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a b s t r a c t

The Marroquíes archeological site, located in the metropolitan area of Jaén (37�460), southern Spain,
contains land snail shells which have been preserved jointly with other human and zooarcheological
remains. New radiocarbon analyses carried out on pristine domestic animal and human bones confirmed
that these remains belong to the Copper Age interval (w4470e3880 cal BP; n ¼ 8). Land snail entire
shells of two species (one herbivorous and one omnivorous) were analyzed for 13C/12C and 18O/16O ratios
to estimate the paleoenvironmental conditions prevailing during the middle to late Holocene in the
southernmost part of Europe. The d13C values of fossil shells ranged from �13.8& to �8.1& (n ¼ 15),
whereas modern specimens ranged from �10.8& to �8.6& (n ¼ 20). The fact that ancient and modern
shells generally exhibited similar d13C values suggests that the d13C values of the vegetation have
remained relatively stable during w4470e3880 cal BP and the present. Snail species did not differ in d13C
values despite their differing dietary habits. The d18O values of fossil shells ranged from �4.9& to �1.2&
(n ¼ 15), whereas modern specimens ranged from �2.8& to þ0.9& (n ¼ 20). Fossil shells were, on
average, w2& lower in d18O values than modern shells. Calculations from a snail evaporative steady-
state flux balance model suggest that shells at w4470e3880 cal BP precipitated under appreciably
higher relative humidity conditions than today, whereas rain d18O values and air temperatures at the soil
eair interface during snail active period were possibly similar. Although samples from this study
represent a time-period in which the well-documented late Holocene aridification trend in southern
Spain already started, snails suggest conditions atw4470e3880 cal BP were yet noticeably wetter than at
present. This study shows that land snail shells preserved in Holocene archeological sites offer valuable
paleoenvironmental information in their isotope codes.

� 2012 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Zooarcheological remains are valuable retrospective archives
not only for inferring past socio-economic strategies followed by
ancient human groups, but also for reconstructing past environ-
mental/climatic conditions. Land snail shells are frequently abun-
dant and well-preserved in many archeological sites; however,
their study is still considerably underrepresented in the published
literature. Some studies have revealed that land snails have been an
important food resource for many civilizations (e.g., Lubell,
2004a,b; Gutiérrez-Zugasti, 2011). Other studies observed that
nd INQUA. All rights reserved.
even when no evidence of human exploitation, land snail shells
preserved naturally (non-human induced) in archeological sites
lived simultaneously with other archeological remains and there-
fore, are useful paleoenvironmental bioindicators (e.g., Colonese
et al., 2007, 2010a,b, 2011; Yanes et al., 2011a). Human-exploited
or not, land snails recovered from archeological sites are alterna-
tive environmental recordswhich can reinforce or add new insights
into past continental climates. One of the best direct geochemical
proxies employed to reconstruct past environmental conditions
from land snails is the study of stable isotope signatures recorded in
their aragonitic shells. The carbon stable isotope values (d13C) of the
shell largely reflect the d13C values of the consumed plants (Stott,
2002; Metref et al., 2003). Because most land snails are general-
ized herbivorous (i.e., snails are assumed to consume plants
indiscriminately in the proportion of their availability in the
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landscape), they have been used to infer variations in the relative
abundance of C3, C4 and CAM plants (e.g., Goodfriend and Ellis,
2000, 2002; Balakrishnan et al., 2005a,b; Baldini et al., 2007;
Yanes et al., 2008, 2009, 2011b). In landscapes where C3 plants are
dominant, for instance Europe, where less than 5% of plant species
are C4 (Collins and Jones, 1986), shell d13C values may reflect water
stress conditions in C3 plants (e.g., Colonese et al., 2007, 2010a,b,
2011; Yanes et al., 2011a). The oxygen stable isotope composition
(d18O) of land snail shells records the rain d18O values and the air
temperature (e.g., Lécolle, 1985; Goodfriend, 1991; Zanchetta et al.,
2005; Baldini et al., 2007; Yanes et al., 2008, 2009), in addition to
the water vapor d18O values and the relative humidity (Yapp, 1979;
Goodfriend et al., 1999; Balakrishnan and Yapp, 2004). However,
a recent clumped isotope study onmodern land snails suggests that
calcification appears to occur at body temperatures several degrees
Celsius higher than observed ambient temperatures in mid to high
latitudes, e.g., caused by the sunlight-warm effect (Zaarur et al.,
2011). Despite inherent difficulties, the d18O values of fossil shells
have been increasingly employed to reconstruct environmental
conditions of ancient atmospheres at the soileair interface during
the snail calcification period (see recent publications in
Balakrishnan et al., 2005b; Colonese et al., 2007, 2010a,b, 2011;
Kehrwald et al., 2010; Yanes et al., 2011a,b).

