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Abstract

The fossil molluscan fauna of Sandelzhausen (Early/Middle Miocene, SE Germany) comprises a total of 44 species, mostly
terrestrial pulmonate snails. Herein we present a paleoecological analysis of this fauna based on an actualistic approach and
on data on stable isotopes of carbon and oxygen (assessed from specimens of the freshwater lymnaeid snail Galba dupuyiana
and the terrestrial clausiliid snail Pseudidyla moersingensis). The paleoecological reconstruction achieved here is in line
with previous works, with some novelties and minor modifications. The basal sediment layers point to a swampy area with
ponds and/or oxbow lakes (closed system, as indicated by the covariation between oxygen and carbon isotopic signals of G.
dupuyiana), prone to seasonal flooding events. This environment would then gradually transition into a perennial lake, as
indicated by: the proportion of planorbids, the appearance of aquatic species intolerant to desiccation, and the decoupling of
the covariation between oxygen and carbon isotopic signals of G. dupuyiana. The terrestrial habitat would have developed
from a more open environment (semi-arid/sub-humid scrubland) to a sub-humid/humid denser forest afterwards. Still, spe-
cies from drier and more open environments are present throughout all the layers, suggesting that these habitats persisted in
the lake’s hinterland. The mean annual temperature, calculated from the oxygen isotopic composition of P. moersingensis,
ranges from 18.5 to 20.5 °C, but with no significant trend of change throughout the layers.

Keywords Gastropoda - MN 5 European Mammal Neogene zone - Paleoenvironment - Pulmonata - Stable isotope analysis

Kurzfassung

Die Molluskenfauna von Sandelzhausen (Unter-/Mittelmiozidn, SE Deutschland) beinhaltet 44 Arten von vorwiegend pul-
monaten Landschnecken. Wir prisentieren eine paliodkologische Analyse dieser Fauna, basierend auf einem aktualis-
tischen Ansatz sowie auf stabilen Sauerstoff- und Kohlenstoffisotopen. Die Isotopen wurden an Schalen der lymnaeiden
StiBwasserschnecke Galba dupuyiana und der terrestrischen clausiliiden Schnecke Pseudidyla moersingensis gemessen. Die
paldookologische Rekonstruktion bestitigt frithere Studien, zeigt aber auch neue Ergebnisse. Die basalen Sedimentablagerun-
gen stellen sumpfige Bereiche mit Tiimpeln und/oder Altwasserarmen mit gelegentlichen Uberschwemmungen dar. Hinweise
auf derartige geschlossene Systeme werden durch die parallelen Anderungen der Sauerstoff- und Kohlenstoffisotopen in
Schalen von G. dupuyiana angezeigt. Die dariiber folgende Fauna mit Planorbiden, das Erscheinen von aquatischen Arten
die kein Trockenfallen vertragen, sowie die entkoppelten Anderungen der Sauerstoff- und Kohlenstoffisotopen-Signale von
G. dupuyiana, zeigen einen Wechsel des Systems in einen mehrjihrigen See an. Die terrestrischen Habitate wechselten von
einem relativ offenen Lebensraum (semi-arides bis sub-humides Buschland) in einen sub-humiden bis humiden, dichteren
Wald. Arten aus trockeneren und eher offenen Lebensrdaumen kommen in allen Schichten vor, was darauf hinweist, dass
diese Habitate im Hinterland Bestand hatten. Die aus den Sauerstoffisotopen der Schalen von P. moersingensis errechnete
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durchschnittliche Jahrestemperatur liegt zwischen 18,5 und 20,5 °C. Im Verlaufe der Sedimentation gab es keine eindeutigen

Temperaturschwankungen.

Schliisselworter Gastropoda - MN 5 European Mammal Neogene Zone - Paldoenvironment-Rekonstruktion - Pulmonata -

Stabile Isotopen

Introduction

Lacustrine sediments and their biogenic carbonates are
considered important sources of paleoenvironmental infor-
mation (Filippi et al. 1997; Anadén et al. 2007; Deocampo
2010). Among the continental carbonate-producing animals,
mollusks can be reliable paleoecological and paleoenviron-
mental indicators (Goodfriend 1992; Miller and Tevesz
2001; Yang et al. 2001; Mienis and Ashkenazi 2011).

There are two main approaches that have been used to
reconstruct past climatic and environmental settings based
on continental mollusks: analyses of faunal composition
and of the isotope content of shell carbonate (Goodfriend
1992). The first one is usually a qualitative method regarding
the species composition of the fossil assemblage, based on
comparisons with the ecology of recent animals; this pro-
cedure may be accompanied by quantitative analyses, such
as relative abundance of species and/or ecological groups.
This is possible because continental mollusks, especially
land snails, tend to be restricted to certain habitats at a
genus level, thus making them good paleoecological prox-
ies (Barker 2001; Cook 2001; Moine et al. 2002; Pearce and
Orstan 2006). Therefore, ecological data of habitats known
from recent genera can be extrapolated to congeneric fossil
species. This actualistic approach is very informative, being
well-established and successfully explored in the literature
(e.g., Sparks 1961; Nuttall 1990; Fordinal 1996; Albesa
et al. 1997; Esu and Ciangherotti 2004).

The analysis of stable isotopes (oxygen and carbon) of
shell carbonate can provide key information for paleoen-
vironmental and paleoclimatological reconstruction, being
extensively explored for both freshwater (e.g., Vonhof et al.
1998; Leng et al. 1999; Tiitken et al. 2006) and terrestrial
gastropods (e.g., Lécolle 1985; Goodfriend 1992; Good-
friend and Ellis 2002). The usefulness and reliability of
both §'%0 and §'°C analysis is well-established, although
values of the latter are deemed more difficult to interpret,
especially for land snails (Stuiver 1970; Fritz and Poplawski
1974; Miller and Tevesz 2001; Balakrishnan and Yapp 2004;
McConnaughey and Gillikin 2008).

Using more than one proxy usually allows a better
paleoenvironmental interpretation (Grimes et al. 2003;
Latal et al. 2006; De Francesco et al. 2007) and thus both
of the above methods can be used together to retrieve more
information from the fossil record. The environment of the
Middle Miocene fluvio-lacustrine setting of Sandelzhausen,
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southeast Germany, has been amply explored, albeit dealing
with vertebrates and ostracods (e.g., Fahlbusch et al. 1972;
Witt 1998; Bohme 2010; Tiitken and Vennemann 2009).
The mollusks from Sandelzhausen have already been stud-
ied before (Moser et al. 2009b), but only from an actualis-
tic perspective. Therefore, in the present work we explore
both methodologies (actualistic and isotope analyses) for the
continental fossil molluscan fauna of Sandelzhausen. We
use comparisons with the Recent molluscan fauna and data
from shell isotopes (oxygen and carbon) to reconstruct the
paleoenvironmental conditions of this setting. Finally, we
compare our results with data from the literature, thus plac-
ing one more piece in the Sandelzhausen puzzle.

Geological setting

The Sandelzhausen fossil site is one of the most important
Miocene sites in Europe, with a fauna of more than 200
metazoan species, including mollusks, ostracods and repre-
sentatives of all vertebrate classes (Moser et al. 2009a, and
references therein). It is located near the city of Mainburg,
Lower Bavaria, 60 km north of Munich in SE Germany
(Fig. 1), being part of the unit known as Upper Freshwater
Molasse (“Obere Siifswassermolasse”, abbreviated OSM).
Its fossils belong to a subunit of the OSM called “Nordli-
cher Vollschotter”, composed primarily of marl and gravel
(Moser et al. 2009a). The age of the fossiliferous deposits
of Sandelzhausen was established by stratigraphic, biostrati-
graphic and magnetostratigraphic correlations, being slightly
older than 16 Ma and deposited during the Early/Middle
Miocene (Burdigalian/Langhian) transition (MN 5 European
Mammal Neogene zone; Moser et al. 2009a).

The classification of the facies from the Sandelzhausen
deposits was first established by Fahlbusch and Gall (1970),
receiving only some later refinement (Moser et al. 2009a).
In summary, from bottom to top: layer A: marly gravels,
sometimes cemented by carbonates; fossil content rare and
limited to robust skeletal parts; layer B: gravel-rich marl,
in which size and number of carbonate pebbles diminish
upwards, with intercalated sand horizons; origin of most
macrovertebrate fossils; layer C: fossil-rich marl; divided
into three smaller layers (C1, C2 and C3) by a black, organic
rich layer (C2); layer D: marl (mainly silt) with few pebbles
and diffuse carbonates and calcareous nodules; rich in fos-
sils, many in excellent preservation state due to a less intense
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Fig. 1 A Map showing the loca-
tion of Sandelzhausen. B Divi-
sion in layers of the sedimentary
profile of Sandelzhausen, with
height of sediment measured in
centimeters (upwards from the
base; see Moser et al. 2009a);
figure modified from Moser

et al. (2009b)

compaction; layer E: silty clays with microvertebrate fossils;
layer F: laminite with alternating light and dark bands, car-
bonate concretions and desiccation cracks; no fossils.

