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ARTICLE INFO ABSTRACT

The first isotopic baseline is established for the snail Neohelix from the Big Santeetlah Creek watershed
(Appalachian Mountains). Shell §'%0 (— 3.6 to + 0.4%o) declined with altitude 0.06%o per 100 m and correlated
with measured rain §'®0. A flux balance model suggests that relative humidity increased from ~0.89 at 710 m to
~0.91 at 1620 m, in agreement with higher precipitation at higher altitudes. Coherent relationships between
shell, precipitation and humidity suggest that this taxon should be a valid paleoprecipitation archive in North
America. The respective 8'C and 8'°N values of body (— 28.3 to — 23.2%o; + 0.4 to + 4.9%o) and shell organics
(—28.2 to —24.0%0; + 0.0 to + 3.4%0) did not exhibit a trend with altitude and were uncorrelated with po-
tential food resources. A stable isotope-mixing model suggests that Neohelix primarily consume fungi (~48%)
and lichen (~17%), with minimal ingestion of C; plants. The relative contributions of different food items,
however, varied in an unpredictable fashion along the altitudinal gradient. This study illustrates that even
though snail foraging ecology from woodlands is complex and more variable than anticipated, combining several
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isotope systems permits dietary inferences more easily than field observations alone.

1. Introduction

Land snails are a key component of many terrestrial ecosystems
where they are important agents of nutrient and biogeochemical cy-
cling. Such biological-environmental processes are potentially recorded
in the isotopic composition of land snail shells and tissues. In particular,
the stable isotope composition of the shell of land snails, which are
often well-preserved in the Quaternary sedimentary record, has been
used as a tool for paleoenvironmental and paleoclimatic studies (e.g.,
Yapp, 1979; Goodfriend, 1991; Goodfriend and Ellis, 2002;
Balakrishnan et al., 2005b; Colonese et al., 2007, 2010a, 2010b, 2011;
Yanes et al., 2011a, b, 2012, 2013a, 2013b, 2014; Kehrwald et al. 2010;
Prendergast et al., 2016). The stable isotope composition of snail or-
ganic tissues can also be used to learn aspects of snail foraging ecology
(DeNiro and Epstein, 1978; Stott, 2002; Metref et al., 2003; Yanes et al.,
2013c; Prendergast et al., 2017). This can be particularly valuable for
many snail species with unknown ecology or unidentified dietary ha-
bits. Moreover, in the case of snail species that live in forested areas,
where the trophic relationships of snails with the environment and
other organisms may be difficult to understand simply through field
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observations, stable isotope systematics can be a significantly powerful
tool (Meyer and Yeung, 2011).

Field studies on modern snails indicate that the oxygen isotopic
composition (8'%0) of shell carbonate is related to both temperature
and the §'®0 values of the local environmental water imbibed or ab-
sorbed through the skin of the snail (e.g., Lécolle, 1985; Goodfriend,
1991; Zanchetta et al., 2005; Yanes et al., 2008, 2009; Prendergast
et al., 2015). The evaporative steady-state flux balance model proposed
by Balakrishnan and Yapp (2004) suggests that the 8'0 of aragonite is
influenced by at least four environmental variables, including relative
humidity, temperature, and the §'80 of precipitation and water vapor.
The %0 values of the aragonitic shell, hence, may be a useful indicator
of past atmospheric conditions relevant to paleoclimatic studies.

Controlled laboratory experiments suggest that the carbon isotope
composition (8'3C) of snail shell carbonate reflects mostly respired CO,
derived from metabolized plant material (e.g., Stott, 2002; Metref et al.,
2003; Liu et al., 2007). In carbonate-rich areas, however, snails may
incorporate limestone as a source of calcium to build their shells
(Goodfriend and Hood, 1983; Goodfriend, 1999; Goodfriend et al.,
1999; Yanes et al., 2008). For some small to minute snail species,
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however, limestone intake seems negligible (Pigati et al., 2010). Most
published investigations of modern and fossil land snails work under
the assumption that they are generalized herbivores that primarily
consume vascular plants (C3, C4 and CAM plant type) in relation to their
abundance in the landscape (e.g., Goodfriend and Ellis, 2000, 2002;
Baldini et al., 2007; Yanes et al., 2008, 2009, 2013c; Prendergast et al.,
2017). Snail shell §*3C has been traditionally used to deduce variations
in C3/C4-CAM plants in the landscape. In Cs-plant dominated land-
scapes, snail 8'3C has also been used to infer water stress (water use
efficiency) of consumed plants (e.g., Colonese et al., 2007, 2010a,
2010b, 2011; Yanes et al.,, 2011b, 2012, 2014; Yanes, 2015;
Prendergast et al., 2017).

Shell organics, broadly defined as the protein-rich matrix in which
shell carbonate crystals are embedded, constitute ~0.1% (by weight) of
the shell and originate primarily from amino acids derived from the diet
(e.g., Goodfriend, 1988; Goodfriend and Ellis, 2000). Similarly, snail
body isotopic composition is derived from consumed foods (e.g.,
DeNiro and Epstein, 1978; Stott, 2002). Thus, 8'3C of snail organic
tissues (both body and shell organics) should be, in theory, directly
associated with the signature of the local vegetation, and should be a
valid proxy for snail diet (e.g., DeNiro and Epstein, 1978; Goodfriend
and Ellis, 2000; Yanes et al., 2008, 2009, 2013c; Prendergast et al.,
2017). Less attention has been focused on the nitrogen isotope com-
position (8"°N) of land snail organic tissues, although it seems that §'°N
can be used to define trophic relationships among coexisting land snail
species in forested habitats (Meyer and Yeung, 2011). For the particular
case of herbivore snails, the organic matter §!°N should therefore re-
flect the 8'°N signal of the ingested food resources after trophic frac-
tionation correction.