In the Iberian Peninsula, the southernmost part of Europe, many
archeological sites contain rich accumulations of land snails yet
poorly studied (but see Gutiérrez-Zugasti, 2011; Yanes et al., 2011a).
In particular, the Marroquíes archeological site, situated in Jaén
(Andalucía, Southern Spain), contains well-preserved land snail
shells which represent a useful material available for exploring
paleoenvironmental conditions in the southern Iberian Peninsula.
This area is interesting from a paleoclimatic perspective because is
affected by interactions between atmospheric and oceanic circu-
lation systems from the North Atlantic and Mediterranean regions,
and the indirect effects of the African and Asian monsoons (e.g.,
Moreno et al., 2005; Roberts et al., 2011). Holocene continental
paleoenvironmental conditions in southern Spain have been
primarily studied from lake sediments (e.g., Anderson et al., 2011;
Jiménez-Moreno and Anderson, 2012) and pollen records (e.g.,
Carrión et al., 2001, 2010). Therefore, new and complementary
continental proxies from the study area are yet necessary to
improve understanding in the local and regional Holocene envi-
ronmental change, which in turn, is important for the global
outlook. Thus, this paper presents an additional proxy using the
isotopic fingerprint of ancient land snail shells, a continental proxy
vastly under-exploited in the study area (but see Yanes et al.,
2011a).

The present study firstly analyzed various bone samples by AMS
radiocarbon dating to corroborate the chronology of the Marro-
quíes archeological site, and secondly, studied the carbon and
oxygen stable isotope composition of both modern and fossil land
snail shells to infer paleoenvironmental conditions during the
middle Holocene in southern Iberian Peninsula. The isotopic results
are explained using a snail evaporative steady-state flux balance
mixing model and compared with other well-established regional
paleoclimatic proxies.

2. Background

2.1. Geographical and environmental context

Jaén is a city of Andalucía, Southern Spain, sited at 37�460N
(Fig. 1) and at an elevation of 573 m above sea level (a.s.l.). The
locality exhibits a Mediterranean type climate with wet and cool
winters and warm and dry summers (Fig. 2A). Climatic data was
obtained from the meteorological station of Jaén managed by the
Junta de Andalucía between 2008 and 2011 recording period
(www.juntadeandalucia.es). Mean monthly temperatures range
from 7.5 � 2.7 �C in January to 27.9 � 2.0 �C in July. Mean
temperature during snail active period (from March to May, and
from September to November) is w16 �C. Total monthly precipi-
tation varied from w30 mm in August to w464 mm in December
(Fig. 2A). Precipitation during the snail active seasons is w214 mm.
Maximum relative humidity ranges from 63 � 10% in July to
94 � 11% in November (Fig. 2B). Average maximum relative
humidity at the time when snails are assumed to be most active is
w89%.

Delgado-Huertas et al. (1991) studied the oxygen isotope
composition of rainwater from Granada (w90 km south from Jaén)
between 1988 and 1991. The mean monthly d18O values of rain
varied from �9.7& (SMOW) in February to �2.5& (SMOW) in
September (Fig. 2B). The weighted annual mean d18O value of the
rain in Granada is �7.5& (SMOW). The mean d18O value of rain
during the periods at which snails are mainly active in Jaén is
w�6& (SMOW).

2.2. Archeological context

The Marroquíes archeological site of Jaén embraces late
Neolithic and mostly Copper Age cultivate, dwelling and necropolis
zones organized in an overall circular disposition surrounded by
walls and ditches, occupying a maximum surface of over
w1e2 km2 (e.g., Zafra-de-la-Torre et al., 1999, 2003). This spec-
tacular ancient human settlement contains abundant cultural and
architecture remains, human and domestic animal bones (e.g.,
Riquelme-Cantal, 2010), and charcoal derived primarily from
several C3 species such as Fraxomis and Olea (Olaceae), Quercus
(Fagaceae) and Arbustus (Ericaceae) (e.g., Rodríguez-Ariza, 2005,
2011). Although the Marroquíes site was known since the 1950s
(Espantaleón-Jubes, 1957, 1960), new areas of this site were
discovered (and subsequently destroyed) during the intense urban
development of Jaén since the 1990s (e.g. Lizcano et al., 2004).
Different areas of the Marroquíes site have been recently excavated
during the construction of a tram system in Jaén between 2008 and
2011. This newly studied material includes domestic huts, fortifi-
cation ditches and human burials (Fig.1BeE), all of them containing
remains of domestic animals (i.e., dog, pig, ovicaprid, cow and
horse) and terrestrial gastropods. While human and cattle remains
have received considerable attention from the scientific commu-
nity, ancient mollusks from the Marroquíes site have never
been studied. Land snails do not exhibit evidence of human gath-
ering or consumption (e.g., specific break patterns or gathering/
consuming tool-derived marks on shells), and therefore, they are
considered to have been preserved naturally, without anthropo-
genic involvement.

3. Material and methods

3.1. Sample

Eight bones (five human and three animal bones) recovered
from three collective graves from Subestación (Fig. 1BeC), Paseo
Estación (Fig. 1DeE) and García Triviño zones were selected for
radiocarbon dating of the bone collagen (Table 1). Radiocarbon
analyses were carried out by AMS in the Angström Laboratory of
the University of Uppsala (Sweden). Radiocarbon dates were cali-
brated using the CalPal programme and the HULU 2007 calibration
curve (Weninger and Jöris, 2008; Weninger et al., 2008).