The sediment and fossils are deemed to have been depos-
ited quickly and no time averaging was detected (Tiitken and
Vennemann 2009). For a more thorough description of the
site’s lithology, see Moser et al. (2009a). Fossil mollusks
were found from layer A to D.

Materials and methods
Fossil gastropod specimens

Two species of pulmonate snails were chosen for iso-
tope analysis, the freshwater lymnaeid Galba dupuyiana
(Noulet, 1854) and the terrestrial clausiliid Pseudidyla
moersingensis (O. Boettger, 1877). Further information on
these species can be found, respectively, in Salvador and
Rasser (2014) and Salvador (2015). They were chosen for
the present study for the following reasons: (1) they are
extremely abundant and, more importantly, the specimens
are well-preserved; as such, enough specimens for the analy-
sis could be gathered. (2) They are present throughout most
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of the mollusk-bearing sediment layers (unfortunately, the
material from layers B1 and C1 were dubiously labeled,
fragmentary or recrystallized).

It was argued by Shanahan et al. (2005) that non-pulmo-
nate snails represent better the isotope composition of the
water. Unfortunately, these taxa are very poorly represented
in Sandelzhausen, with very few specimens with dubious
stratigraphic provenance and poor preservation (Salvador
2013a). As such, the abundant and well-preserved pulmo-
nates, with precise stratigraphical data, were used in the pre-
sent work. Regardless, the shells of freshwater mollusks,
pulmonates included, are deposited in isotopic equilibrium
(both oxygen and carbon) with the water and so their isotope
contents are still very useful paleoenvironmental indicators
(see Sect. 3.3).

All specimens used here stem from the digging site PQ
10-G of Moser et al. (2009a, b), where the snails were col-
lected in intervals of 5—15 cm. Nine of these intervals were
chosen (the same for both species), spanning layers B2, C3
and D1 (Table 1; Fig. 1), which contain the better-preserved
specimens. Up to four specimens of each species from each
interval were analyzed, depending on availability and preser-
vation state; all suitable specimens were used while retaining
at least one specimen from each layer as vouchers. The lots
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are listed in Table 1 and are housed in the collection of the
Bayerische Staatssammlung fiir Paldontologie und Geologie
(SNSB-BSPG; Munich, Germany).

Shell preparation and mineralogical
characterization

The selected specimens were cleaned with distilled water
and ultrasonic bath to remove adhering sediments. After-
wards, any remaining sediment was mechanically removed
under a stereomicroscope and the specimens were cleaned
in distilled water once again. After being air-dried, the entire
specimen (i.e., the shell) was crushed and ground, and the
whole homogenized powder was used for the isotope anal-
ysis. According to Shanahan et al. (2005), this is a safer
procedure because it avoids any variation in isotope com-
position along the shell growth (which might be seasonally
restricted) and results in an averaged value.

To characterize the phase content of the shells from all
sediment layers, separated single shells (a total of eight ran-
domly chosen specimens) were analyzed by X-ray diffraction
(XRD) without prior grinding. Due to the small size of the
objects, a BRUKER D8 discover microdiffractometer at the
Department of Geoscience of the Eberhard Karls Universitit
Tiibingen was used for local phase analysis, equipped with
a monocapillary optic with a 300-um beam diameter and a
large 2-dimensional detector (u-XRD?; Berthold et al. 2009).
In all chosen shells, aragonite was identified as the only car-
bonate phase and none showed hints of recrystallization,
such as crystallite coarsening. It is generally assumed that if
no recrystallization of shell carbonate occurred, the original
isotopic composition has been preserved (Grossman and Ku
1986; Latal et al. 2004, 2006) and thus the shells can be used
for paleoenvironmental analyses.

Isotope analysis

The isotope ratios (**0/!°0 and '3C/'2C) from the snail shells
are reported in the conventional 8-notation in per mil (%o)
relative to the Vienna Pee Dee Belemnite (VPDB) refer-
ence scale (Coplen 1994). Carbonate samples were digested
90 min at 70 °C in 100% phosphoric acid using a Ther-
moFisher Gasbench II and the resulting CO, was measured
in a Finnigan Mat 252 gas source mass spectrometer with a
reproducibility of ca. 0.1%o (for both oxygen and carbon).
Samples were normalized to a Lasa marble standard that was
calibrated against NBS 18 and NBS 19. The isotope analyses
were all conducted at the Department of Geosciences of the
Eberhard-Karls Universitit Tiibingen.

Shell carbonate in freshwater snails is produced in oxygen
isotope equilibrium with lake water and in carbon isotopic
equilibrium with total dissolved inorganic carbon (DIC)
in the water (Leng et al. 1999; Miller and Tevesz 2001;

McConnaughey and Gillikin 2008). The effect of diet in
carbon isotope composition is negligible (Fritz and Poplaw-
ski 1974). Fractionation of oxygen and carbon isotopes is
reported to occur between the snails’ shells and the host
water, but rarely exceeding 2.5%o (Fritz and Poplawski 1974;
Vonhof et al. 1998). It is thus assumed that stable isotope
ratios found in fossil shells closely reflect the isotopic com-
position of the water during the growing season (Fritz and
Poplawski 1974; Vonhof et al. 1998; Anadén et al. 2007).

In land snails, shell carbonate forms in oxygen and carbon
isotope equilibrium with body fluid water (Balakrishnan and
Yapp 2004). The oxygen isotope composition of the body
fluid water closely reflects that of its main source (i.e., rain
water), being only ca. 2%o enriched relative to it and usu-
ally not showing further effects of evaporative enrichment
(Lécolle 1985; Goodfriend and Ellis 2002; Balakrishnan and
Yapp 2004; Zanchetta et al. 2005). Land snail shells are thus
sensitive indicators of changes in the oxygen isotope com-
position of rainwater through time (Goodfriend and Ellis
2002). The carbon isotope composition of the shell is mainly
related to diet (DIC plays only a minor role), but often with a
considerable enrichment of '*C (Francey 1983; Balakrishnan
and Yapp 2004; McConnaughey and Gillikin 2008).

Finally, an exploratory analysis of radiogenic strontium
isotopes was conducted with the remaining scant material
available. This analysis is described in the Supplementary
Material.

Actualistic ecological analysis

The continental molluscan fauna of Sandelzhausen is almost
exclusively composed of pulmonate snails, being fully
described elsewhere (Salvador 2013a, b, 2015; Salvador
and Rasser 2014). These works served as the basis for the
stratigraphical distribution of the species presented here and
the paleoecological analysis.

The actualistic ecological analysis focuses on the genus
level: based on the known ecological preferences of extant
congeners gathered from the literature, potential paleohabi-
tats of the fossil snails are inferred. Thus, if all (or the vast
majority of) extant species of a given genus show the same
habitat preferences, there is a high likelihood that the fossil
species shared these preferences (especially if this does not
contradict other proxies, such as sedimentary and taphonom-
ical signals). On the other hand, if the extant species inhabit
a wide range of habitats, they are of very limited use (or
no use at all) for paleoecological inferences. Additionally,
some clues might be gained from functional morphology,
since some shell features might hint at further paleoecologi-
cal information.

The work of Moser et al. (2009b) has already dealt
with the paleoecology of Sandelzhausen’s fossil mollusks,
determining by this actualistic approach which kinds of

@ Springer
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habitats were present in each facies. These authors deemed
that the variation of the molluscan fauna throughout the
sediment layers in Sandelzhausen are a true ecological sig-
nal related to environmental changes not biased by tapho-
nomic processes. Nevertheless, since this kind of study
relies heavily on taxonomy, the paleoecological analysis
of Moser et al. (2009b) is repeated here, using the revised
taxonomy of Sandelzhausen’s mollusks (Salvador 2013a,
b, 2015; Salvador and Rasser 2014), which brings about
important changes regarding the identity of several spe-
cies and thus has a large impact in the paleoecological
interpretations.

Statistical analyses

Analyses were performed in R version 3.2.1 (18-06-2015; R
Core Team 2015). We used mixed effect models (Imer pack-
age) to test if the isotope values of the shells were explained
by the height of the specimen on the sediment profile (and,
by extension, the prevailing paleoenvironmental condi-
tions during that time slice), the type of isotope (oxygen
or carbon) or the interaction between type and height (i.e.,
whether the slopes of the resulting curves differed). The
samples from which each pair of isotopes were extracted
were included as a random effect to correct for the non-inde-
pendence of these values. A simple regression analysis was
used to correlate average ambient temperature and height in
the sediment, considering each of the mathematical calcula-
tions separately (see Sect. 4.1).