In this study, we investigate three isotope systems (8'%0, &3¢,
8'°N) of the woodland land snail Neohelix major morphotype, collected
along an altitudinal transect (710-1620 m above sea level) in the
southern Appalachian Mountains (western North Carolina, USA). We
present here the first land snail study that investigates three isotope
systems jointly. This research evaluates the validity of shell 8'0 of
Neohelix as a paleoprecipitation proxy in North America, assesses the
dietary habits of the target species in this woodland ecosystem using
8'3C and 8'°N values, and determines if shell §'3C reflects the signature
of dominant C3 plants in the forest. Because this species has not been
previously investigated isotopically and its ecology is minimally known,
the results from this study are relevant for ecologists interested in tra-
cing isotopically the trophic interactions among terrestrial malaco-
faunas in moist forest ecosystems. The result are equally relevant for
paleontologists and archeologists interested in using the geochemical
signature extracted from fossil shelly assemblages of Neohelix to re-
construct the environmental conditions of past woodland ecosystems in
North America.

2. Methodology
2.1. Environmental setting

The Big Santeetlah Creek watershed (latitude: 35°21” N; longitude:
84° 00’ W) is located on the east-facing slope of the Unicoi Mountains,
within the southern Appalachian Mountains, in Graham County, North
Carolina, USA (Fig. 1). The watershed, which is dominated by C; plant
species, is cloaked in deciduous and mixed deciduous-coniferous forest
ranging in altitude from 680 to 1689 m (Graves et al., 2002; Graves and
Romanek, 2009). C3 grassland is present on a few peaks above 1600 m.
C, agricultural crops have not been cultivated in the watershed since
the 1930s (Graves et al., 2002).

The local climate is characterized by mild summers with cool nights
and relatively high precipitation rates. Winters are also mild but with
periods of colder temperatures and snow. At higher altitudes
(> 1600 m), temperatures fluctuate strongly throughout the year and
precipitation is more intense and frequent than at lower sites. Mean
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minimum and maximum temperatures decrease with increasing alti-
tude ~0.3-0.7 °C per 100 m (e.g., Bolstad et al., 1998). Mean monthly
temperatures on east facing slopes vary from — 3 °C to 6 °C in winter
and from 17 °C to 26 °C in summer (see Fig. 1 in Bolstad et al., 1998).
The Big Santeetlah Creek watershed is a humid area with annual pre-
cipitation varying from ~1100 mm to ~1600 mm depending on alti-
tude.

2.2. Sampling strategy

2.2.1. Water

Rain samples (n = 42) were collected at eight sampling sites (Table
S1; Table 1) to estimate the 8'80 of the local meteoric water along the
altitudinal gradient: (1) Santeetlah Bridge (710 m), (2) Rhododendron
(800 m), (3) Graves' camp (845 m), (4) Sand Creek (910 m), (5) Cold
Branch (1010 m), (6) Whigg Branch (1135m), (7) Stratton Gap
(1310 m) and (8) Hooper Bald (1620 m). The direct line distance from
Santeetlah Bridge (710 m) to Hooper Bald (1620 m) was 9.0 km. Sev-
eral sample replicates were collected per site during February and Oc-
tober of 2001 and 2002. Samples were gathered in 12 ml plastic bottles
at the moment of the rainfall event and sealed immediately to prevent
evaporation.

2.2.2. Plants

Vascular plant samples (n = 187) were collected at eight localities
along the altitudinal gradient (Table S2; Table 2). Three tree species
were selected for study based on their abundance/dominance in the
landscape: eastern hemlock (Pinaceae: Tsuga canadensis), yellow birch
(Betulaceae: Betula alleghaniensis) and rosebay rhododendron (Erica-
ceae: Rhododendron maximum). A mixture of new and older leaves from
each species was collected at each sampling site for bulk isotopic ana-
lysis. Collected leaves included those exposed to full sunlight and those
under constant shade. In addition, eight duff samples (decaying leaves
and other plant material on the soil surface) and 36 humus samples
(decayed organic matter present in the upper few centimeters of the soil
profile) were gathered as grab samples for subsequent bulk analysis.
Care was taken to avoid depressions (relatively wet areas) and mounds
(relatively dry areas) to minimize variation in soil water saturation.

We also collected and analyzed samples of fungi, lichen and moss
from each site. Taxonomic identifications of these specimens were not
possible. Multiple individuals and species were gathered per site when
available and accessible. We assume that computed average isotopic
values for each of these taxonomic groups should be reasonably re-
presentative of these potential food resources. Collectively, these sam-
ples provide an estimate of the §'3C and §'°N profiles of the dominant
vegetation and fungi in the study area.

2.2.3. Land snails

Living snails (n = 55) were collected from 2003 to 2005 at the eight
localities along the altitudinal transect (Table S3; Table 3). On the basis
of shell characteristics, these had been identified as Neohelix albolabris
(Say, 1817) (Gastropoda: Polygyridae), a herbivorous pulmonate snail
(with occasional omnivore behavior) that grazes on or near the forest
floor. However, this taxon has been determined to represent a complex
of cryptic allopatric species (Emberton, 1988, 1995). Populations from
the southern Appalachian Mountain are now referred to as Neohelix
major (A. Binney, 1837), commonly known as the “southeastern
whitelip”. Taxonomic classification is further complicated by the con-
vergence of shell characters of N. major and Mesodon normalis (Pilsbry,
1900), which are sympatric and overlap attitudinally in many locations
in the southern Appalachian Mountains (Emberton, 1994, 1995). These
taxa can be reliably distinguished morphologically by genital characters
(Emberton, 1994, 1995) and molecular markers, neither of which were
examined in all our specimens. Thus our population sample of N. major
morphotypes could contain both taxa. However, because the two taxa
exhibit morphological convergence in natural sympatry (Emberton,
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Fig. 1. (A-B) Geographical location of the Big Santeetlah Creek watershed sampling site, indicating the altitudinal gradient sampled (in meters) in western North Carolina (Adapted after

Graves et al. 2002). (C) Field photograph of Neohelix major morphotype feeding on fungi.

Table 1

Site-averaged ( + standard deviation) of oxygen isotopes of measured precipitation and
calculated mean annual precipitation (MAT) 8'0 values from the Online Isotopes in
Precipitation Calculator (OIPC) website (http://www.waterisotopes.org).