Fossil land snails were found completely buried at two dwelling
areas of Subestación and Paseo Estación zones jointly with other
archeological remains. No definite stratigraphic layers were
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Fig. 1. Geographical location and photographs of the Marroquíes archeological site (Jaén, Andalucía, southern Spain). (A) Map of southern Spain indicating the situation of Jaén city.
(BeE) Photographs of graves and detailed views of bone remains from Subestación (BeC) and Paseo Estación (DeE) areas of the Marroquíes archeological site. Scale bar ¼ 1 m.
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identified and consequently, ancient shell material used in this
study is considered to have been deposited and preserved together
at similar time and conditions, representing one single time-
interval. Taphonomic and archeological evidence suggests shells
were preserved in situ, without past or recent anthropogenic
disturbance. A total of five fossil shells of the omnivorous Rumina
decollata (Linnaeus, 1758) and ten ancient shells of the herbivorous
Cernuella virgata (Da Costa, 1778) were collected for subsequent
isotopic study. X-ray diffraction analyses carried out on three shells
(one Rumina and two Cernuella) at the Instituto Andaluz de Ciencias
de la Tierra (CSIC-Universidad de Granada) confirmed that the shell
material recovered from the Marroquíes archeological site was
100% aragonitic and did not show evidence of recrystallization.

Modern specimens of Rumina (n ¼ 4) and Cernuella (n ¼ 16)
from Jaén and Granada (Table 2) were also gathered and analyzed
to establish a modern snail isotopic baseline against which fossil
shells can be compared with. C. virgata (Gastropoda: Hygromiidae)
is a generalized herbivorous air-breading snail. Its geographical
range includes the Atlantic European coasts (from the Netherlands
to Spain) and coastal regions of the Mediterranean region. This



Fig. 2. Current climatic context of Jaén, southern Spain. Data taken from a meteoro-
logical station of Jaén regulated by the Junta de Andalucía (www.juntadeandalucia.es).
Data represent climatic variations between 2008 and 2011 recording periods.
(A) Monthly variation of air temperature (�C) and precipitation (mm). (B) Monthly
variation of maximum relative humidity (%) and d18O values of the rain from Granada
(Delgado-Huertas et al., 1991). Gray bands represent plausible active periods when
snails are thought to be active and mostly precipitate shell material.
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species generally resists dry habitats and prefers calcareous and
anthropogenic substrates (e.g., Kerney and Cameron, 1979).

R. decollata (Gastropoda: Subulinidae) is an omnivorous snail
natural from theMediterranean but introduced in other continents,
usually tolerant of dry and human-influenced habitats (e.g., Kerney
and Cameron,1979). Rumina feeds upon common garden snails and
slugs and their eggs, annelids and plant matter. It has been used as
a biological pest control to reduce populations of herbivorous snails
that feed upon crops (e.g., Cowie, 2001).
Table 1
Radiocarbon results of bone collagen samples recovered from Subestación, Paseo Estación

Laboratory code Sampling area Sample type 14C

Ua40052 García Triviño Human rib 383
Ua40059 García Triviño Dog 398
Ua40056 Paseo Estación Human skull 375
Ua40057 Paseo Estación Human skull 379
Ua40760 Paseo Estación Ovicaprid? 357
Ua40763 Paseo Estación Ovicaprid? 359
Ua40761 Subestación Human tibiae? 368
Ua40762 Subestación Human tibiae? 372
3.2. Stable isotope analyses

Sample preparation and stable isotope analyses were carried out
in the Instituto Andaluz de Ciencias de la Tierra (CSIC-Universidad
de Granada). Each entire shell was cleaned ultrasonically in
deionized water and crushed by hand with an agate mortar and
pestle. Shell organic matrix was removed by placing the shell
powder in 6% H2O2 overnight at room temperature. Thereafter,
shells were rinsed three times with deionized water and oven-
dried at 50 �C overnight.

Shell carbonate powder (w5 mg) was placed in a 12 ml
exetainer� vial and flushed with helium. The carbonate was con-
verted to CO2 by adding w0.2 ml of 100% phosphoric acid (H3PO4)
at 50 �C during 24 h. The resulting CO2 was analyzed isotopically
using the Gas-Bench II and a Finnigan Delta PLUSxP isotope ratio
mass spectrometer (IRMS). All stable isotope results are reported in
d notation relative to the international standard PDB for carbonate
and SMOW for water. The d values are defined as:

dX ¼
h�

Rsample=Rstandard

�
� 1

i
� 1000ð&Þ

where X¼ 13C for R¼ 13C/12C, or X¼ 18O for R¼ 18O/16O. Carbon and
oxygen isotope values of the shell were calibrated against three
in-house standards. The precision of the analyses was w0.1&
(1s standard deviation) for both isotopes based on the repeated
measurement (n ¼ 30) of standards. Replicate analyses of the same
snail shell had an overall precision of w0.2& (1s standard devia-
tion) for d18O and d13C.

3.3. Statistical analyses

Simple regression analyses were carried out to test the potential
relationship between variables, and to identify the slope and
intercept of the relationship. ManneWhitney U test was used to
test if samples differed in median values. Statistical analyses were
performed using PAST 1.38b (Hammer et al., 2001), considering the
significant level when a ¼ 0.05.

3.4. Snail evaporative steady-state flux balance mixing model
for d18O

Balakrishnan and Yapp (2004) developed a steady-state flux
balance mixing model to better understand quantitatively the
environmental controls on d18O values of land snail shells. The
model portrays the relationship between the amount and isotopic
composition of rain and the water in snail hemolymph, the diffu-
sive flux of water from snail hemolymph by evaporation, and the
temperature dependent oxygen isotope fractionation between snail
hemolymph and aragonitic shell (Grossman and Ku, 1986). In this
model, (1) air temperature, (2) d18O values of rain water (imbibed
by the snail), (3) d18O values of water vapor, and (4) relative
humidity are the most important environmental factors governing
and García Triviño areas of the Marroquíes archeological site (Jaén, southern Spain).

age (BP) SD (�) Calibrated age (cal BP) SD (�)

0 30 4250 70
0 40 4470 40
0 30 4090 60
0 30 4180 50
0 30 3880 40
0 30 3900 40
0 30 4020 50
0 30 4070 60
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Table 2
Carbon and oxygen stale isotope values of modern and fossil land snail shells from the Marroquíes archeological site (Jaén, southern Spain).