Results

The isotopic values of each sample can be found in Table 1.
Opverall, the values obtained fall within a reasonable interval
of variation for each layer (Table 1), with a possible excep-
tion being the carbon isotope values from the shells of G.
dupuyiana in some layers (heights ~ 107.5 and ~ 152.5 cm;
Table 1), which display large standard deviations when com-
pared to the rest (including oxygen isotopes and P. moersin-
gensis). With the present material, it is not possible to know
whether this is a natural variation or an artifact (e.g., one
specimen might have shown a very small degree of recrystal-
lization), but these two cases do not seem to have an impact
in the overall trend (see Sect. 4.2).

Table 2 lists all mollusk species occurring in Sand-
elzhausen, with data on presence/absence for each layer
and abundance. There is a clear variation in both the iso-
topic values (Table 1) and the faunal composition (Table 2)
throughout the layers. This will be explored in further detail
in the discussion.

@ Springer

Oxygen isotope analysis

The 830 values of land snail shells can be used to calculate
the mean annual temperature (MAT) of the paleoenviron-
ment. To achieve this, there are two equations proposed in
the literature. Firstly, Lécolle (1985) proposed an equation
calibrated for the Recent land snail fauna (as a whole) of the
Mediterranean region of France:

T(°C) = 1.72 X 6" Ogpe1t aragonite (veDB) + 1546 (R* = 0.8)

Secondly, Zanchetta et al. (2005) did a similar study for
the Recent Italian snails, providing the following equation:

T(°C) = 1.15 X 5" Ogpep aragonite (vppB) + 15-79 (R* = 0.36)

The MAT results of entering the 8'%0 values of the
land snail P. moersingensis into these equations are given
in Fig. 2. The MATS recovered display similar patterns,
but there is no significant trend of temperature variation
throughout the studied sediment profile (p = 0.07 for both
equations).

Carbon isotope analysis

Here, the main interest in the carbon isotope values lies in
knowing whether they co-vary with the oxygen isotopes.
This seems to be the case in Sandelzhausen from layer B2
to the beginning of layer C3 (heights 60—100 cm; Fig. 3),
despite the scarce and scattered data points. Taking only
these lower parts of the section into account, the interaction
of height and type of isotopes did not significantly correlate
with the isotope value (Table 3). This means that the slopes
of the curves do not differ for these layers (Fig. 3). However,
from the bottom of layer C3 onwards (> 100 cm) the interac-
tion between the two isotope types was significant (Table 3).
This means that the slopes of the isotopes are significantly
different (i.e., the values do not co-vary; Fig. 3).

When the whole dataset was considered and when only
the lower heights were taken into account, the interaction of
height (and, by extension, the prevailing paleoenvironmental
conditions during that time slice) and type of isotopes did
not significantly correlate with the isotope value (Table 3).
However, when considering heights greater than 100 cm, the
interaction was significant, meaning that the slopes for each
isotope type were significantly different (Table 3).

Mollusk assemblage: paleoecology

A list of all the mollusk species found in Sandelzhausen, as
well as their presence/absence in each sedimentary layer,
are given in Table 2. For the actualistic paleoecological
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Fig.2 Evolution of MAT
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analysis we used 32 different species (some identified only
to genus level). The remaining 12 species were excluded
for the following reasons: (1) Deroceras, Urticicola, Ver-
tigo, Lucilla, Gastrocopta and Strobilops: their Recent
congeners have too broad a range of habitats to be useful
for such an analysis (Kerney et al. 1983; Welter-Schultes
2012; Rowson et al. 2014); (2) Palaeotachea: entirely fos-
sil genus whose nearest living relatives (Cepaea and allied
genera) also have a much too broad habitat range (e.g.,
Welter-Schultes 2012); (3) Specimens with uncertain iden-
tification: ?Pyramidula sp. (Salvador 2015), Endodontidae
indet. (Salvador and Rasser 2014) and Unionidae indet.
(Moser et al. 2009b; Salvador 2013a).
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Discussion
Oxygen isotope analysis

The interpretation of shell 8'0 data from fossil snails
depends to a large extent on studies of modern analogues
(Yanes et al. 2008, 2009; Colonese et al. 2014). Zanchetta
et al. (2005) stated that equations relating shell 3'0 and
MAT reflect the countries’ Recent fauna and climate. As
the climate during the Middle Miocene was warmer than
today (e.g., Bohme 2003; Bohme et al. 2007; Bruch et al.
2007), the equations from the Mediterranean faunas used
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Table 3 Linear mixed effect

. Estimate s.e. F test Ndf Ddf P value

model results, explaining the
isotope value in the shell in (a) Whole dataset
relation to the height of the Height:isotope 3.91 1.00 30.00 0.06
sediment (and, by extension, the
prevailing paleoenvironmental Isotope 72.04 1.00 31.00 <0.01*
conditions during that time Height 2.03 1.00 30.00 0.16
§lice), type of isotope ar}d Height:isotope (oxygen) 0.03 0.01
;r:grii(;ttls;ebetween sediment Isotope (carbon) —6.87 0.35

Isotope (oxygen) —2.80 0.35

Height —-0.01 0.01

(b) Height 60—100 cm

Height:isotope 0.00 1.00 5.00 0.97

Isotope 40.64 1.00 6.00 < 0.01*

Height 0.89 1.00 5.00 0.39

Height:isotope (oxygen) 0.00 0.04

Isotope (carbon) -6.21 0.64

Isotope (oxygen) —2.63 0.64

Height —-0.03 0.04

(b) Height > 100 cm

Height:isotope 7.13 1.00 23.00 0.01%*

Height:isotope (oxygen) 0.07 0.03

Isotope (carbon) -0.29 2.81

Isotope (oxygen) —6.33 2.81

Height —-0.05 0.02

Statistics are given at the point of exclusion of the term from the model. In case of significant interactions,
estimates are given for the terms in the presence of the interaction

s.e. standard error, ndf numerator degrees of freedom, ddf denominator degrees of freedom

herein (Lécolle 1985; Zanchetta et al. 2005) are probably
well-suited for Sandelzhausen. Moreover, the molluscan
faunal composition of Sandelzhausen (and of the OSM,
in general; see below) also more closely resembles the
Recent Mediterranean one.

The MAT values obtained from the equations (Fig. 2;
approximately 19.5-22.5 °C from the equation of Lécolle
1985; approximately 18.5-20.5 °C from the equation of Zan-
chetta et al. 2005) seem to indicate a warm climate (likely
sub-tropical) and compare well to those obtained by Bohme
(2010) in her study of the ectothermic fossil vertebrates of
Sandelzhausen: 18.0-20.8 °C. Bohme (2010) proposed more
semi-arid/sub-humid climate conditions for the basal layers
and more sub-humid/humid conditions for the upper layers.
However, as stated above, no statistically significant over-
all decrease or increase in MAT could be detected based
on snail 8'%0,, ., values (Fig. 2) throughout the sediment
profile.

As a cautionary note, the calculated MAT might be a little
biased because usually no shell growth takes place during
drier months or those with temperature extremes (either too
warm or too cold). As such, the MAT only reflects the tem-
peratures that prevail during the snails’ growing season (Bal-
akrishnan and Yapp 2004). At least regarding temperature,

low seasonal variability in MAT was suggested by Tiitken
and Vennemann (2009) based on a single intra-tooth §'%0
profile of a Gomphotherium tusk.

Finally, methods for deducing (water) temperature from
freshwater snails are still not fully developed (Tevesz et al.
1997; Miller and Tevesz 2001) and only some tentative
species-specific equations for Recent species have been
proposed so far (e.g., Grossman and Ku 1986; White et al.
1999). These equations have been used for fossil snails, even
for species belonging to very distinct taxonomical groups
(Grimes et al. 2003; Tiitken et al. 2006), but these results
should be treated with much caution (Filippi et al. 1997; De
Francesco et al. 2007). As such, we refrain here from using
data on freshwater species for temperature reconstruction.

Carbon isotope analysis

Land snail shell 8'*C values reflect mainly the carbon iso-
tope composition of the snail’s diet (Goodfriend and Ellis
2002; Stott 2002; Metref et al. 2003; McConnaughey and
Gillikin 2008; Zhang et al. 2014). It is often used to infer
dietary preference for a particular kind of plant material (Cs,
C, or CAM plants; Goodfriend and Ellis 2002; Baldini et al.
2007). As such, carbon isotope changes in a time series of
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fossil snails can reflect changes in vegetation that, in turn,
are caused by climatic changes (Goodfriend and Ellis 2002;
McConnaughey and Gillikin 2008; Colonese et al. 2014).
Nevertheless, the scarcity of shell carbon isotope data of
Recent snails hampers further analysis. Another proxy for
the type of vegetation cover are 8'°C values of mammal
teeth; fossil teeth from Sandelzhausen indicate that only C,
plants were present in the surrounding (Tiitken and Venne-
mann 2009), which is to be expected since C; plants formed
the Neogene flora of Central Europe (Blondel et al. 1997,
Cerling et al. 1997). Finally, snails seem to incorporate
carbon from ingested limestone in carbonate-rich regions
(such as Sandelzhausen), which would be reflected in the
shells’ isotopic composition and thus complicate inferences
regarding the paleoflora and vegetation cover (Goodfriend
and Hood 1983; Yanes 2015).

