~ reported by Yanes et al. (2012), who observed highé€
of land snailHelix aspersafed with and without CaC@ values during the younger growth stages of land snails. This
However, the deviation of*C age estimation for some snail fact is explainable by the larger proportion of limestone in-
species in nature shows an incorporation of limestone (Goodgested during the early period of land snails to enhance their
friend and Stipp, 1983; Pigati et al., 2010). Consequently,growth rates. Egonmwan (2008) reported that the amount of
ingested limestone is expected to play an important role iffood ingestion increases gradually, although calcium inges-
controlling shell carbonaté!3C, at least for some species. tion firstincreases (1-3 months, but the increase rate is lower
Higher §13C values were observed in our cultivated land than diet consumption) and then decreases (4—6 months) dur-
snailAcusta despecta sieboldiafed CaCQ compared with  ing the first 6 months, suggesting that the contribution of
those fed Cg(PQy),, especially at 20 and 2& (Fig. 6a).  ingested carbonate can be expected to decrease along with
These values are even higher than the values predicted frorifie snail growth. Our estimated contributions of ingested car-
a flux balance model (Balakrishnan and Yapp, 2004), whichbonate (Fig. 7b) support this presumption. To elucidate this
considers both metabolic G@nd atmospheric CQFig. 3), phenomenon, similar studies should be conducted to observe
strongly suggesting the involvement of ingested Capa@w-  snails fed with G plants and those fed without CagO
der (Fig. 6b). The estimated contribution fog @lant group
is 0—-13%; and for ¢ plant, it varies: 16—-26 %. The dif-
ferent estimated proportions reveal different growth rates
(metabolic rates) among snails. Apparently, snails fed C

4.2.1 Ingested carbonate (limestone in nature)
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Figure 6. Bulk 813C of snail shell aragonite and estimated contri-
bution of ingested carbonate at different culturing conditions. Figure 7. 5130 of snail shell sections and their estimated contribu-
tion of ingested carbonate at different growth phases.

4.2.2 Diet and food selectivity
single source controlling shell carbon (Francey, 1993; Stott,

DeNiro and Epstein (1978) reported a slight enrichment (ca2002). Offsets suggest the influence of other sources such as
1 %o) of the snail body tissug!C relative to their diet: ro-  limestone and atmospheric G@ause these more positive
maine lettuce. Stott (2002) shown no significant isotopic off- values. The relative contributions ofzCand G-type food
set between snail body tiss8&°C fed lettuce and their diet, might be different. Our estimation confirms this inference:
whereas about 2—3 %o depletion was observed for snails fethe proportions of shell carbon from cabbage are 66—80 %
corn (Fig. 8a), which is regarded as attributable to the con-and from corn are 56—64 %, which might reflect food stress
tribution of pre-culture carbon because they cultured snailsamong different plants. Metref et al. (2003) reportecsav&
from juveniles but not from eggs. Our observations showCs mixed experiment. Most snails show a preferential use
slight enrichment among all snails relative to their diet: ap-of C3 food. This study also found a preference of this kind
proximately 0.5 %o for cabbage and approximately 1.2 %o for in consuming @ but not G plants, e.g., snails grew faster
corn. However, this enrichment is negligible when consider-when eating @ plants such as lettuce and cabbage than snails
ing measurement precision among both snail individuals anded a G plant such as corn, which agrees with the observa-
vegetable samples. We suspect that the small discrepancig¢i®ns reported by Metref et al. (2003). Moreover, almost all
of the §13C values between snail body tissue and their dietthe snails fedMliscanthus sinensi€Cy4 plant) died after 20—
observed in the literature and this study may depend on th&0 days, except one or two large individuals, and their shell
analytical precision and/or limitation of samples (e.g., sam-§13C values 11.14 3.4%.) show no marked differences
ple size, growth condition). Therefore, we infer that 8A&C from newly hatched snail larvae-(1.040.1 %), suggesting
values of snail body tissue are similar and that they directlythat the snails were unable to consuMiscanthus sinensis
reflect thes'3C values of their food. at all. However, Stott (2002) reported a lower growth rate of