Sample ID Sampling locality Geographical
coordinates

Altitude Species Feeding habit Age (cal BP) d18O& (PDB) d13C& (PDB)

CAZ-1-1 Cazorla, Jaén 37�540N 826 Cernuella virgata Herbivorous Modern �0.4 �9.6
CAZ-1-2 Cazorla, Jaén 37�540N 826 Cernuella virgata Herbivorous Modern �1.7 �10.4
CAZ-1-3 Cazorla, Jaén 37�540N 826 Cernuella virgata Herbivorous Modern �1.0 �9.0
CAZ-1-4 Cazorla, Jaén 37�540N 826 Cernuella virgata Herbivorous Modern �0.2 �10.2
CAZ-1-5 Cazorla, Jaén 37�540N 826 Cernuella virgata Herbivorous Modern �0.9 �10.7
CAZ-1-6 Cazorla, Jaén 37�540N 826 Cernuella virgata Herbivorous Modern �0.4 �9.3
CAZ-1-7 Cazorla, Jaén 37�540N 826 Cernuella virgata Herbivorous Modern �1.5 �10.8
CAZ-1-8 Cazorla, Jaén 37�540N 826 Cernuella virgata Herbivorous Modern 0.4 �8.6
CAZ-1-9 Cazorla, Jaén 37�540N 826 Cernuella virgata Herbivorous Modern �1.9 �10.8
CAZ-1-10 Cazorla, Jaén 37�540N 826 Cernuella virgata Herbivorous Modern �2.6 �9.9
LEC-1-1 Lecrín, Granada 36�550N 538 Cernuella virgata Herbivorous Modern �0.4 �10.1
LEC-1-2 Lecrín, Granada 36�550N 538 Cernuella virgata Herbivorous Modern 0.9 �10.1
LEC-1-3 Lecrín, Granada 36�550N 538 Cernuella virgata Herbivorous Modern �2.0 �10.5
LEC-1-4 Lecrín, Granada 36�550N 538 Cernuella virgata Herbivorous Modern 0.9 �10.1
LEC-1-5 Lecrín, Granada 36�550N 538 Cernuella virgata Herbivorous Modern �0.1 �9.9
LEC-1-6 Lecrín, Granada 36�550N 538 Cernuella virgata Herbivorous Modern �2.8 �10.5
LEC-2-1 Lecrín, Granada 36�550N 538 Rumina decollata Omnivorous Modern �1.1 �9.2
LEC-2-2 Lecrín, Granada 36�550N 538 Rumina decollata Omnivorous Modern �1.6 �10.4
LEC-2-3 Lecrín, Granada 36�550N 538 Rumina decollata Omnivorous Modern �1.8 �9.6
LEC-2-4 Lecrín, Granada 36�550N 538 Rumina decollata Omnivorous Modern �1.5 �10.0
MQ-1-1 City center, Jaén 37�460N 573 Cernuella virgata Herbivorous 4470e3880 �4.9 �9.0
MQ-1-2 City center, Jaén 37�460N 573 Cernuella virgata Herbivorous 4470e3880 �2.6 �10.9
MQ-1-3 City center, Jaén 37�460N 573 Cernuella virgata Herbivorous 4470e3880 �1.2 �10.0
MQ-1-4 City center, Jaén 37�460N 573 Cernuella virgata Herbivorous 4470e3880 �3.4 �13.8
MQ-1-5 City center, Jaén 37�460N 573 Cernuella virgata Herbivorous 4470e3880 �1.2 �10.9
MQ-2-1 City center, Jaén 37�460N 573 Rumina decollata Omnivorous 4470e3880 �3.1 �10.9
MQ-2-2 City center, Jaén 37�460N 573 Rumina decollata Omnivorous 4470e3880 �3.3 �10.6
MQ-2-3 City center, Jaén 37�460N 573 Rumina decollata Omnivorous 4470e3880 �4.3 �9.4
MQ-2-4 City center, Jaén 37�460N 573 Rumina decollata Omnivorous 4470e3880 �3.8 �9.5
MQ-2-5 City center, Jaén 37�460N 573 Rumina decollata Omnivorous 4470e3880 �4.0 �11.4
MQ-2-6 City center, Jaén 37�460N 573 Rumina decollata Omnivorous 4470e3880 �2.5 �10.6
MQ-2-7 City center, Jaén 37�460N 573 Rumina decollata Omnivorous 4470e3880 �2.3 �10.8
MQ-2-8 City center, Jaén 37�460N 573 Rumina decollata Omnivorous 4470e3880 �4.0 �11.2
MQ-2-9 City center, Jaén 37�460N 573 Rumina decollata Omnivorous 4470e3880 �2.0 �8.1
MQ-2-10 City center, Jaén 37�460N 573 Rumina decollata Omnivorous 4470e3880 �2.2 �11.5
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d18O values of the snail hemolymph and in turn, the shell
(Balakrishnan and Yapp, 2004). Land snail body water is considered
to have been lost only by evaporation (q ¼ 0). Ambient water vapor
is assumed to be in isotopic equilibrium with rain water
(Balakrishnan and Yapp, 2004). If air temperature and local rain
water d18O values are known or can be indirectly assumed (e.g.,
various commonly used paleoclimatic proxies reconstruct such
variables), relative humidity during calcification at the soileair
interface may be predicted using this model (e.g. Balakrishnan
et al., 2005a,b).