However, the combined analysis of 8'3C and 8'%0 values
of freshwater snail shells might be instructive to reconstruct
the paleohydrology of lake basins. In closed-lake systems,
the two values usually co-vary in lacustrine carbonates (Tal-
bot 1990; Li and Ku 1997; Deocampo 2010). This seems to
happen in Sandelzhausen from layer B2 to the beginning of
layer C3 (60—100 cm; Fig. 3). In this lower part of the sedi-
ment profile, the slopes of the §'°C and §'80 curves are the
same (i.e., the values co-vary), which could indicate that the
lake was a closed system at this time. However, since there
are only few measurements available from these layers (and
only from two time slices), this signal could be biased.

On the other hand, when the values of the two isotope
ratios do not co-vary, it is an indication of an open lake sys-
tem (Talbot 1990; Alonzo-Zarza 2003; Tanner 2010). This
seems to happen in Sandelzhausen from the bottom of layer
C3 onwards (> 100 cm; Fig. 3): the slopes of the curves do
not co-vary, indicating an open lake. At this stage, the §!°C
and 8'80 values seem to be inversely related (Fig. 3); this
has been related with changes in lake level in other localities
(e.g., Tevesz et al. 1997).

This is in line with the environmental reconstructions of
Sandelzhausen by previous authors (Fahlbusch et al. 1972;
Witt 1998; Bohme 2010; Moser et al. 2009b) and sedimento-
logical data (Schmid 2002). For the lower layers (up to basal
layer C3), a swampy area is proposed, composed of several
ponds and/or oxbow lakes, and prone to seasonal flooding
events. The environment would then gradually transition,
along uppermost layer C3 and basal layer D1, to a peren-
nial lake. Bohme (2010) argues that a full lake condition
was achieved only by the end of layer D1, but the present
results seem to indicate that this might have been achieved
a little earlier (middle layer D1), especially when regard-
ing the taxonomic composition of the molluscan fauna (see
Sect. 5.3; see also Moser et al. 2009b).

Finally, the low 8'3C values, especially in the later stages
of the Sandelzhausen lake (Fig. 3) indicate a great amount
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of photosynthetic activity and thus abundant organic matter
(hence DIC with lower 813C values; Tevesz et al. 1997; Zan-
chetta et al. 1999; Miller and Tevesz 2001). This would also
be in line with the proposed increase in riparian vegetation
in the upper layers and possibly slightly eutrophic conditions
(Bohme 2010).

Mollusk assemblage: paleoecology

Using the actualistic ecological approach based on habitat
preferences of Recent congeners, we could reconstruct the
scenario below.

Freshwater species

Most of the Recent congeners of the freshwater species
can be found in a variety of environments, but the fauna
in Sandelzhausen seem to share one characteristic: prefer-
ence for richly vegetated, slow-moving or standing waters
(Welter-Schultes 2012). Many of the genera (Galba, Lym-
naea, Gyraulus and to some degree Ferrissia) count with
Recent representatives capable of surviving varying degrees
of desiccation and, thus, can be commonly found inhabiting
temporary water bodies (Chapuis et al. 2007; Gloer 2002;
Welter-Schultes 2012).

These species occur in almost all the sedimentary lay-
ers in Sandelzhausen (Table 2), but layers C3 and D1 also
have species more typical of large consolidated water bodies
and/or that do not tolerate desiccation (Bandel 2001; Zettler
et al. 2004; Bunje 2005; Welter-Schultes 2012): Gyraulus,
Theodoxus, Bithynia, Valvata, Radix and Hippeutis. As such,
the trend proposed by Moser et al. (2009b) from temporary
waters in Sandelzhausen’s bottom layers to a perennial lake
seems to hold. Segmentina larteti, judging by the Recent
Segmentina nitida commonly found in marshy environments
(Clark 2011; Welter-Schultes 2012), would have inhabited
the littoral well-vegetated area of the lake.

Moser et al. (2009b) also proposed that alongside this
change in the environment, there would be a change in
abundance between the lymnaeids and planorbids, with
the former being more abundant in the basal layers (i.e., in
the temporary waters setting) and being substituted by the
latter in the top layers (i.e., the lake). Nevertheless, Salva-
dor and Rasser (2014) pointed out that, despite the mas-
sive appearance of Gyraulus spp. from layer C3 onwards,
the lymnaeid Galba dupuyiana remained a very abundant
species in the lake, making room for Gyraulus spp. but not
being substituted.

Terrestrial species

The majority of land snail species found in Sandelzhausen
are usual inhabitants of humid forests, such as Carychium,
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Oxyloma, Discus, Pomatias, Testacella and Vitrina (HaBlein
1966; Mildner 1981; Kerney et al. 1983; Tappert 2002;
Barker and Efford 2004; Liberto et al. 2011; Welter-Schultes
2012). Furthermore, Carychium and Oxyloma species are
hygrophilous, usually living on very richly vegetated areas
surrounding water bodies (Welter-Schultes 2012). The fol-
lowing fossil genera are also supposed to inhabit damp
woods and tend towards warmer environments: Pseudidyla,
Triptychia and Leucochroopsis (Lueger 1981; Harzhauser
and Binder 2004; Harzhauser and Tempfer 2004; Nordsieck
2007; Schnabel 2007); moreover, the pits on the shell surface
of Leucochroopsis indicate the presence of hairs, a feature
related to high humidity habitats (Pfenninger et al. 2005).
The fossil genera Archaeozonites and Palaeoglandina are
often considered to have inhabited moist forests (e.g., Lueger
1981), but there are propositions in favor of drier and more
open environments (Moser et al. 2009b). Even if not consid-
ering the last two problematic genera, the damp wood snails
seem to be more concentrated in layers C3 and D1 (Tables 2,
4). Pomatias and Testacella, in particular, occur in the basal
layers (either B or C1; Tables 2, 4) and Recent species are
known to thrive in both forests and shrublands, provided it
is a humid environment (Kerney and Cameron 1979; Barker
and Efford 2004; Welter-Schultes 2012; Rowson et al. 2014).

Table 4 Occurrence of land snail species in the sedimentary layers of
Sandelzhausen, separated by habitat type. Only the most significant
species for the paleoecological analysis were included

Habitat type/species Layers
B1-C1 C3-D1
Open/dry
Apula cf. coarctata X
Granaria cf. grossecostata X X
Granaria sp. X X
Pseudochloritis cf. incrassata X X
Vallonia lepida X
Shrubland/forest
Pomatias sp. X
Testacella zellii X
Warm humid forest
Carychium eumicrum ? ?
Carychium galli X
Discus pleuradrus X
Janulus supracostatus X
Leucochroopsis kleini X
Oxyloma minima X
Pseudidyla moersingensis X X
Triptychia sp. X X
Vitrina sp. X

The genus Janulus is a curious case. Janulus supracos-
tatus is well-known from the German Silvana beds (“Sil-
vanaschichten”, in German) and the single specimen found
in Sandelzhausen does not have proper stratigraphical data
(but Moser et al. 2009b lists it as probably stemming from
layers C2 or C3). Janulus was a widespread genus in Europe
since the Oligocene, but today is a relict genus, surviving
only on the Madeiran Archipelago and the Canary Islands
(Waldén 1983; Cameron et al. 2007; Seddon 2008; Castro
et al. 2014). These archipelagos have other relict species,
such as the laurel forest, and its biome composition and
subtropical climate is deemed reminiscent of the warm cli-
mate predominant in Tertiary continental Europe (Waldén
1983; Press and Short 1994; Capelo 2004). Moreover, and
more importantly, laurel forests are known from southern
Germany during the Early/Middle Miocene (e.g., Bohme
et al. 2007), so a close relationship between this snail genus
and this type of vegetation could exist (see also Castro et al.
2014).