Locality Altitude (m) n  Measured Calculated MAT
precipitation 8'80 880 (%0 SMOW)
(%0 SMOW)

Santeetlah Bridge 710 6 -—-56 =03 -6.7

Rhododendrom 800 6 —55 = 0.1 -6.9

Graves' Camp 845 6 —-58 * 0.2 —-7.0

Sand Creek 910 6 —60 = 0.2 -71

Cold Branch 1010 4 -61 = 0.1 -7.3

Whigg Branch 1135 4 -60 = 0.1 -7.6

Stratton Gap 1310 3 —-6.0 * 0.2 - 8.0

Hooper Bald 1620 2 -63 %00 -87

n: number of samples analyzed.

1995) and in laboratory experiments, we assume that they are phy-
siologically similar. The N. major morphotype was selected for study
because it was present at all sampling sites, although its abundance
varied considerably among localities. Also, its large and thick shell
exhibits high durability in the archeological and fossil record. Adult
individuals of the N. major morphotype exhibit a shell diameter of
~26.9-39.3 mm, shell height of ~16.0-17.0 mm, and whorl spire
number of 5.4-6.4 (Emberton, 1995). All specimens were collected
from terrestrial substrates (leaf litter, rocks, fallen logs), held for five
days in plastic bags without access to food at 10 °C to assure that gut
contents were voided, and then preserved in 80% ethanol.

Although specific information about Neohelix behavior is unknown,
the majority of land snail species are known to be active at night and/or
during rainy periods. Shell growth mostly occurs during periods of
activity (warmest and wettest seasons of the year). Generally, land
snails of temperate zones can enter in a dormant state (cease growing)
when temperatures drop below ~10 °C or rise above ~27°C (e.g.,
Cook, 2001). Neohelix is expected to become dormant from several
weeks to a couple of months during the winter season, when tem-
peratures drop significantly. We assume as a working hypothesis that
the measured individuals were active and grew shell for much of the
growing season (i.e., from late February to late November).

2.3. Laboratory analyses

2.3.1. Stable oxygen isotope analysis of the water

Twelve milliliters exetainers™ containing a small aliquot (< 0.2 ml)
of 100% H3PO, acid were flushed with 0.3% CO, in He to replace air in
the headspace of the water sample vials. Acid was added to the water
samples to lower the pH and prevent oxygen isotope fractionation be-
tween the aqueous CO, and other species of the dissolved inorganic
carbon (DIC) such as H,CO3; or CO3. Lower water pH also facilitates
exchange between the oxygen isotopes in the water and aqueous COs,
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and minimizes exchange with other DIC species, which are virtually
non-existent at low pH. Water (0.5 ml) was then injected through a
septum into the vial and left to equilibrate at 25°C for 48 h. The
headspace was then analyzed using a Gas Bench II peripheral device
connected to the Finnigan Delta®™ " XL continuous flow isotope ratio
mass spectrometer (CF-IRMS). Stable isotope values are reported in 8
notation relative to the Standard Mean Ocean Water (SMOW). The &
values are defined as:

3180 = [(Rsample/Rstandard)_l] X 1000 (%o) (@D)]
where R = 180 /1°0. Analytical uncertainty was + 0.1%o based on
repeated measurements of several VSMOW: Vienna-Standard Mean
Ocean Water (80 = + 0%o) and SLAP: Standard Light Antarctic
Precipitation (8'80 = — 55.5%0) international standards dispersed
throughout a run.

2.3.2. Stable nitrogen and carbon isotope analysis of the organic matter

Freshly-picked tree leaves were rinsed with distilled water and
oven-dried at 40 °C for 48 h. We focused on analyzing fresh leaves ra-
ther than other plant parts (e.g., stems) because we assume than snails
would preferentially consume the softer parts of the plants. Samples of
fungi, moss, and lichen were rinsed with distilled water and dried
overnight at room temperature. Dried samples were then ground finely
using an electric blender. Duff and humus samples were treated with
2 M HCI overnight at room temperature to remove possible carbonate
minerals. Samples were then rinsed with deionized water and oven-
dried at 40 °C for 48 h.

The soft snail body was separated manually from the shell, rinsed
with deionized water, oven-dried at 40 °C overnight and homogenized
using an electric blender. The shell organic matter was extracted from
each homogenized shell by placing the shell in a beaker with 2 M HCl
solution at room temperature until the shell carbonate fully dissolved
(several hours). A small aliquot of the pulverized pre-treated shell was
saved for carbonate isotopic analysis. The organic matter, which in-
cluded the periostracum and both the acid soluble and insoluble or-
ganic matrix of the shell, was recovered as a pellet after centrifugation,
rinsed with deionized water, and oven dried at 40 °C overnight.

Organic samples preserved in ethanol do not vary considerably in
815N with respect to the original tissue whereas the §'°C may vary as a
consequence of resulting lipid extraction, particularly in fat-rich tissues
(e.g., Hobson et al., 1997; Sarakinos et al., 2002; Sweeting et al., 2004;
Barrow et al., 2008). Land snail body tissue is rich in protein
(> 15-30% by weight) and poor in fat content (< 2-4% by weight)
(e.g., Lubell, 2005 and references therein). This was confirmed by a
preliminary laboratory test, which indicated that lipid-extracted and
non-lipid extracted snail body samples yielded similar §'3C values
(offsets between treated and non-treated samples were lower than
~0.2%0; n = 10). Consequently, the preservation method employed
here for land snail samples should have not affected substantially the
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Table 2

Site-averaged ( + standard deviation) of carbon and nitrogen isotopes of potential snail foods.
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Tsuga (Pinaceae)

Rhododendron (Ericaceae)