4. Results

Radiocarbon results indicate that Subestación, Paseo Estación
and García Triviño areas within the Marroquíes archeological site
ranged in age from w4470 to w3880 cal BP (Table 1), with an
average value of 4110 � 190 cal BP (n ¼ 8). These new dates are
consistent with values reported for other parts of the Marroquíes
site (e.g., Zafra-de-la-Torre et al., 1999, 2003). Accordingly,
archeological land snails recovered from these areas should have
lived and grew their shells during the Copper Age interval. Radio-
carbon dates reveal that snail shells from this study probably
exhibit an age-mixing ofw590 y. This magnitude of time-averaging
is expected for terrestrial shelly accumulations (Yanes et al., 2007).

Modern shells of C. virgata (n ¼ 16) from the study area exhibit
d13C values ranging from �10.8& to �8.6&, with an average value
of �10.0 � 0.6& (Table 2; Fig. 3A). R. decollata shells (n ¼ 4) ranged
in d13C values from �10.4& to �9.2&, averaging �9.8 � 0.5&
(Table 2; Fig. 3A). Thus, both species showed similar d13C values
(ManneWhitney U test, U ¼ 22; p ¼ 0.37). Fossil shells of C. virgata
(n ¼ 5) exhibited an average d13C value of �10.9 � 1.8&, ranging
from�13.8& to �9.0& (Table 2; Fig. 3A). Ancient R. decollata shells
(n ¼ 10) showed an average d13C value of �10.4 � 1.1&, ranging
from�11.5& to�8.1& (Table 2; Fig. 3A). Both species did not differ
in shell d13C values (ManneWhitney U test, U¼ 23; p¼ 0.85). Fossil
shells (�10.6� 1.3&; n¼ 15) were significantly lower in d13C values
(ManneWhitney U test, U¼ 89; p¼ 0.043) thanmodern specimens
(�10.0 � 0.6&; n ¼ 20). However, if the outlier of �13.8& is dis-
regarded (Fig. 3A), no differences in shell d13C values are obtained
between fossil and modern specimens. The dispersion of d13C
values of both species was relatively comparable (Fig. 3A). Carbon
and oxygen isotopic systematics of modern and fossil land snails
from Jaén did not correlate with each other.

Modern C. virgata shells (n ¼ 16) varied in d18O values between
�2.8& and �0.9&, with an average value of �0.9 � 1.1& (Table 2;
Fig. 3B). Modern shells of R. decollata (n ¼ 4) exhibited an average
d18O value of �1.5 � 0.3&, ranging from �1.8& to �1.1& (Table 2;
Fig. 3B). The d18O values of the two snail species were statistically
comparable (ManneWhitney U test, U ¼ 20.5; p ¼ 0.30). However,
Rumina exhibited narrower amplitude of d18O values than Cer-
nuella, possibly due to a more selective active period during the
wettest conditions and lower exposure to dryness (e.g., Yanes et al.,
2009). Shells of fossil C. virgata (n ¼ 5) displayed a range of d18O
values from �4.9& to �1.2&, averaging �2.7 � 1.5& (Table 2;
Fig. 3B), whereas fossil R. decollata (n ¼ 10) varied in d18O values
between �4.3& and �2.0&, with an average value of �3.1 � 0.9&
(Table 2; Fig. 3B). The d18O values of both species were statistically
equivalent (ManneWhitney U test, U ¼ 20; p ¼ 0.58). Fossil spec-
imens (�3.0� 1.0&; n¼ 15) were significantly lower in d18O values
(ManneWhitney U test, U ¼ 28; p < 0.001) than modern



Fig. 3. Stable isotope composition of modern and fossil shells from the Marroquíes
archeological site (Jaén, southern Spain). (A) Carbon stable isotope values of the shell.
(B) Oxygen stable isotope value of the shell. Solid lines represent the average value of
fossil shells whereas dashed lines represent the average value of modern shells.
Numbers between brackets indicate the number of shells analyzed. Note that both
species exhibit comparable carbon and oxygen stable isotope values.

Fig. 4. Calculated shell d18O values using the snail evaporative steady-state flux
balance mixing model by Balakrishnan and Yapp (2004). (A) Modern scenario. The
shaded area depicts the range of measured shell d18O values of modern individuals
from the study area whereas filled dots illustrate the average value. Note that empirical
and hypothetical relative humidity values overlap. (B) Fossil scenario. Arrows show
hypothetical trajectories of increasing average shell d18O values from the middle to late
Holocene to the present as a function of decreasing relative humidity, assuming
constant values for air temperature and rain water d18O values (see text). Solid line
represents calculated shell d18O values if calcification occurred at ambient temperature
during snail active period whereas dashed line portrays calculated shell d18O values if
calcification occurred at temperatures w5 �C warmer than those from the environ-
ment (Zaarur et al., 2011).
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individuals (�1.0 � 1.1&; n ¼ 20). Snail shells of both species dis-
played similar amplitude of d18O values (Fig. 3B).