Some of the species in Sandelzhausen should have pre-
ferred drier and more open habitats. Granaria is a good indi-
cator of these environments, being often found on calcareous
rocks (Welter-Schultes 2012; Holtke and Rasser 2013). The
fossil genus Apula, and more specifically A. coarctata, is
thought to have preferred drier environments (Lueger 1981).
The bulky shells of the fossil genus Pseudochloritis, with
their bent apertural region, are considered an adaptation for
ground-dwelling gastropods to reduce water loss (Binder
2008); thus Moser et al. (2009b) proposed that these ani-
mals would have inhabited drier habitats, similar to Recent
Balkanese Ariantinae. Finally, extant European Vallonia
species usually inhabit dry open areas (often calcareous),
such as meadows, grasslands and even rocks, but some may
also be found in more humid environments (HaBlein 1966;
Kerney et al. 1983; Gerber 1996; Welter-Schultes 2012).
These species are scattered throughout all the layers in San-
delzhausen (Tables 2, 4), so it is plausible to imagine that in
the lake’s hinterland more open areas were always present.
Such areas would have been perhaps more distant from the
lake, as already argued by Moser et al. (2009b), since these
species are somewhat rare.

Finally, with such a diverse and abundant fauna in San-
delzhausen, it is hardly surprising to find malacophagous
species, namely Palaeoglandina sp. and Testacella zellii.
Recent Testacella species feed mainly on earthworms, but
also prey upon gastropods and centipedes, living under-
ground and requiring a moist soil cover (Barker and Efford
2004; Liberto et al. 2011). The fossil genus Palaeoglandina
was very likely composed of malacophagous predators, as
the Recent member of the family (Barker and Efford 2004).
Recent European species display varied lifestyles (e.g., Cos-
signani and Cossignani 1995; Welter-Schultes 2012), but
Moser et al. (2009b) suggested (based on shell morphology)
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that Palaeoglandina would be akin to the Recent North
American Euglandina rosea in both lifestyle and habitat.
This species is a remarkable predator, even hunting partially
immersed in water, preying upon freshwater snails (Kinzie
1992). Palaeoglandina curiously occurs only in the bottom-
most and uppermost layers of Sandelzhausen (Table 2). The
temporary waters of layer B and the littoral areas of layer
D1 would perhaps represent a good hunting ground for this
snail. On the other hand, this could simply be a sample bias,
since many of the recovered Paleogalandina stem from sam-
ples lacking stratigraphical data (Salvador 2013Db).

Conclusions

The data on the fossil mollusks presented here is in line with
previous environmental reconstructions of Sandelzhausen.
From layer B1 to basal layer C3, the environment of the
Sandelzhausen site would be a swampy area with ponds and/
or oxbow lakes, prone to seasonal flooding events. From
the middle of layer C3 onwards, Sandelzhausen gradu-
ally became a perennial lake (this status would have been
achieved by middle to end of layer D1), as indicated by:
(1) an increase in the proportion of planorbids (but with
no meaningful significant decrease in the raw number of
lymnaeids); (2) the appearance of species that do not toler-
ate desiccation; and (3) the decoupling of the covariation
between shell !0 and §'3C values of the freshwater snail
G. dupuyiana. A possible increasing trend in shell 3Sr/%6Sr
(see Supplementary Material) might indicate a change in the
hydrology of Sandelzhausen, which could have been caused
by changes in the catchment area of the newly formed lake
(starting in uppermost layer C3) and/or increased weathering
triggered by an increase in precipitation.

The terrestrial habitat would have gone from a more
relatively open environment (semi-arid/sub-humid scrub-
land, but more densely vegetated areas could have existed
as a minor component of the environment) in layers B1 to
basal C3, to a sub-humid/humid denser forest in layer D1
(Table 4). This largely agrees with previous findings, but
the material analyzed here shows that the species from drier
and more open environments are present throughout all the
layers (Table 4), suggesting that these habitats persisted in
the lake’s hinterland instead of disappearing.

Acknowledgements We are deeply grateful to Alexander Niitzel
(SNSB-BSPG) for allowing access to the Sandelzhausen material
under his care; to Markus Moser (SNSB-BSPG) for providing infor-
mation about the specimens’ original labels and collection details; to
Bernd Steinhilber and Heinrich Taubald (Universitit Tiibingen) for
the oxygen and carbon isotope analyses; to Philip Herrmann (formerly
Universitdt Bonn) for helping with preparation of the samples for Sr
isotope analysis; to Carlos A.G. Marques (Universidade da Madeira)
for the literature on the Madeiran biome; and to the two reviewers for
the comments and suggestions to improve this work. RBS received a

@ Springer

doctoral grant from the Conselho Nacional de Desenvolvimento Cienti-
fico e Tecnoldgico (proc. 245575/2012-0), Brazil. Measurement of sta-
ble isotopes was funded by the Staatliches Museum fiir Naturkunde
Stuttgart, Germany.

References

Albesa, J., J.P. Calvo, L. Alcala, and A.M. Alonso Zarza. 1997. Inter-
pretacién paleoambiental del yacimiento de La Gloria 4 (Plio-
ceno, Fosa de Teruel) a partir del analisis de facies y de asocia-
ciones de gasteropodos y de mamiferos. Cuadernos de Geologia
Ibérica 22: 239-264.

Alonzo-Zarza, A.M. 2003. Palaecoenvironmental significance of palus-
trine carbonates and calcretes in the geological record. Earth-
Science Reviews 60: 261-298.

Anadoén, P., R. Utrilla, A. Vazquez, M. Martin-Rubio, J. Rodriguez-
Lazaro, and F. Robles. 2007. Paleoenvironmental evolution of the
Pliocene Villarroya Lake, northern Spain, from stable isotopes
and trace-element geochemistry of ostracods and molluscs. Jour-
nal of Paleolimnology 39 (3): 399—419.

Balakrishnan, M., and C.J. Yapp. 2004. Flux balance models for the
oxygen and carbon isotope compositions of land snail shells.
Geochimica et Cosmochimica Acta 68 (9): 2007-2024.

Baldini, M.L., S.E. Walzer, L.B. Railsback, J.U.L. Baldini, and D.E.
Crowe. 2007. Isotopic ecology of the modern land snail Cerion,
San Salvador, Bahamas: preliminary advances toward establish-
ing a low-latitude island paleoenvironmental proxy. Palaios 22:
174-187.

Bandel, K. 2001. The history of Theodoxus and Neritina connected
with description and systematic evaluation of related Neritimor-
pha (Gastropoda). Mitteilungen aus dem Geologisch-Paldonto-
logischen Institut der Universitdt Hamburg 85: 65—164.

Barker, G.M. 2001. Gastropods on land: phylogeny, diversity and adap-
tive morphology. In The biology of terrestrial mollusks, ed. G.M.
Barker, 1-146. Wallingford: CABI Publishing.

Barker, G.M., and M.G. Efford. 2004. Predatory gastropods as natural
enemies of terrestrial gastropods and other invertebrates. In Nat-
ural enemies of terrestrial molluscs, ed. G.M. Barker, 279-404.
Wallingford: CABI Publishing.

Berthold, C., A. Bjeoumikhov, and L. Briigemann. 2009. Fast XRD2
microdiffraction with focusing X-ray microlenses. Particle &
Particle Systems Characterisation 26 (3): 107-111.

Binder, H. 2008. The systematic positions of the genera Pseudochlo-
ritis C. Boettger 1909 and Joossia Pfeffer 1929. Archiv fiir Mol-
luskenkunde 137 (2): 1-27.

Blondel, C., H. Bocherens, and A. Mariotti. 1997. Stable carbon and
oxygen isotope ratios in ungulate teeth from French Eocene and
Oligocene localities. Bulletin de la Société Géologique de France
168: 775-781.

Boettger, O. 1877. Clausilienstudien. Palaeontographica, Supplement
3:1-122.

Bohme, M. 2003. The Miocene climatic optimum: evidence from
ectothermic vertebrates of Central Europe. Palaeogeography,
Palaeoclimatology, Palaeoecology 195: 389-401.

Bohme, M. 2010. Ectothermic vertebrates (Actinopterygii, Allocau-
data, Urodela, Anura, Crocodylia, Squamata) from the Miocene
of Sandelzhausen (Germany, Bavaria) and their implications for
environment reconstruction and palaeoclimate. Paldontologische
Zeitschrift 84: 3—41.

Bohme, M., A.A. Bruch, and A. Selmeier. 2007. The reconstruction of
Early and Middle Miocene climate and vegetation in Southern
Germany as determined from the fossil wood flora. Palaeogeog-
raphy, Palaeoclimatology, Palaeoecology 253: 91-114.



Paleoecological and isotopic analysis of fossil continental mollusks of Sandelzhausen 407

Bourguignat, M.J.R. 1857. Aménités Malacologiques, LXIV. Du genre
Carychium. Revue et Magasin de Zoologie (2) 9(5): 209-232.

Bourguignat, J.R. 1881. Histoire Malacologique de la Colline de San-
san. Annales des hautes E’tudes, Sciences Naturelles 22: 1-175.