Locality Altitude (m) n 83¢c 815N n 8'3¢c 815N
Santeetlah Bridge 710 7 —-29.9 * 1.2 -25 * 0.2 7 —-29.6 * 21 -3.0 = 07
Rhododendrom 800 6 —-29.4 = 0.7 -13 = 0.3 6 -303 £ 1.1 -3.6 = 0.9
Graves' Camp 845 5 —29.7 £ 09 —-25 * 1.3 6 —-303 = 1.5 -27 = 1.2
Sand Creek 910 7 -29.1 £ 0.9 -11 = 1.1 7 -306 * 1.1 -29 = 09
Cold Branch 1010 7 —-29.7 + 0.6 -23 = 0.8 6 —-29.3 * 14 -24 = 0.7
Whigg Branch 1135 7 —29.0 £ 0.7 -1.9 = 0.7 6 —295 *+ 14 —-36 = 0.8
Stratton Gap 1310 7 —28.0 = 1.1 -22 = 1.0 6 —-29.2 = 1.3 —29 = 0.8
Hooper Bald 1620 7 —26.6 = 0.6 -0.2 = 0.7
Betula (Betulaceae) Duff
Locality Altitude (m) n 83¢c 815N n §'3¢ 815N
Santeetlah Bridge 710 5 -30.7 = 09 -01 = 1.8 1 —28.8 -1.7
Rhododendrom 800 4 —-29.2 = 0.7 —-43 = 0.7 1 —28.0 -15
Graves' Camp 845 5 -30.2 + 1.2 -11 +* 1.7 1 —28.2 -2.0
Sand Creek 910 5 -31.0 £ 1.0 —-1.8 + 1.2 1 —-29.2 —-2.6
Cold Branch 1010 5 —-30.0 = 1.6 -1.7 £ 1.3 1 —-28.3 -0.8
Whigg Branch 1135 5 -30.6 * 1.1 -07 + 1.4 1 —28.4 -13
Stratton Gap 1310 5 —-298 + 1.6 -09 + 0.6 1 -27.4 -1.8
Hooper Bald 1620 5 —285 = 0.8 —-1.6 = 1.0 1 —-26.7 +0.1
Humus Fungi
Locality Altitude (m) n 8'3c 5'°N n §'3c SN
Santeetlah Bridge 710 4 —283 + 0.4 -03 = 1.1 2 —-26.0 £ 0.3 -0.4 = 47
Rhododendrom 800 4 —-27.6 + 0.3 -09 = 1.1 3 —249 * 3.0 +0.5 = 2.2
Graves' Camp 845 3 —-27.8 £ 04 —-15 += 1.6 4 —236 = 1.2 -14 = 26
Sand Creek 910 6 —-27.8 £ 0.9 -03 = 15 2 —244 = 0.0 +3.2 + 6.6
Cold Branch 1010 5 -27.8 + 0.7 -02 = 1.1 2 —248 £ 0.8 +0.0 = 2.0
Whigg Branch 1135 5 —-28.0 = 0.7 -01 = 1.2 2 —-235 * 0.3 +1.2 = 0.5
Stratton Gap 1310 5 —-27.7 £ 0.3 -1.2 = 2.0 4 —234 = 08 -09 = 21
Hooper Bald 1620 4 -269 + 0.5 +06 = 1.1 3 —-223 £ 0.8 +0.9 = 2.7
Lichen Moss
Locality Altitude (m) n 813¢c 815N n 8'3¢c 815N
Santeetlah Bridge 710 2 —25.0 * 0.6 -95 = 27 2 -31.1 = 0.3 -3.7 = 05
Rhododendrom 800 4 —-242 * 1.3 -8.6 = 3.3 3 —-29.8 * 1.7 -31 =03
Graves' Camp 845 2 —25.3 = 23 —-78 =53 1 —28.8 —45
Sand Creek 910 1 —23.8 -7.7 1 —30.1 -4.2
Cold Branch 1010 2 —-241 * 0.8 -10.4 + 3.6 1 —26.2 -5.6
Whigg Branch 1135 2 —229 = 25 -87 = 1.0 1 —29.4 —-53
Stratton Gap 1310 2 —-225 * 0.1 -99 = 1.4 1 -30.9 -39
Hooper Bald 1620 5 —252 * 48 -4.7 = 3.6 2 —-26.4 = 0.4 -43 = 1.2
n: number of samples analyzed.
Table 3
Site-averaged ( + standard deviation) of carbon, nitrogen and oxygen isotopes of land snail shell and tissue.
Locality n Altitude (m) Body Shell organics Shell carbonate
53¢ S15N s13¢ 515N s13¢ 5180
Santeetlah Bridge 3 710 —25.7 £ 0.8 +22 * 0.7 —-26.4 = 1.0 +15 = 15 -11.8 = 09 -15 = 0.7
Rhododendron 8 800 —-251 * 0.7 +1.2 £ 0.2 —-255 + 0.7 +0.9 + 0.4 -10.7 £ 1.3 -18 = 1.2
Graves' Camp 6 845 —24.0 = 0.3 +22 + 1.4 —246 + 0.4 +0.8 = 0.6 -97 + 1.2 -1.4 = 05
Sand Creek 7 910 —249 = 0.8 +23 * 1.6 —25.0 = 0.8 +15 += 1.4 —-11.6 = 2.0 -19 = 0.8
Cold Branch 8 1010 —26.3 = 0.6 +2.0 = 1.0 —-269 = 0.5 +1.3 = 0.7 —11.5 £ 0.8 -21 = 0.7
Whigg Branch 9 1135 —-254 + 1.3 +1.2 + 0.6 -252 + 1.3 +1.0 = 0.5 -11.7 £ 21 -1.8 = 0.8
Stratton Gap 6 1310 -253 * 1.7 +15 + 0.7 —-259 + 15 +1.1 = 0.8 -11.0 = 0.8 -2.0 = 0.8
Hooper Bald 8 1620 —254 = 0.6 +1.4 = 05 —-26.0 £ 0.8 +1.2 = 0.3 —-11.5 £ 2.2 —-21 = 0.8

n: number of samples analyzed.
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8'3C and 8'°N values of the original tissues. Moreover, potential effects
of ethanol should have affected equally all analyzed samples because
they all were preserved using the same method.