Calculations from the snail evaporative steady-state flux balance
mixing model by Balakrishnan and Yapp (2004) suggest that
modern individuals from Jaén and Granada having shell d18O values
of �1.0 � 1.0& precipitated carbonate during air temperatures of
w16 �C, rainwater values of�6&(SMOW), and relative humidity of
w89 � 3%. These adopted temperature and rain d18O values for
model calculations assume that snails mostly deposit shells during
spring (fromMarch toMay) and fall (from September to November)
seasons (Fig. 2). If calcification occurred at temperatures w5 �C
higher than environmental temperatures (e.g., due to the sunlight-
warm effect), as suggested by a recent clumped isotope study on
modern land snails (see figure 3 in Zaarur et al., 2011), and the other
variables remain constant, modern shells precipitated at relative
humidity values of w86 � 3% (Fig. 4A).

Model outputs indicate that fossil shells with an average
measured d18O value of �3.0 � 1.1& (Fig. 5A) deposited shell at
times when ambient temperature and rain d18O values were likely
similar than today (see discussion below), as suggested by several
published regional paleoclimatic proxies (see Fig. 5BeC), but rela-
tive humidity was w95 � 3% (Fig. 4B). If shell precipitated under
temperatures w5 �C higher than observed environmental
temperatures (Zaarur et al., 2011), fossil shells possibly grew under
relative humidity values of w92 � 3% (Fig. 4B).

5. Discussion

5.1. Paleovegetation inferences: shell d13C values

Both species of land snail exhibited statistically equivalent d13C
values (Table 2; Fig. 3A) and therefore, results will be discussed
using pooled data of both taxa. The d13C values of the shell



Fig. 5. Regional climatic proxies over the last 5000 cal BP. (A) Oxygen stable isotope
values of land snails from Jaén, southern Spain. Gray band depicts the age range for
fossil land snails analyzed in this study. (B) 100-point moving average of the oxygen
stable isotope values from Greenland ice core (Dansgaard et al., 1989, 1993; GRIP
Members, 1993; Grootes et al., 1993; Johnsen et al., 1997). (C) Sea Surface Tempera-
ture (SST) estimates based on the alkenones from a marine deep sea core off Iberian
margin (Bard, 2002). (D) Humidity index estimates based on grain size siliciclastic
marine sediment cores from northwest Africa (Tjallingii et al., 2008). Note that while
average d18O values of rain (B) and temperatures (C) appear to be similar at
w4470e3880 cal BP (gray band) and today, humidity was somewhat higher during the
middle to late Holocene than at present (A, D).
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(�10.0 � 0.6&) suggests that modern specimens have consumed
nearly exclusively C3 plants with an average value of w �26&,
assuming an isotopic offset ofw15& between shell and body (Stott,
2002; Yanes et al., 2008), plusw1& offset between body and plant
(DeNiro and Epstein, 1978). This predicted value of C3 plants is
several per mil higher than measured values of non-lipid extracted
plant litter from the study area, which vary between �27.9& and
�30.0& (personal unpublished data). This suggests that other
environmental factors besides d13C values of the surrounding
vegetation should have affected the d13C values of modern snails.
Controlling factors of shell d13C values, in addition to ingested
foods, include variations in the contribution of limestone (e.g.,
Goodfriend and Hood, 1983; Goodfriend, 1987, 1999; Goodfriend
and Ellis, 2002; Yanes et al., 2008). Contrary to small and minute
gastropods (Pigati et al., 2004, 2010), medium to large size land
snails (>10 mm), as the species studied here, are expected to
consume variable amounts of limestone as a source of calcium to
build their own shells. This unknown contribution of carbon
derived from limestone may disguise to some degree the d13C
values from the plant diet (e.g., Yanes et al., 2008). Other factors like
variations in the atmospheric CO2 seem to have a negligible direct
effect on the d13C values of the shell (e.g., Stott, 2002; Metref et al.,
2003; Balakrishnan and Yapp, 2004).

The carbon isotopic variability of 2.2& among modern speci-
mens (n ¼ 20) may reflect daily/seasonal variations in metabolic
rates, feeding habits and/or variable limestone contribution among
individuals (e.g., Balakrishnan and Yapp, 2004). The amplitude of
d13C values of fossil shells is comparable to that of modern indi-
viduals, suggesting similar degree of variations in the aforemen-
tioned factors during the middle to late Holocene and the present.
In any case, the shell d13C values of modern (and fossil) specimens
indicate a snail diet primarily based on C3 plants, which is consis-
tent with the documented dominance of C3 species in the study
area (e.g., Carrión et al., 2001, 2010; Anderson et al., 2011; Jiménez-
Moreno and Anderson, 2012).