Bruch, A.A., D. Uhl, and V. Mosbrugger. 2007. Miocene climate in
Europe—patterns and evolution: a first synthesis of NECLIME.
Palaeogeography, Palaeoclimatology, Palaeoecology 253: 1-7.

Bunje, P.M.E. 2005. Pan-European phylogeography of the aquatic snail
Theodoxus fluviatilis (Gastropoda: Neritidae). Molecular Ecol-
ogy 14: 4323-4340.

Cameron, R.A.D., RM.T. Cunha, and A.M. Frias Martins. 2007.
Chance and necessity: land-snail faunas of Sdo Miguel, Azores,
compared with those of Madeira. Journal of Molluscan Studies
73: 11-21.

Capelo, J. 2004. A paisagem vegetal da [lha da Madeira. Quercetea
6: 3-200.

Castro, J.M., Y. Yanes, R. Garcia, M.R. Alonso, and M. Ibafiez. 2014.
A new species of Janulus (Gastropoda: Pulmonata: Gastrodonti-
dae) from La Palma Island (Canary Archipelago). Journal of
Conchology 41 (6): 743-747.

Cerling, T.E., .M. Harris, B.J. MacFadden, M.G. Leakey, J. Quade, V.
Eisenmann, and J.R. Ehleringer. 1997. Global vegetation change
through the Miocene-Pliocene boundary. Nature 389: 153—158.

Chapuis, E., S. Trouve, B. Facon, L. Degen, and J. Goudet. 2007. High
quantitative and no molecular differentiation of a freshwater snail
(Galba truncatula) between temporary and permanent water
habitats. Molecular Ecology 16: 3484-3496.

Clark, R.M.F. 201 1. Hydroseral habitat requirement of the endangered
Shining Ramshorn Snail Segmentina nitida. Bioscience Horizons
4(2): 158-164.

Clessin, S. 1877. Die tertidren Binnenconchylien von Undorf. Cor-
respondenz-Blatt des zoologisch-mineralogischen Vereins in
Regensburg 31: 34-41.

Colonese, A.C., G. Zanchetta, A.E. Fallick, G. Manganelli, P. Lo Cas-
cio, N. Hausmann, I. Baneschi, and E. Regattieri. 2014. Oxygen
and carbon isotopic composition of modern terrestrial gastropod
shells from Lipari Island, Aeolian Archipelago (Sicily). Palaeo-
geography, Palaeoclimatology, Palaeoecology 394: 119-127.

Cook, A. 2001. Behavioural ecology: on doing the right thing, in the
right place at the right time. In The biology of terrestrial Mol-
lusks, ed. G.M. Barker, 447-487. Wallingford: CABI Publishing.

Coplen, T.B. 1994. Reporting of stable hydrogen, carbon, and oxygen
isotopic abundances. Pure and Applied Chemistry 66: 273-276.

Cossignani, T., and V. Cossignani. 1995. Atlante delle Conchiglie Ter-
restri e Dulciacquicole Italiane. Ancona: L’ Informatore Piceno.

Deocampo, D.M. 2010. The geochemistry of continental carbonates.
Developments in Sedimentology 62: 1-59.

Deshayes, G.P. 1851. Helix eversa. In A.E.J.P.F.A. Férussac, and G.P.
Deshayes (eds.) (1819-1851) Histoire naturelle générale et par-
ticuliére des mollusques terrestres et fluviatiles, tant des espéces
que l’on trouve aujourd’hui vivantes, que des dépouilles fossiles
de celles qui n’existent plus; classés d’aprés les caractéres
essentiels que présentent ces animaux et leurs coquilles. Vol. 1.,
395-396. Paris: J.B. Bailliere.

Desmarest, A.G. 1814. Note sur les Ancyles ou Patelles d’eau douce,
et particulieérement sur deux espéces de ce genre non encore
décrites, 1’une fossile et 1’autre vivante. Bulletin de la Société
Philomatique de Paris 4: 18-20.

Dunker, W. 1848. Ueber die in der Molasse bei Giinzburg unfern Ulm
vorkommenden Conchylien und Pflanzenreste. Palaeontograph-
ical(4): 155-168.

Dupuy, D. 1850. Description de quelques especes de coquilles ter-
restres fossils de Sansan. Journal de Conchyliologie 1: 300-313.

De Francesco, C.G., M.A. Zarate, and S.E. Miquel. 2007. Late Pleisto-
cene mollusc assemblages and inferred paleoenvironments from

the Andean piedmont of Mendoza, Argentina. Palaeogeography,
Palaeoclimatology, Palaeoecology 251: 461-469.

Esu, D., and A. Ciangherotti. 2004. Palaeoecologic and palaeobio-
geographic character of Middle Pliocene non-marine mollusc
faunas from north-western Italy. Rivista Italiana di Paleontologia
e Stratigrafia 110 (2): 517-530.

Fahlbusch, V., and H. Gall. 1970. Die obermiozine Fossil-Lagerstitte
Sandelzhausen. 1. Entdeckung, Geologie, Fauneniibersicht
und Grabungsbericht fiir 1969. Mitteilungen der Bayerischen
Staatssammlung fiir Paldontologie und historische Geologie
10: 365-396.

Fahlbusch, V., H. Gall, and N. Schmidt-Kittler. 1972. Die obermi-
ozéne Fossil-Lagerstitte Sandelzhausen. 2. Sediment und Fos-
silinhalt—Probleme der Genese und Okologie. Neues Jahrbuch
fiir Geologie und Paldontologie, Monatshefte 1972(6): 331-343.

Filippi, M.L., A. Moscariello, and J. Hunziker. 1997. Stable isotopes in
Lake Geneva carbonate sediments and molluscs: review and new
data. Eclogae Geologicae Helvetiae 90: 199-210.

Fordinal, K. 1996. Terrestrial gastropods of the Upper Pannonian in the
northern part of the Danube Basin. Slovak Geological Magazine
1 (96): 5-16.

Francey, R.J. 1983. A comment on 13C/12C in land snail shells. Earth
and Planetary Science Letters 63: 142—143.

Fritz, P., and S. Poplawski. 1974. 180 and '3C in the shells of freshwater
molluscs and their environment. Earth and Planetary Science
Letters 24: 91-98.

Gerber, J. 1996. Revision der Gattung Vallonia Risso, 1826 (Mol-
lusca: Gastropoda: Valloniidae). Schriften zur Malakozoologie
8:1-227.

Gloer, P. 2002. Siisswassergastropoden Nord-und Mitteleuropas:
Bestimmungsschliissel, Lebensweise, Verbreitung. Hackenheim:
ConchBooks.

Goodfriend, G.A. 1992. The use of land snail shells in paleoenviron-
mental reconstruction. Quaternary Science Reviews 11: 665-685.

Goodfriend, G.A., and D.G. Hood. 1983. Carbon isotope analysis of
land snail shells: implications for carbon sources and radiocarbon
dating. Radiocarbon 25: 810-830.

Goodfriend, G.A., and G.L. Ellis. 2002. Stable carbon and oxygen
isotopic variations in modern Rabdotus land snail shells in the
southern Great Plains, USA, and their relation to environment.
Geochimica et Cosmochimica Acta 66 (11): 1987-2002.

Grimes, S.T., D.P. Mattey, J.J. Hooker, and M.E. Collinson. 2003. Pale-
ogene paleoclimate reconstruction using oxygen isotopes from
land and freshwater organisms: the use of multiple paleoproxies.
Geochimica et Cosmochimica Acta 67 (21): 4033-4047.

Grossman, E.L., and T. Ku. 1986. Oxygen and carbon isotope frac-
tionation in biogenic aragonite: temperature effects. Chemical
Geology 59: 59-74.

Gottschick, F., and Wenz, W. 1919. Die Land- und SiiBwassermol-
lusken des Tertidrbeckens von Steinheim am Aalbuch. 1. Die
Vertiginiden. Nachrichtsblatt der Deutschen Malakozoologis-
chen Gesellschaft 51 (1): 1-23.

Harzhauser, M., and H. Binder. 2004. Synopsis of the Late Miocene
mollusc fauna of the classical sections Richardhof and Eichkogel
in the Vienna Basin (Austria, Pannonian, MN9-MN11). Archiv
fiir Molluskenkunde 133: 1-57.

Harzhauser, M., and P.M. Tempfer. 2004. Late Pannonian Wetland
ecology of the Vienna Basin based on Molluscs and Lower Ver-
tebrate Assemblages (Late Miocene, MN 9, Austria). Courier
Forschungsinstitut Senckenberg 246: 55-68.

HiBlein, L. 1966. Die Molluskengesellschaften des Bayerischen
Waldes und des anliegenden Donautales. Bericht der Naturfor-
schenden Gesellschaft Augsburg 20: 1-176.