Between 1.0 and 1.5 mg of organic matter was weighed into a tin
capsule, crimped, and combusted in a Carlo Erba Elemental Analyzer
(NC 2500). The CO, and N, produced after combustion were analyzed
in the CF-IRMS. Stable isotope results are reported in § notation relative
to Pee Dee Belemnite (PDB) for carbon isotopes and air for nitrogen
isotopes. Analytical uncertainty for both isotopes was = 0.1%o based on
the repeated measurements of several in-house standards: (1) DORM 3
(NRC Canada dogfish muscle): 813C = —19.6%o and §'°N = + 12.5%q;
(2) ACE (Acetanilide from Thermo Fisher): 8'3C = —29.3%0 and
8N = — 0.4%o; and (3) CCHICK (lipid extracted chicken feathers from
Athens, GA): 8'3C = —16.4%0 and 8'°N = + 3.2%o; dispersed peri-
odically throughout a run sequence (n = 15). Reproducibility of re-
plicate samples was generally better than + 0.2%o (n = 3) for 8'°N and
8.

2.3.3. Stable oxygen and carbon isotope analysis of the shell carbonate

Small aliquots of each pre-cleaned and finely ground whole shell
were treated with 3% NaOCI (reagent grade) overnight at room tem-
perature (~22 °C) to remove organic contaminants and shell organic
matter. Previous laboratory tests indicated that NaOCl-treated and
untreated shell exhibit equivalent carbon and oxygen isotope values
(< 0.2%o). About 150 ug of carbonate powder was placed in a 6 ml
Exetainer™ vial that was subsequently flushed with helium to replace
the headspace. The carbonate was then converted to CO, gas by adding
0.1 ml of 100% H3PO, at 25 °C. The resulting CO, was analyzed after
24 h using the GasBench II connected to the CF-IRMS. Stable isotope
results are reported in § notation relative to Pee Dee Belemnite (PDB)
for both carbon and oxygen isotopes. Analytical uncertainty was +
0.1%o based on the repeated measurements of the international stan-
dard NBS-19 (8'3C = +1.95%0 and §'®0 = — 2.20%0) throughout a
run (n = 24). Reproducibility of sample replicates was generally better
than + 0.2%o (n = 5) for both 8'3C and §'%0.

Water, vascular plants and snail samples were all prepared and
analyzed in the Savannah River Ecology laboratory (SREL) of the
University of Georgia (UGA) whereas fungi, moss and lichen samples
were prepared at the University of Cincinnati (UC) and analyzed in the
Stable Isotope Facility of the University of New Mexico (UNM).

2.4. Statistical treatment

All statistical analyses were performed using PAST 3.12 software
(Hammer et al., 2001) considering statistical significance at o = 0.05.
Due to the uneven number of samples of different organisms per site,
and because we wanted to evaluate the relationship among variables
along an altitudinal gradient, we contrasted site-averaged data rather
than raw data. Because of the limited number of sampling sites (eight
localities along the altitudinal gradient) we used Spearman correlation
coefficients to measure the strength of monotonic association between
two ranked variables. Ordinary least square regression was employed
for site-averaged data (n = 8) to estimate the slope and intercept of the
potential linear relationships between variables. Pearson correlation p-
values are included together with linear regression equations in figures.

2.5. Land snail flux balance mixing models

Balakrishnan and Yapp (2004) developed a simple steady-state flux
balance-mixing model to interpret the aragonitic shell §'°C and §'%0 of
land snails. These models optimize the information that can be ex-
tracted from the shell carbonate precipitated during snail growth in a
quantitative manner. The 8'%0 model establishes (1) a quantitative
relationship between the amount and isotopic composition of liquid
water imbibed or absorbed by the snails, (2) the amount and isotopic
composition of liquid water from the snail body fluid, (3) the diffusive
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flux of water from the body fluid by evaporation, and (4) the tem-
perature dependent oxygen isotope fractionation between the body
fluid and aragonite shell (Grossman and Ku, 1986). The model posits
that temperature, 8'®0 of water and water vapor, and relative humidity
are the most important variables in the accurate determination of the
body fluid and the shell §'®0 (Balakrishnan and Yapp, 2004). Another
important parameter is the flux of liquid water output from the body
fluid (f,) relative to the flux of liquid water ingested by the snail (fi,)
during shell formation (i.e., when the snail is active). This ratio is called
0, which is defined as 0 = (f,/fi,). Balakrishnan and Yapp (2004)
showed that it is appropriate, in many instances, to assume that am-
bient water vapor is in isotope equilibrium with the imbibed or ad-
sorbed liquid water (see also Yanes et al. 2011a). Furthermore, for
6 < 0.40, an assumption that snail body fluid is lost only by evapora-
tion (i.e.,, ® = 0) is a good approximation and introduces very little
error in model calculations (Balakrishnan and Yapp, 2004). Thus, a
value of 6 = 0 is adopted here. Model calculations are also constrained
by the use of the measured shell carbonate §'0, the mean ambient
temperature when snails deposited shell (~20 °C at 710 m and ~16 °C
at 1620 m), and the measured 880 of rainfall: — 5.6 (%0 SMOW) at
710 m and — 6.3 (%0 SMOW) at 1620 m.

For 8'3C, the model builds a quantitative relationship between the
amount and isotopic composition of plants consumed by snails, the
amount and isotopic composition of bicarbonate generated in the snail
body fluid, and the diffusive flux of CO, gas from the snail body fluid.
Another parameter that arises in the model is the flux of bicarbonate
output from the body fluid (f,) relative to the flux of input bicarbonate
arising from metabolic oxidation of dietary items consumed by the snail
(fin) during the shell mineralization process (i.e., when the snail is
feeding). This ratio is called ®, defined as ® = (f,/fi,), which varies
with metabolic rate (see Balakrishnan and Yapp, 2004 for further de-
tails). Model calculations are constrained by the use of the measured 8
13C values for shell carbonate and organic matter tissues (i.e., plants,
snail body, shell organics) and the mean ambient temperature during
shell morphogenesis. We parameterized the model by assuming an
ambient temperature of ~20 °C in our study area, but it has been shown
that variance in temperature of calcification has a minor effect on the
model output (Balakrishnan and Yapp, 2004). We also assumed that
snails deposited shell carbonate from dietary sources obtained ulti-
mately from C; plants.