Despite the large overlap of d13C values between modern and
fossil shells (Fig. 3A), ancient specimens were w0.6& lower in d13C
values than living individuals. Thus, ancient specimens consumed
foods having an estimated value of w�26.6&. This slightly lower
d13C values may suggest somewhat lower water stress conditions
at w4470e3880 cal BP than today (Fig. 6A). If the extreme value
of �13.8& is however overlooked, modern and fossil shells show
similar d13C values, and therefore, comparable plant d13C values.
Fossil snails recovered from 4180 � 130 cal BP strata of the Los Cas-
tillejos archeological site (Yanes et al., 2011a) from Granada (Fig. 6A),
exhibited significantly lower shell d13C values (�9.2� 0.7&; n ¼ 27)
than modern counterparts from the same locality (�8.4 � 0.5&;
n ¼ 15). Hence, somewhat lower water stress conditions appear to
have occurred atw4180� 130 cal BP than in the present in southern
Spain. This is consistent with other snail studies from the Mediter-
ranean. Colonese et al. (2010b) suggested thatmiddleHolocene shells
were similar or slightly 13C-depleted compared with living speci-
mens. Other snail proxies from Italy (Bonadonna and Leone, 1995)
and Spain (Yanes et al., 2011a) indicate that middle Holocene land
snail shells of various species followed a diet primarily based on C3
plants. This finding clearly reinforces the overall dominance of C3
plants during the middle to late Holocene in southwestern Europe.

5.2. Paleoatmospheric inferences: shell d18O values

Modern specimens showed an average shell d18O value of
w�1&, up to w5& higher than empirical rain d18O values. Such
isotopic offset between shell and rain suggests that snail body
water d18O values were modified by evaporation, the magnitude of
which is largely linked to the local relative humidity (e.g.,



Fig. 6. Carbon (A) and oxygen (B) stable isotope values of middle to late Holocene land
snails from southeastern Spain. Open triangles represent snail data from Granada,
Spain (Yanes et al., 2011a). Filled circles correspond to data from Jaén, Spain (this
study). Note that snails from the late Holocene remain to be surveyed in the region.
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Balakrishnan and Yapp, 2004; Zaarur et al., 2011). Recent shells
from Jaén may have precipitated at times when rain d18O was
w�6& (in isotopic equilibrium with water vapor) and air
temperature wasw16 �C (Fig. 2AeB). The steady-state flux-balance
mixing model by Balakrishnan and Yapp (2004) predicts that
relative humidity during calcification should have been w89%, on
average (Fig. 4A). This predicted value by the model matches
perfectly well with the measured mean maximum relative
humidity value in Jaén during the snail active period (Fig. 2B).
Accordingly, this model appears to calculate credible relative
humidity values in the study area and therefore, may be used to
estimate paleohumidity conditions.

The d18O values of fossil shells of both species were, on average,
w2& lower than modern specimens (Fig. 3B; Fig. 5A), suggesting
that atmospheric conditions during calcification were probably
different at w4470e3880 cal BP than today. Several well-
established paleoclimatic proxies from different localities can be
used to deduce middle to late Holocene values for some environ-
mental variables in southern Spain. For instance, the 100-point
running mean of the d18O values from the Greenland Ice Core
(GRIP) at the latitude of 72�N (Dansgaard et al., 1993, 1989; GRIP
Members, 1993; Grootes et al., 1993; Johnsen et al., 1997) indicate
that meteoric water between w4500 and 3900 y was simply
w0.3& higher than present waters (Fig. 5B). Speleothem proxies
from the eastern Mediterranean region documented basically the
same d18O values over the lastw4500 y, with a subdued fluctuation
of d18O values smaller than w0.3& (see figure 2A in Bar-Matthews
et al., 1999). In NW Iberian Peninsula, a newly studied Holocene
speleothem also revealed minimal variation in the d18O values at
w4500e3900 y with respect to present-day (Railsback et al., 2011).
These speleothem proxies suggest that the rain or water vapor d18O
values, rainfall amount, the trajectory of rainfall or the temperature
should have been comparable atw4500e3900 y and the present in
theMediterranean. Alkenone data extracted fromdeep sea cores off
SW Iberian Peninsula coast (Fig. 5C) indicate that temperatures at
w4500e3900 y were similar than today, with a difference lower
than w0.2 �C (Bard, 2002). This is consistent with alkenone and
benthic foraminera proxies from several deep sea cores from the
western Mediterranean (e.g., Cacho et al., 2001). According to these
proxies, it seems logical to assume a possible paleoclimatic scenario
for Jaén where the rain d18O values and the ambient temperatures
at w4470e3880 cal BP were relatively similar to those observed at
present (Fig. 5). These paleoclimatic assumptions used together
with the measured shell d18O values and the flux-balance mixing
model by Balakrishnan and Yapp (2004) allow us to calculate
relative humidity conditions at the time of shell growth. Model
outputs predict that calcification during w4470e3880 cal BP in
Jaén occurred under average relative humidity values which were
notably higher (w95%) than those from the present (w89%),
whereas rain d18O values and air temperatures did not probably
change severely (see continuous line in Fig. 4B). This pattern
remains the same if shell deposition occurred at temperatures
w5 �C warmer than observed environmental temperatures during
snail active period (Zaarur et al., 2011), that is, fossil shells precip-
itated at noticeable wetter conditions at w4470e3880 cal BP than
presently (w92% versus w87%, respectively) (see dashed line in
Fig. 4B). This second scenario is plausible if the shell was deposited
principally during the daytime under substantial sunlight exposure,
which would increase the body temperature during the bio-
mineralization process with respect to the environmental
temperature (Zaarur et al., 2011).

If alternatively, relative humidity (w89%) and ambient
temperature (w16 �C) have remained constant from the mid-late
Holocene to recent, the d18O values of fossil shells can only be
explained in the context of the model if water d18O values imbibed
by the snails were w2% lower than today. However, based on
published records (Fig. 5) such difference of values of environ-
mental water at w4470e3880 cal BP with respect to the present is
unlikely. Other paleoclimatic scenarios were not explored because
there is no convincing evidence from the published literature that
document that rain d18O values and/or air temperatures in
the western Mediterranean were appreciably different at
w4470e3880 cal BP and today.