Figure 8b shows the observed relations between shell carsnails cultured with dried sour orange tree leavesglant)
bonates'3C of snails and their diet (This study; Stott, 2002; compared to those cultured by lettuce and corn, suggesting
Metref et al., 2003). Evidently, all of these slopes are lessfood quality such as water content or physical structure as the
than the expected slope of 1, which is considering diet as aeason for food preference. Regarding the land ghaiista
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Table 3. Stable isotope results of snail individual fractions and the 5 o St 2002
estimated contributions of their shell carbon sources. @ This study (all groups)
10 _—B”Cbodyussue=6”Cmet R
Sample  Spirals Shell x (%) y (%) z (%) 8
§13C (%) 3 st ¢
S13_1 1-3 -82 646 202 152
S13 2 3-4 -9.2 672 210 119 & r
S13_3 4-45 93 675 211 114 =
S13 4 4.5-5 -10.0 695 217 8.8 25
S19 1 1-3 -81 651 163 186 30 e A
S19 2 3-4 -90 678 169 153 15
S19.3 445 -91 679 170 151 2 Meirapet o 0008 26°C
S19 4 45-5 —-9.2 68.1 17.0 14.9 0F o This study, 20°C, CaCOs A
S195 555 -126 77.9 195 26 5 [ Stot 2002 siopertso P e T
—-—--Metref et al. (2003) slope=0.43 .-
$25_1 1-3  —92 660 165 175 5 o[ T b L
S25 2 3-4 -108 706 176 11.8 3 _ 3
S25 3 4-45 —-120 739 185 7.6 3 °r e T BT
S25.4 455 -124 750 188 6.2 ) Y LR
S25 5 555 —-131 769 19.2 3.9 ,@-,;.8—' -----
15
S31_1 1-3 -81 661 165 174 B
S31 2 3-4 92 694 173 133 T T
S31_3 4-45 -88 683 171 147 §"Caiet (%o)
S31_4 45-5 —-10.8 740 185 75
Figure 8. 813C of snail body tissue against digt). $13C of snail
S39_ 1 1-3 —9.1 66.7 171 16.2 shell aragonite against dif).
S39 2 3-4 -10.4 705 181 114
S39_3 4-45 114 735 189 7.6
S39 4 45-5 —128 773 198 2.8

it may not be common for all the species. According to the
sle'a“."e culturing conditions are shown in Table 1. . literature, land snails can eat decayed plant matter (Richard-
eanings of symbols, y, andz are the same as those shown in Table 1. X A A X
son, 1975), fungi, animal tissue (Mason, 1970), lichens (Baur
et al., 1994) and other organic matter in nature. The con-
sumed proportions of these food sources vary among land
despectafood preference has been reported by Suzuki andsnail species (Mason, 1970).
Yamashita (1967) and Takeuchi and Tamura (1995). For in- Consequently, we suggest that pre-investigation of food
stance, this species were unable to @atlis corniculata  preference on living snails is important before applying shell
(Cs plant), Commelina communiCz plant), orYoshinag-  carbon isotopic values in the paleoenvironment reconstruc-
ella japonica(Fungi) at all. Similar phenomena have also tion of a certain species. In addition, information from future
been observed in nature. Hatziioannou et al. (1994) and Iglestudies of food quality’s influence on snail sh&fC values
sias and Castillejo (1999) observed that land snails do not eahight be helpful too.
plant species arbitrarily. Baldini et al. (2007) reported that the
feces of land snaiCerioncollected fromSporobolus domin-  4.2.3 Atmospheric CQ
gensis(C4) plant exhibiteds13C values more typical of afC
plant, suggesting a preference of @lant as food of these Although Stott (2002) and Metref et al. (2003) reported that
snails. However, some other studies, such as those of Yanesmospheric C@does not contribute to shell carbonatéC
et al. (2013b), indicate an opposite conclusion. Their results/alues based on culturing land snélklix aspersa some
show that individuals from the same land snail species conworks clarify it as an important source of shell carbon. For in-
sume different plants in relation to their relative abundancestance, according to the combinatiorséfC and'“C values
in nature. To summarize, we infer that the food selectivity of observed from modern land snail shells, Romaniello (2008)
land snails might depend on species, which would increasealculated the contribution of atmospheric £@rying from
the difficulty of their application in the paleoenvironment re- 16 to 48 %. McConnaughey and Gillikin (2008) summarized
construction, especially for the accurate study efGz veg-  the previous studies of the relationship between land snail
etation distribution. shell carbonaté3C and shell organics (or body tissue or-
In addition, although some previous works reported thatganics / diet) and pointed out that the offsets are greater when
the fresh plants are the main diet for some land snail speciethe §13C of organics diverge more from atmospheric £O
(e.g., Suzuki and Yamashita, 1967; Colonese et al., 2014)i.e., when the slope of the shell vs. organic regression line is
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less than unity, suggesting that the latter does contribute ta -1
shell carbonate.