2.6. Dietary reconstruction via IsoSource

Contributions of potentially consumed food resources by snails (in
this study, Cs plants, duff, humus, fungi, moss, and lichen) were com-
puted using the IsoSource 1.3.1 software (https://www.epa.gov/eco-
research/stable-isotope-mixing-models-estimating-source-proportions)
(Phillips and Gregg, 2003), which is consistent with isotopic mass
balances. This model computes the range of feasible source contribu-
tions to a mixture when there are too many sources to allow a unique
solution through isotopic signatures (Phillips and Gregg, 2003;
Newsome et al. 2004; Phillips and Newsome, 2015). All possible com-
binations of each source contribution (0-100%) are examined in small
increments (in this study, 2%). Combinations that sum to the observed
mixture of isotopic signatures within a small tolerance (in this
study, = 0.1%o) are considered feasible solutions, from which the fre-
quency and range of potential source contributions can be determined
(Phillips and Gregg, 2003; Newsome et al., 2004; Phillips et al., 2015).
The mean carbon and nitrogen isotope values of all measured snail
body tissues (n = 55) were adjusted for trophic fractionation before
analysis to 0.4%o and 3.4%o for carbon and nitrogen, respectively (Post,
2002).


https://www.epa.gov/eco-research/stable-isotope-mixing-models-estimating-source-proportions
https://www.epa.gov/eco-research/stable-isotope-mixing-models-estimating-source-proportions
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3. Results
3.1. Rainwater §'%0

The §'80 values for individual rain events from the Big Santeetlah
Creek watershed ranged from — 6.3%o to — 5.2%o (Table S1) and de-
clined significantly with increasing altitude (Fig. 2A). The 8'®0 of rain
samples collected in February and October were not significantly dif-
ferent. The lapse rate of site-averaged rain 8§'®0 was ~0.07%o per
100 m (n = 8) (Table 1; Fig. 2A). The §'80 of calculated mean annual
precipitation (MAP) from the Online Isotopes in Precipitation Calcu-
lator (OIPC; (http://www.waterisotopes.org) were 1.1 to 2.4%o lower
than measured rain samples from the Big Santeetlah Creek watershed
(Table 1). Calculated MAP 880 declined ~0.22%o per 100 m increase
in altitude. Lower precipitation §'80 values estimated from the OIPC
model are likely due to the inclusion of precipitation events with lower
880 values during the winter months.

3.2. Shell carbonate §'0

The 820 of shell carbonate ranged from — 3.6%o to + 0.4%o (Table
S3), with a mean value of —1.9 * 0.8%o. Site-averaged shell 8'%0
(Table 2) declined significantly with altitude at the rate of — 0.06%o per
100 m (Fig. 2B) and correlated positively with average §'0 of the
measured precipitation by site (Spearman correlation: ry = 0.83;
p = 0.017; n = 8) (Fig. 2C) and the calculated MAT §'®0 from the
OIPC website (Spearman correlation: rg = 0.59; p = 0.039; n = 8)
(Fig. 2D). Shell 8'0 was uncorrelated with 8'3C and 8'°N values from
plants, snail bodies, and shell organics.

The outputs of the flux balance mixing model by Balakrishnan and
Yapp (2004) for shell §'%0 (Fig. 3) suggest that snails at 710 m, with a
mean shell 880 value of —1.5 (%o PDB), precipitated carbonate at
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2
===-T=20 °C; Rain = -5.6 (%0 SMOW)
—— T =16 °C; Rain = -6.3 (% SMOW)

Snails collected
f at 1,620 ma.s.l.

Snails collected
at710 mas.l

Shell carb. 880 (%o, PDB)

" 0.89 0.91 '0.93

Relative Humidity

Fig. 3. Calculations of shell 8'®0 using the snail evaporative steady-state flux balance
model of Balakrishnan and Yapp (2004), assuming isotopic equilibrium between pre-
cipitation and water vapor (see text). Filled circles represent the mean measured shell
880 for snails at 710 and 1620 m. Heavy arrow depicts a hypothetical trajectory of
declining shell 8’0 with increasing altitude, as a result of the combined effects of in-
creasing relative humidity, declining precipitation §'®0 and decreasing temperature.

times when relative humidity was ~0.89, ambient temperature was
~20°C and rain 8'®0 was ~—5.6 (%o SMOW). On the other hand,
snails at the highest altitude locality (1620 m), with a mean shell §'%0
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Fig. 4. Carbon stable isotopes of food resources along an altitudinal gradient in the Big Santeetlah Creek watershed. (A) 8'3C of Tsuga canadensis. (B) 8'>C of Betula alleghaniensis. (C) §'C
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of the data for cases where statistical significance is reached.

of —2.1 (%o PDB), plausibly deposited carbonate when relative hu-
midity was ~0.91, air temperature was ~ 16 °C and precipitation §'%0
was ~—6.3 (%0 SMOW), on average (Fig. 3). Thus, calcification at
lower sites appears to have occurred under slightly drier and warmer
conditions.

3.3. Potential food resources §*°C and §'°N

The 8'3C of living leaves of the three C; tree species ranged from
—32.8%0 to — 26.2%o (Table S2). The 8'3C for the coniferous Tsuga
canadensis (Fig. 4A) increased significantly with altitude at a rate of
0.4%o per 100 m, in agreement with lower carbon uptake by carbox-
ylation at higher sites (Korner et al., 1988). In contrast, §'3C for the
deciduous tree Betula alleghaniensis (Fig. 4B) and the small evergreen
broadleaf tree, Rhododendron maximum (Fig. 4C), were uncorrelated
with altitude. The 8'3C of duff and humus varied from — 29.2%o and
—26.3%o (Table S2), and increased significantly with altitude at the
rate of +0.1%o0 and + 0.2%o per 100 m, respectively (Fig. 4D-E). Fo-
liage of all tree species combined (n = 135) exhibited a mean 83¢c
value of — 29.5%o whereas soil organic matter (n = 43) showed a mean
value of — 27.8%o (almost ~2%o enriched in '*C compared to living
plants). 8'3C values varied from — 28.2 to — 21.5%o in fungi (n = 22),
—30.4 to — 20.5%o in lichen (n = 20) and — 31.3 to — 26.1%o in moss
(n = 12)(Table S2). While 8'3C increased 0.3%o per 100 m in fungi
(Fig. 41), it did not vary systematically with altitude for lichen (Fig. 4H)
and moss (Fig. 4G).
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The 8'°N of fresh tree leaves ranged from — 5.2%o to + 1.6%o (Table
$2). The foliar 8'°N of Tsuga canadensis (Fig. 5A), Betula alleghaniensis
(Fig. 5B), and Rhododendron maximum (Fig. 5C) did not vary with al-
titude. 8"°N of bulk soil organic matter samples varied from — 4.7%o to
+2.2%0 (Table S2), but neither duff (Fig. 5D) nor humus (Fig. 5E)
showed a trend with altitude. Fresh plant tissue (n = 135) exhibited a
mean 8'°N value of — 2.1%o whereas bulk soil organic matter (n = 43)
displayed a mean value of — 0.6%o (~1.5%o higher than living vascular
plant matter). The 8'°N of fungi (n = 22), lichen (n = 20) and moss
(n = 12) varied between — 4.8 and + 7.8%o; — 13.0 and — 0.8%o; and
—5.6 and — 2.8%o, respectively (Table S2). As with vascular plant
samples, the 8'°N of fungi (Fig. 5I), lichen (Fig. 5H) and moss (Fig. 5G)
did not vary predictably with altitude.