Holtke, O., and M.W. Rasser. 2013. The chondrinid land snail Granaria
(Stylommatophora: Chondrinidae) in the Miocene of the Alpine

@ Springer



408

R.B. Salvador et al.

Foreland: state of the art and taxonomic reassessment. Neues
Jahrbuch fiir Geologie und Paldontologie, Abhandlungen 270
(2): 181-194.

Kerney, M.P., and R.A.D. Cameron. 1979. A field guide to the land
snails of Britain and North-West Europe. London: Collins.

Kerney, M.P., R.A.D. Cameron, and J.H. Jungbluth. 1983. Die Land-
schnecken Nord- und Mitteleuropas. Hamburg: Paul Parey.

Kinzie, R.A.LLIL 1992. Predation by the introduced carnivorous snail
Euglandina rosea on endemic aquatic lymnaeid snails in Hawaii.
Biological Conservation 60: 149-155.

Klein, A. von. 1846. Conchylien der Siisswasserkalkformationen Wiirt-
tembergs. Jahreshefte des Vereins fiir vaterlindische Naturkunde
in Wiirttemberg 2 (1): 60-116.

Klein, A. von. 1853. Conchylien der Siisswasserkalkformation Wiirt-
tembergs. Jahreshefte des Vereins fiir vaterlindische Naturkunde
in Wiirttemberg 9 (2): 203-223.

Latal, C., W.E. Piller, and M. Harzhauser. 2004. Palacoenvironmental
reconstructions by stable isotopes of Middle Miocene gastropods
of the Central Paratethys. Palaeogeography, Palaeoclimatology,
Palaeoecology 211: 157-169.

Latal, C., W.E. Piller, and M. Harzhauser. 2006. Shifts in oxygen and
carbon isotope signals in marine molluscs from the Central
Paratethys (Europe) around the Lower/Middle Miocene transi-
tion. Palaeogeography, Palaeoclimatology, Palaeoecology 231:
347-360.

Lécolle, P. 1985. The oxygen isotope composition of land snail shells
as a climatic indicator: applications to hydrogeology and pale-
oclimatology. Chemical Geology 58: 157-181.

Leng, M.J., A.L. Lamb, H.F. Lamb, and R.J. Telford. 1999. Palaeo-
climatic implications of isotopic data from modern and early
Holocene shells of the freshwater snail Melanoides tuberculata,
from lakes in the Ethiopian Rift Valley. Journal of Paleolimnol-
ogy 21: 97-106.

Li, H.-C., and T.-L. Ku. 1997. 8'3C- §'30 covariance as a paleohy-
drological indicator for closed-basin lakes. Palaeogeography,
Palaeoclimatology, Palaeoecology 133: 69—-80.

Liberto, F., W. Renda, M.S. Colomba, S. Giglio, and I. Sparacio.
2011. New records of Testacella scutulum Sowerby, 1821 (Gas-
tropoda, Pulmonata, Testacellidae) from Southern Italy and
Sicily. Biodiversity Journal 2 (1): 27-34.

Lueger, J.P. 1981. Die Landschnecken im Pannon und Pont des Wie-
ner Beckens, I. Systematik. II. Fundorte, Stratigraphie, Faunen-
provinzen. Denkschriften der Osterreichischen Akademie der
Wissenschaften 120: 1-124.

Metref, S., D.D. Rousseau, 1. Bentaleb, M. Labonne, and M. Vianey-
Liaud. 2003. Study of the diet effect on 8'>C of shell carbonate
of the land snail Helix aspersa in experimental conditions.
Earth and Planetary Science Letters 211: 381-393.

McConnaughey, T.A., and D.P. Gillikin. 2008. Carbon isotopes in
mollusk shell carbonates. Geo-Marine Letters 28: 287-299.

Mienis, H.K., and S. Ashkenazi. 2011. Lentic Basommatophora mol-
luscs and hygrophilous land snails as indicators of habitat and
climate in the Early-Middle Pleistocene (0.78 Ma) at the site
of Gesher Benot Ya‘aqov (GBY) Israel. Journal of Human
Evolution 60: 328-340.

Mildner, P. 1981. Zur Okologie Kirntner Landgastropoden. Carinthia I,
Sonderheft 38: 1-93.

Miller, B.B., and M.]J.S. Tevesz. 2001. Freshwater molluscs. In
Tracking Environmental Change Using Lake Sediments, Vol-
ume 4: Zoological Indicators, ed. J.P. Smol, H.J.B. Birks, and
W.M. Last. Dordrecht: Kluwer Academic Publishers.

Moine, O., D.D. Rousseau, D. Jolly, and M. Vianey-Liaud. 2002.
Paleoclimatic reconstruction using mutual climatic range on
terrestrial mollusks. Quaternary Research 57: 162—-172.

Moser, M., G.E. Rossner, U.B. Gohlich, M. Bohme, and V. Fahl-
busch. 2009a. The fossil lagerstitte Sandelzhausen (Miocene;

@ Springer

southern Germany): history of investigation, geology, fauna,
and age. Paldontologische Zeitschrift 83: 7-23.

Moser, M., H.J. Niederhofer, and G. Falkner. 2009b. Continental
molluscs of the fossil site Sandelzhausen (Miocene; Upper
Freshwater Molasse from Bavaria) and their value for paleo-
ecological assessment. Paldontologische Zeitschrift 83: 25-54.

Nordsieck, H. 2007. Worldwide door snails (Clausiliidae), recent
and fossil. Hackenheim: ConchBooks.

Noulet, J.B. 1854. Mémoires sur les coquilles fossiles des terrains
d’eau douce du Sud-Ouest de la France. Paris: J.B. Noulet.

Nuttall, C. 1990. A review of the Tertiary non-marine molluscan
faunas of the Pebasian and other inland basins of north-western
South America. Bulletin of the British Museum of Natural His-
tory (Geology) 45: 165-371.

Pearce, T.A., and A. Orstan. 2006. Terrestrial Gastropoda. In The
mollusks: a guide to their study, collection, and preservation,
ed. C.F. Sturm, T.A. Pearce, and A. Valdés, 261-285. Pitts-
burgh: American Malacological Society.

Pfenninger, M., M. Hrabakova, D. Steinke, and A. Depraz. 2005.
Why do snails have hairs? A Bayesian inference of charac-
ter evolution. BMC Evolutionary Biology 5: 59.https://doi.
org/10.1186/1471-2148-5-59

Press, J.R., and M.J. Short. 1994. Flora of madeira. London: HMSO.

R Core Team. 2015. R: A language and environment for statistical
computing. Vienna: R Foundation for Statistical Computing.

Reuss, A.E. 1849. Beschreibung der fossilen Ostracoden und Mol-
lusken der tertidren Stisswasserschichten des nordlichen Boh-
mens. Palaeontographica 2: 16-42.

Rowson, B., J. Turner, R. Anderson, and B. Symondson. 2014. Slugs
of Britain and Ireland: identification, understanding and con-
trol. Telford: FSC.

Salvador, R.B. 2013a. The fossil land and freshwater mollusks of
Sandelzhausen (Early/Middle Miocene, Germany): Caenogas-
tropoda, Neritimorpha, lower Heterobranchia and Bivalvia.
Strombus 20: 19-26.

Salvador, R.B. 2013b. The fossil pulmonate snails of Sandelzhausen
(Early/Middle Miocene, Germany): Succineidae, Testacel-
loidea and Helicoidea. Zootaxa 3721 (2): 157-171.

Salvador, R.B. 2015. The fossil pulmonate snails of Sandelzhausen
(Early/Middle Miocene, Germany): Ellobiidae, Pupilloidea,
and Clausilioidea. Paldontologische Zeitschrift 89 (1): 37-50.

Salvador, R.B., and M.W. Rasser. 2014. The fossil pulmonate
snails of Sandelzhausen (Early/Middle Miocene, Germany):
Hygrophila, Punctoidea and limacoids. Archiv fiir Mollusken-
kunde 143 (2): 187-202.

Sandberger, F. von. 1870-1875. Die Land- und Siiiwasserconchylien
der Vorwelt. (1): 1-48, pl. 1-4 (1870); (2-3): 49-96, pl. 5-12
(1870); (4-5): 97-160, pl. 13-20 (1871); (6-8): 161 256, pl.
21-32 (1872); (9-10): 257-352, pl. 33-36 (1873); (11- 12):
353-1000 (1875). Wiesbaden: Kreidel.

Schmid, W. 2002. Ablagerungsmilieu, Verwitterung und Paldoboden
feinklastischer Sedimente der Oberen Siifwassermolasse Bay-
erns. Abhandlungen der Bayerischen Akademie der Wissen-
schaften, mathematisch-naturwissenschaftliche Klasse 172:
1-207.