In this study, our calculation results revealed that atmo-
spheric CQ can affect shell carbonate isotopic values, and -2
our estimated contributions are, respectively, 16—24 % (fed
cabbage) and 18-20 % (fed corn). More clear evidence might _
be that, for snails developing without Cag@ig. 3), shell
813C values became higher than the expected values con
trolled by one end member (diet). These estimated values car<
be attributed to two pathways: (1) atmospheric,GiDectly
being introduced into the bicarbonate pool via respiration; (2)
using the imbibed water as dissolved atmospherie.(Be
carbon isotope fractionation exhibits no difference between . . . .
these two pathways. 15 20 25 30 35

However, because the G@oncentration and its in situ T (°C)
carbon isotopic value were not monitored in the semi-sealed
system, the C@accumulated gradually from the respiration Figure 9. Relationship betwees:3C of snail shell aragonite (fed
of snails and plant tissues might affect the accuracy of ouvithout carbonate) and different culture temperatures.
estimations of atmospheric GQAlthough Balakrishnan and
Yapp (2004) inferred that the accumulatedQ€a. 240 ppm,
vs. ambient background) produced by the respiration undef3) Also, the different slopes presented in Fig. 8b reveal dif-
forest canopy would contribute an insignificant amount of ferent metabolic rates among different snail species or differ-
variation of shells*3C values (ca. 0.1 %o), we suggest that ent cultivation conditions.
additional studies based on experimentation are needed. Fur- Therefore, the variations in metabolic rates attributable to
thermore, the limited accuracy of our assumption of similarthe shift of environmental conditions, which can produce dis-
diet/atmospheric Cgratio at the same temperature must be crepancies of shell carbonate>C values, should be con-
acknowledged because the snails have individual differencesidered in paleoenvironment studies. For example, Yanes et
of metabolic rates during their growth (Barnhart and McMa- al. (2011) reported 3 %o higher moving average shéfic
hon, 1987). Therefore, to learn more accurate contributiong/alues during the glacial interval (ca. 50-15ka BP) than to-
of atmospheric Cg further incubation experiments are nec- day and inferred a larger proportion of, @lant during that
essary, which are expected to include several parallel groupgeriod. However, this study revealed that shell carbonate
with 4C-labeled ors13C-different CQ compositions, and  $*3C values of land snails, for those fed same diet (cab-
also to record the concentration and isotopic compositionbage) and carbonate but maturing at different temperatures,

§°C = - (0.17+0.04)T(°C) - (9.29+0.94) (%o)

-13

Cesnen (%o

)

variations of in situ atmospheric G@uring cultivation. can also vary as greatly as 3.5 %o (Fig. 6a).
Consequently, the carbon isotopic composition controlled
4.3 Metabolic rate by metabolic rate in land snail fossils can be regarded as an

auxiliary tool for ascertaining changes of paleoenvironment
Snail individuals have different metabolic rates in different conditions, such as suddenly changed environment condi-
environment conditions, or even in different growth phases oftions during the Younger Dryas event.
a single individual. Different metabolic rates reflect different
partial pressures of CQproduced from the diet, which con- 4.4 Temperature
sequently cause different flux ratios among O@oduced
from metabolism, digestion of limestone, and atmosphere tol'heoretically, temperature can affect the fractionation fac-
approach a carbon isotope steady state in snail body fluidgor between gaseous GGnd HCQ in land snail body
and which eventually produce differest3C values. Much  fluid from a relationship presented aS13CHc03_g =—
of the discussion we have presented above shows influencé8.114+ 0.003) 7 (°C) + (10.78+ 0.05) %o (Mook et al.,
of this kind, such as (1) snails cultured at“8groups with  1974; Zhang et al., 1995; Szaran, 1997). Therefore, for
CaCQ show more-depleted’3C values than those at 20 shells precipitated at two temperatures, the discrepancy be-
and 25°C groups (Fig. 6a). Correspondingly, they have atween§13C values A13C, %o) is —0.11°C~1 xT (Zhang
lower survival rate and lighter mass, suggesting stress fronet al., 1995; see also in Romanek et al., 1999,13°C~1
poor growth conditions (e.g., perishable leaves, lack of oxy-and Szaran, 1997--0.10°C~1). We observed a relation-
gen). (2) For one snail individual, the trend of a decreaseship of —0.1740.04°C~1 among snails fed without CaGO
in both §13C values of shell carbonate (Fig. 7a) and the es-(Fig. 9), which is not significantly different from the the-
timated contribution of ingested carbonate (Fig. 7b) reflectoretically expected relation. The small sharper trend might
a decreasing metabolic rate along with snail developmentsomehow reflect metabolic differences among the snails at
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different temperature conditions. Ti&3C discrepancy of 5 Conclusions
0.17 %:°C~1 is small compared with the contributions of dif- _ _ _ _
ferent carbon sources. For that reason, no special consider&rom culturing the land snacusta despecta sieboldiana

tion of environmental parameters of this kind is necessary ortinder controlled environments, we confirmed that diet, atmo-
most occasions. spheric CQ, and ingested limestone are important sources