3.4. Land snail organic tissues §'°C and §"°N

The 8"3C of snail body (n = 55) ranged from — 28.3%o to — 23.2%o
(Table $3), with a mean value of —25.3 + 1.1%o. Body §'3C did not
vary significantly with altitude (Fig. 6A; Table 2). The §'3C of shell
organics ranged from — 28.2%o to — 24.0%o (Table S3), and showed a
mean value of —25.7 + 1.1%o. Shell organic matter 8*3C did not ex-
hibit a trend with altitude either (Fig. 6B; Table 2). The site-averaged
8'3C values of snail body and shell organics were correlated (Spearman
correlation: rg = 0.90; p = 0.005; n = 8; Fig. 6D) but both were un-
correlated with mean 8'3C values of food resources per site. The carbon
isotopic offset between snail body and C; plant (A13Cb0dy_plam) within
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sites varied from +1.8%o0 to + 5.7%o0, with a mean value of
+3.9 + 1.2%o. Site-averaged A'>Cgneli org plant varied from 1.2%o to
5.0%o0, and exhibited a mean value of + 3.4 = 1.3%o. On the other
hand, the site-averaged A'Cpody-sheil org. Tanged from + 0.2%o to
+ 0.7%o0, with a mean value of + 0.4 * 0.3%o.

The 8'°N of snail body ranged from + 0.4%o to + 4.9%o (Table S3),
and exhibited a mean value of + 1.7 = 1.0%o. Body 8'°N did not show
a trend with altitude (Table 2; Fig. 7A), but samples from lower sites
(< 1100 m) showed relatively higher values and exhibited a wider
variance than samples from higher locales (> 1100 m). This pattern
could potentially be explained by wetter/cooler conditions in higher
altitude sites, which would lower the vegetation §'°N (Handley et al.
1999). A similar trend was observed in the §'°N of shell organics (Table
S3), which ranged from + 0.0%o to + 3.4%o, with a mean value of
+1.1 * 0.8%o (Table 2; Fig. 7B). There was no trend in the 8'°N of
body or shell organics with altitude (Fig. 7A-B). The nitrogen isotopic
offset between snail body and C; plant (A15Nb0dy_plam) ranged from
+ 1.9%0 to + 4.2%o, with a mean value of + 3.4 = 0.7%o (Fig. 7C).
Site-averaged A"*Nipen org._plant varied from + 1.6%o to + 3.3%o, with a
mean value of + 3.3 * 1.6%o, whereas site-averaged AlsNbody,sheu org.
varied from +0.3%0 to +1.4%o, showing a mean value of
+0.6 £ 0.4%o. 8*°N of snail body and shell organics was uncorrelated
with the site-averaged 8'°N for food resources. The site-averaged §'°N
of body and shell organics correlated positively (Spearman correlation:
rs = 0.94, p = 0.004; n = 7) if the values from the Graves' Campsite at
845 m are omitted. Finally, §'3C and 8'°N were uncorrelated for both

body and shell organics (Table 2).
3.5. Shell carbonate §'3C

The 8'3C of the shell carbonate ranged from — 15.2%o to — 7.3%o
(Table S3), showed a mean value of —11.2 * 1.6%o, and did not vary
with altitude (Fig. 6C). Shell 8'C was uncorrelated with §'*C of food
resources by site. While raw data of shell 8'C significantly correlated
with 8'3C of body and shell organics, site-averaged shell §'>C values
were uncorrelated with values of both variables (Fig. 6E, F). The carbon
isotopic offset between snail shell carbonate and C; plants (A*®Cgpent
carb.-plant) Varied from + 15.7%o to + 20.0%o, with a mean value of
+17.9 + 1.2%o. The A™Cghen carb.body ranged from +9.8%o to
+ 17.6%o, with a mean value of + 14.1 = 1.7%o. The A**Cgpent org.-shell
carb. Varied from + 10.4%o to + 17.9%o and displayed a mean value of
+14.5 * 1.6%o. Calculations from the flux balance-mixing model by
Balakrishnan and Yapp (2004) for §'3C indicate snails precipitated shell
material with similar input and output flux of bicarbonate from the
body fluid (near @ = 0.00) (Fig. 8).