Schlotheim, E.F. von. 1820. Die Petrefactenkunde auf ihrem jetzigen
Standpunkte durch die Beschreibung seiner Sammlung verstein-
erter und fossiler Uberreste des Thier- und Pflanzenreichs der
Vorwelt erldutert. Gotha: Becker.

Schnabel, T. 2007. Die kdnozoischen Filholiidae Wenz 1923. Teil 4:
Die eo- und oligozédnen Vertreter der Gattung Triptychia, nebst
Bemerkungen zur Okologie und geo- bzw stratigraphischen
Verbreitung der Filholiidae sowie zur Evolution der Gattung
Triptychia (Gastropoda, Pulmonata, Clausilioidea). Archiv fiir
Molluskenkunde 136 (1): 25-57.


https://doi.org/10.1186/1471-2148-5-59
https://doi.org/10.1186/1471-2148-5-59

Paleoecological and isotopic analysis of fossil continental mollusks of Sandelzhausen 409

Seddon, M.B. 2008. The landsnails of Madeira—an illustrated compen-
dium of the landsnails and slugs of the Madeiran Archipelago.
Biotir Reports 2: 1-204.

Shanahan, T.M., J.S. Pigati, D.L. Dettman, and J. Quade. 2005. Isotopic
variability in the aragonite shells of freshwater gastropods living
in springs with nearly constant temperature and isotopic compo-
sition. Geochimica et Cosmochimica Acta 69 (16): 3949-3966.

Sparks, B.W. 1961. The ecological interpretation of Quaternary non-
marine Mollusca. Proceedings of the Linnaean Society of London
172: 71-80.

Stott, L.D. 2002. The influence of diet on the 8'3C of shell carbon in
the pulmonate snail Helix aspersa. Earth and Planetary Science
Letters 195: 249-259.

Stuiver, M. 1970. Oxygen and carbon isotope ratios of fresh-water car-
bonates as climatic indicators. Journal of Geophysical Research
75 (27): 5247-5257.

Talbot, M.R. 1990. A review of the palacohydrological interpretation of
carbon and oxygen isotopic ratios in primary lacustrine carbon-
ates. Chemical Geology 80 (4): 261-279.

Tanner, L.H. 2010. Continental carbonates as indicators of paleocli-
mate. Developments in Sedimentology 62: 179-214.

Tappert, A. 2002. Molluskenzénosen von Waldstandorten des Pfdlz-
erwaldes und der angrenzenden Rheinebene (unter Bildung von
Zonosengruppen). Schriften zur Malakozoologie 19: 1-159.

Tevesz, M.J.S., J.E. Smith, J.P. Coakley, and M.J. Risk. 1997. Stable
carbon and oxygen isotope records from Lake Erie sediment
cores: mollusc aragonite 4600 BP-200 BP. Journal of Great
Lakes Research 23 (3): 307-316.

Tiitken, T., and T.W. Vennemann. 2009. Stable isotope ecology of Mio-
cene large mammals from Sandelzhausen, southern Germany.
Paldontologische Zeitschrift 83: 207-226.

Tiitken, T., T.W. Vennemann, H. Janz, and E.P.J. Heizmann. 2006.
Palacoenvironment and palaeoclimate of the Middle Miocene
lake in the Steinheim basin, SW Germany: a reconstruction from
C, O, and Sr isotopes of fossil remains. Palaeogeography, Pal-
aeoclimatology, Palaeoecology 241: 457-491.

Vonhof, H.B., F.P. Wesselingh, and G.M. Ganssen. 1998. Reconstruc-
tion of the Miocene western Amazonian aquatic system using
molluscan isotopic signatures. Palaeogeography, Palaeoclima-
tology, Palaeoecology 141: 85-93.

Waldén, H.W. 1983. Systematic and biogeographical studies in the
terrestrial Gastropoda of Madeira. With an annotated Check-list.
Annales Zoologici Fennici 20: 255-275.

Welter-Schultes, F. 2012. European Non-marine Molluscs, a Guide for
Species Identification. Gottingen: Planet Poster Editions.
White, R.M.P., P.F. Dennis, and T.C. Atkinson. 1999. Experimen-

tal calibration and field investigation of the oxygen isotopic

Affiliations

fractionation between biogenic aragonite and water. Rapid Com-
munications in Mass Spectrometry 13: 1242-1247.

Witt, W. 1998. Die miozédne Fossil-Lagerstitte Sandelzhausen. 14.
Ostracoden. Mitteilungen der Bayerischen Staatssammlung fiir
Paldontologie und Historische Geologie 38: 135-165.

Yanes, Y. 2015. Stable isotope ecology of land snails from a high-
latitude site near Fairbanks, interior Alaska, USA. Quaternary
Research 83: 588-595.

Yanes, Y., A. Delgado, C. Castillo, M.R. Alonso, M. Ibafiez, J. de la
Nuez, and M. Kowalewski. 2008. Stable isotope (8'%0, 83C,
and dD) signatures of recent terrestrial communities from a low-
latitude, oceanic setting: endemic land snails, plants, rain, and
carbonate sediments from the eastern Canary Islands. Chemical
Geology 249: 277-292.

Yanes, Y., C.S. Romanek, A. Delgado, H.A. Brant, J.E. Noakes, M.R.
Alonso, and M. Ibéiiez. 2009. Oxygen and carbon stable isotopes
of modern land snail shells as environmental indicators from a
low-latitude oceanic island. Geochimica et Cosmochimica Acta
73 (14): 4077-4099.

Yang, J., P.F. Karrow, and G.L. Mackie. 2001. Paleoecological analysis
of molluscan assemblages in two marl deposits in the Waterloo
region, southwestern Ontario, Canada. Journal of Paleolimnol-
ogy 25:313-328.

Zanchetta, G., F.P. Bonadonna, and G. Leone. 1999. A 37-meter record
of paleoclimatological events from stable isotope data on conti-
nental molluscs in Valle di Castiglione, near Rome, Italy. Qua-
ternary Research 52: 293-299.

Zanchetta, G., G. Leone, A.E. Fallick, and F.P. Bonadonna. 2005. Oxy-
gen isotope composition of living land snail shells: Data from
Italy. Palaeogeography, Palaeoclimatology, Palaeoecology 223:
20-33.

Zettler, M., J. Frankowski, R. Bochert, and M. Roehner. 2004. Mor-
phological and ecological features of Theodoxus fluviatilis (Lin-
naeus, 1758) from Baltic brackish water and German freshwater
populations. Journal of Conchology 38: 303-316.

Zhang, N., K. Yamada, N. Suzuki, and N. Yoshida. 2014. Factors con-
trolling shell carbon isotopic composition of land snail Acusta
despecta sieboldiana estimated from laboratory culturing experi-
ment. Biogeosciences 11: 5335-5348.

Zieten, C. H. von. 1830-1833. Die Versteinerungen Wiirttembergs,
oder naturgetreue Abbildungen der in den vollstindigsten
Sammlungen, namentlich der in dem Kabinett des Oberamts-Arzt
Dr. Hartmann befindlichen Petrefakten, mit Angabe der Gebirgs-
Sformationen, in welchen dieselben vorkommen und der Fundorte.
1-2: 1-16 (1830); 3—4: 17-32 (1831); 5-6: 3348 (1832); 7-8:
49-64 (1832); 9-12: 65-96 (1833). Stuttgart: Schweizerbart.

Rodrigo B. Salvador'? - Thomas Tiitken® - Barbara M. Tomotani* - Christoph Berthold? - Michael W. Rasser’

< Rodrigo B. Salvador
salvador.rodrigo.b@gmail.com

Staatliches Museum fiir Naturkunde Stuttgart, Stuttgart,
Germany

Mathematisch-Naturwissenschaftliche Fakultit, Eberhard
Karls Universitit Tiibingen, Tiibingen, Germany

Department of Applied and Analytical Paleontology,
Johannes Gutenberg Universitidt Mainz, Mainz, Germany

Department of Animal Ecology, Netherlands Institute
of Ecology (NIOO-KNAW), Wageningen, The Netherlands

@ Springer



	Paleoecological and isotopic analysis of fossil continental mollusks of Sandelzhausen (Miocene, Germany)
	Abstract
	Kurzfassung
	Introduction
	Geological setting
	Materials and methods
	Fossil gastropod specimens
	Shell preparation and mineralogical characterization
	Isotope analysis
	Actualistic ecological analysis
	Statistical analyses

	Results
	Oxygen isotope analysis
	Carbon isotope analysis
	Mollusk assemblage: paleoecology

	Discussion
	Oxygen isotope analysis
	Carbon isotope analysis
	Mollusk assemblage: paleoecology
	Freshwater species
	Terrestrial species


	Conclusions
	Acknowledgements 
	References