controlling shell carbon isotopic composition. We have also
4.5 Carbon isotopic fractionations during egg laying  discussed the influences of metabolic rates. Furthermore,
and hatching temperature can affect shell carbonatéC values by con-
trolling the carbon isotopic fractionation of gaseous O
Metref et al. (2003) found that hatched and one-day-oldpjcarbonate equilibrium. We presented a simple but credible
snails showed*C values that were depleted by 2.5 %o com- framework to assess the mechanisms of how each source and
pared to those of their parents. They inferred that shells oknvironmental parameter might affect shell carbosafe
the hatching juveniles were built not only from eggshell cal- values based on this and earlier studies. According to this
cite but also from isotopic-depleted albumen. We have obframework and some reasonable assumptions, we estimated
served thesé'3C results forAcusta despecta sieboldiana  the contribution of different carbon sources for each snail in-
adult snails (parents);11.5+1.2 %o (n = 6); hatched snails:  dividual: for cabbage-fed (£plant) snails, the contributions
—11.0+0.1 %o (n > 10, mixed samples); eggs13.1+0.9%0  of diet, atmospheric C§) and ingested limestone vary in the
(two groups of eggs, for each group» 10). No marked**C  ranges of 66-80, 16—24, and 0-13 %, respectively. Further-
depletion was found between hatched snails and adults. more, for corn-fed (@ p|ant) snails, because of the potentia|
Romanek et al. (1992) pointed out that fractionation fac-food stress (less ability to consume @lants), the contri-
tors among calcite, HCD) and aragonite are temperature- putions vary in the ranges of 56-64, 18-20, and 16—26 %,
independent when they are in equilibrium conditions. Theirrespectively.
values were reported 3313CCa|cneLHcog =0.940.2 %o, Secondly, results show thatcusta despecta sieboldiana
A13CAragonite—HCO§ = 2.740.2%0, A¥Caragonite-calcite= discriminate in their choices of different plant species as

1.8+0.2% (Rubinson and Clayton, 1969; see also food. For instance, they can grow faster when eating C

Romanek et al. 1992A13C o  _1.0+0.2% plants such as cabbage compared with glants such as
Calcite-HCO; corn, and they cannot eat certaig lants such aMiscant-

hus sinensigno growth). This kind of food selectivity of
1.7+ 0.4 %0). According to the XRD results, all of our cul-  |and snails increases the difficulty of their application in the
tured snail shells are made of aragonite, whereas eggshellga|eoenvironment reconstruction, especially for the accurate
are made of calcite. We are striving to ascertain the ISO-study of G/C, vegetation distribution. Finally, we inferred
topic fractionations based on calcite-HG@aragonite equi-  that during the egg laying and hatching of our cultured snails,
librium. At this isotopic equilibrium condition, (a) for the  carpon isotope fractionation is controlled only by the isotopic
laying process: when the snail precipitates shell (arago'exchange of the calcite-HG®aragonite equilibrium.

nite) from bicarbonate pool*3C will enrich 2.7 %0 and To initiate the application of carbon isotopes for paleoen-
when it precipitates eggshell (calcitéf;’C will enrich 0.9-  \ironment reconstruction, additional work should be under-
1.0 %0. Therefore, the difference between shell aragonite angyken in future culture experiments, especially in the follow-
eggshell calcite is expected to be 1.7-1.8 %o; we obtain a siming aspects: (1) intra-shell measurements of snails fed with
ilar value of 1.6 %o, suggesting that snail eggshells are alsqc, plants and those fed without Cag®hould be taken in
precipitated from the bicarbonate pool and that they follow fytyre studies to verify the phenomenon of decreasing trend
the equilibrium fractionation. (b) For the hatching process, of shell s13C along with the snail growth direction; (2) in-
when the larvae are hatching, we assume that the shell calcitg,ences of food quality such as water contents or physical
will dissolve gradually into the egg water to form a bicarbon- gty cture on snail sheli3C values should be investigated:
ate pool to precipitate egg aragonite. Then the fractionation3) snails should be cultured in air withC-labeled o83C-
between egg calcite and hatched snail shell aragonite is exjjfferent CQ compositions to ascertain the contribution of
pected to be around 1.8 to —1.7 %o . Here we obtained a atmospheric C® more accurately; (4) snails fed withsC
value of —2.1 %, which is also consistent with the assumed pjants under a non-carbonate condition should be evaluated;
value if we consider the measurement error, suggesting thais) more land snail species preferring varied environmental
the shell aragonite is transferred from eggshell calcite at aonditions should be studied to ascertain which inferences
isotopic equilibrium condition. are common to all species and which are particular for a
given species.

AlSCAragonite—HCO; = 2.7+ 0.6 %o; Al3CAragoniteuCaIcite =

The Supplement related to this article is available online
at doi:10.5194/bg-11-5335-2014-supplement
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