4. Discussion and conclusions
4.1. Shell §"%0 as a paleoprecipitation proxy

The §'80 of snail shell carbonate declined with increasing altitude
at the rate of — 0.06%o per 100 m (Fig. 2B). This lapse rate is consistent
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with previous snail data sets from the southern Great Plains of North
America (Balakrishnan et al. 2005a), Libya (Prendergast et al. 2015)
and Tenerife Island of the Canary Archipelago (Yanes et al. 2009). This
trend is best explained by the decline in precipitation 8'%0 with in-
creasing altitude (— 0.07%o per 100 m; Fig. 2A), which in turn varies as
a function of decreasing ambient temperature (e.g., Poage and
Chamberlain, 2001; Bowman and Wilkinson, 2002). Site-averaged 880
for shell carbonate significantly correlated with measured rain 8'0
(Fig. 2C), in agreement with previous field studies using modern snails
(e.g., Lécolle, 1985; Zanchetta et al. 2005; Yanes et al. 2008, 2009;
Prendergast et al. 2015). Patterns of isotopic variance across sites in the
Big Santeetlah Creek watershed suggests that the magnitude of intra-
and inter-annual environmental fluctuations was similar across sam-
pling locales during periods of snail shell calcification. The mean iso-
topic variation of shell §'20 observed within localities in our study area

100

(~2%o) was lower than the documented dispersion of ~3-5%o in drier
locales, such as the Canary Islands (e.g., Yanes et al. 2009). Lower
variability in shell §'80 values within sites in the Big Santeetlah Creek
watershed likely reflects lower variability in environmental water §'%0
and reduced evaporation in humid Appalachian forests (e.g., Yanes
et al. 2009).

The observed offset in §'%0 between shell and ambient water
(A™Ogpell carbrain Of ~4%o) in the study area is in accord with pre-
viously published studies which have reported offsets between shell and
ambient water as large as ~12%o (Yapp, 1979; Goodfriend and
Magaritz, 1987). The offset is likely caused by the enrichment of 80 in
snail body fluid through water loss to evaporation during calcification
(Balakrishnan and Yapp, 2004).

Collectively, our results indicate that the 8'80 values of Neohelix
shells from the Big Santeetlah Creek watershed appear to be affected
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primarily by precipitation 8'®0 during periods of shell growth. Fossil
shelly assemblages of this species in North America should function
reasonably well as a paleoclimatic indicator of meteoric water 8'80
values.

4.2. Shell §"3C of Neohelix major morphotype as a paleovegetation proxy

Calculations from the flux balance mixing model indicate that land
snails displayed little variation in metabolic rates along the altitudinal
gradient in the Big Santeetlah Creek watershed (Fig. 8). These data
suggest that variation in 8'3C of snail tissues are affected more by diet
than differences in metabolic rate. Roughly 74-95% of the snail shell
carbon derives from respired CO, (Stott, 2002), The observed isotopic
fractionation of ~8 to ~19%o between shell and organic tissue is ex-
pected due, in part, to the loss of isotopically lighter CO, molecules
during respiratory gas exchange (McConnaughey and Gillikin, 2008).
The carbon stable isotope fractionation between shell carbonate and
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Fig. 8. Calculations of shell §'C using the snail evaporative steady-state flux balance
model of Balakrishnan and Yapp (2004), assuming an ambient mean temperature of
20 °C. Note that other choices of temperatures do not significantly change model calcu-
lations.

snail organic tissue (~14%o) reported in this study is comparable to
results of previously published studies for other large snail species (e.g.,
Stott, 2002; Metref et al. 2003; Yanes et al. 2008, 2013c; Prendergast
et al. 2017).

Site-averaged shell 8'3C did not correlate with body and shell or-
ganics 8'3C (Fig. 6E-F). This suggests that even though snail shell §'3C
should primarily reflect the 8'3C of the snail organic tissues, which in
turn records the signature of the consumed and assimilated foods, other
factors are at work. Some field studies have shown that snails may in-
gest significant amounts of inorganic carbon from carbonate bedrock as
a source of calcium to build their shells (e.g., Goodfriend, 1987;
Goodfriend and Hood, 1983; Goodfriend et al. 1999; Yanes et al. 2008,
2013c). However, carbonate rocks are rare to absent in the Big San-
teetlah Creek watershed, and therefore, limestone ingestion seems to be
an unlikely cause of the apparent mismatch between the §'*C of shell
and organic tissues. Additionally, some studies have suggested that
shell 8'3C can also be impacted by atmospheric CO, (Liu et al. 2007;
McConnaughey and Gillikin, 2008) and perhaps, this may be the case
for Neohelix. All in all, the present work indicates that additional re-
search is needed to further understand the environmental significance
of shell 8'3C in forested ecosystems. Future research on land snail
foraging ecology should (1) investigate §'3C and §'°N profiles of a
wider range of potential food resources (e.g., decayed animal matter,
insects, wood ash, etc.), (2) analyze multiple syntopic snail species with
possible differing ecological habits (e.g., microsnails versus large
snails), and (3) consider complementary field observations, gut content
analysis, and/or feeding laboratory experiments.

4.3. Assessing the foraging ecology of Neohelix major morphotype

The majority of land snail species are considered generalized her-
bivores that consume plants indiscriminately in relation to their
abundance in the landscape (Speiser, 2001). 8'3C and 8'°N values of
soft body tissues of Neohelix living in the Big Santeetlah Creek wa-
tershed in the Appalachian Mountains are comparable to those of snails
classified as primary consumers (herbivores) and omnivores or microbe
feeders in a tropical forest in Hawaii (Meyer and Yeung, 2011). We
compared Neohelix values to those of potential dietary items, including
Cs plants, non-vascular plants (moss), decayed organic matter (duff and
humus), lichens, and fungi (Fig. 9). IsoSource model outputs suggest
that snails fed primarily on fungi (~48 =+ 6% of the diet), followed by
lichen (=17 *= 3%), humus (~11 * 16%), duff (~10 * 14%), moss
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Fig. 9. Assessment of the foraging ecology of the land snail Neohelix major morphotype
from the Big Santeetlah Creek watershed. Numbers between brackets depict Isosource
outputs indicating possible relative average contributions of food items to snail's diet.

(~8 = 7%) and C3 plants (~7 *= 11%). Surprisingly, fresh C3 plants
appear to constitute a minor component of Neohelix diet, which sug-
gests that Appalachian land snails may have more complex diets than
anticipated. Other field studies have reported fungi as an important part
of land snail diets (e.g., Dourson, 2008; Meyer and Yeung, 2011) and a
laboratory experiment showed that some species preferred fungi over
plant tissue (Puslednik, 2002).

Our results suggest that multi-isotope analyses of snails and their
potential food sources offer significant insight on snail diets.
Investigators should not overlook the need to understand modern land
snail foraging ecology before interpreting shell 8'3C from fossil or ar-
cheological specimens.
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