The inferred wetter conditions during the Copper Age interval
may have favored agricultural practices during that time interval in
Jaén. Moisture conditions may have reduced the necessity of arti-
ficial irrigation of crops in this ancient civilization, as suggested for
the early to middle Holocene human settlement of the Los Cas-
tillejos archeological site in Montefrío, Granada (Araus et al., 1997a,
b; Aguilera et al., 2008).

The range of d18O values of ancient snails from Jaén largely
overlap with a published Holocene snail proxy (Fig. 6B) from
Granada, southern Spain (Yanes et al., 2011a). Both snail proxies
suggest noticeable wetter conditions around 4470e3880 cal BP in
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southern Spain than at present (Fig. 6B). It is also worthmentioning
that while late glacial and early-middle Holocene snail proxies from
Europe are available, mainly from Italy (Bonadonna and Leone,
1995; Zanchetta et al., 1999; Yates et al., 2002; Colonese et al.,
2007, 2010a,b, 2011; Kehrwald et al., 2010; Yanes et al., 2011a),
European isotopic proxies of land snails from the mid-late Holo-
cene interval are rare in the published literature.

5.3. Comparison with other paleoclimatic proxies

Middle Holocene climate in southern Spain has been studied by
various continental proxies, mostly derived from lake sediments
and pollen records. Anderson et al. (2011) studied the Laguna de Río
Seco highland lake in Sierra Nevada (3020 m a.s.l., southern Spain),
and observed that the early to middle Holocene was characterized
by high abundance of deciduous Quercus and Betula, whereas
dryness conditions overcame from the middle to late Holocene. A
similar patternwas observed in alpine bog sediments of Borreguiles
de la Virgen in Sierra Nevada at 2945 m a.s.l., southern Spain
(Jiménez-Moreno and Anderson, 2012). Pollen proxies from Villa-
verde (870m a.s.l.; south-central Spain) indicate that an increase of
Quercus occurred between 7500 and 5900 cal BP as a response of
increasing moisture and temperature, while xerophytes increased
from w5000 cal BP to the present due to increasing dryness
(Carrión et al., 2001). A recent review by Carrión et al. (2010)
stresses the fact that most published records indicate that the
early to middle Holocene in southern Spain was portrayed by the
dominance of tree species whereas xerophytes increased consid-
erably thereafter. A significant drought and forest decline phase is
identified starting at the Argaric period, 4300e3600 cal BP (Carrión
et al., 2010 and references therein).

In a more regional scale, Roberts et al. (2011) combined model
outputs and proxy data and concluded that the western Mediter-
ranean was in general typified by (1) changes in the rainfall during
the early Holocene, (2) increased rainfalls during the middle Holo-
cene (see figure 5 in Roberts et al., 2011), and (3) a gradual aridifi-
cation from the middle Holocene to the present (see also Pérez-
Obiol et al., 2011). The oxygen isotopic data from a stalagmite in
central Italy also revealed enhanced precipitation during the early-
middle Holocene (Zanchetta et al., 2007). Downward off Maur-
itanian coast at w20�N, DeMenocal et al. (2000) observed that the
African Human Period, between 14800 and 5500 cal BP, was char-
acterized by a considerable vegetation development in the Sahara
zone. This was also recognized in the siliciclastic grain-size analysis
off Mauritanian coast (Tjallingii et al., 2008), which showed a posi-
tive hydrological balance during the early-middle Holocene, while
humidity fluctuated but overall declined from the middle Holocene
to present-day (see Fig. 5D). These repeatedly documented wetter
conditions during the early-middle Holocene at regional scale may
have been caused by changes in the atmospheric circulation system
like a southward shift in the north-westerlies and an increase in the
North Atlantic winter precipitation (e.g., Mayewski et al., 2004;
Moreno et al., 2005; Tjallingii et al., 2008).

According to the aforementioned proxies, at
w4500e3900 cal BP the wet phase already ended whereas the
aridification process already started. Moreover, several proxies
have actually identified a marked arid period around 4200 cal BP,
especially in the eastern Mediterranean region (e.g., Migowski
et al., 2006). The snail assemblage has been dated at
w4470e3880 cal BP, which is considered the beginning of the late
Holocene. Consequently, these samples probably correspond to the
initial phase of the well-documented aridification process in
southern Spain. Nonetheless, the presented data here indicate that
conditions were still wetter atw4470e3880 cal BP than at present,
as observed in a marine sediment proxy from northwestern Africa
(Fig. 5D) and a land snail proxy from Granada (Fig. 6B). Further-
more, Faust et al. (2004) also observed that late Holocene climate-
driven fluvial records from northern Tunisia (latitude: 36�N) often
indicated enhanced fluvial dynamics and lower sedimentation
rates around 4500e3000 cal BP, associated with an increase in
groundwater level (see sediment series 3a in Fig. 3: Faust et al.,
2004). Differing outcomes from all these proxies stress the fact
that the Holocene in the Mediterranean is a complex period of
marked dry/wet oscillations that vary in space and time (e.g.,
Mayewski et al., 2004; Jalut et al., 2009; Roberts et al., 2011; Magny
et al., 2012). Thus, variations in moisture conditions may be in part
affected by local and site-specific features. Factor affecting relative
humidity at the soileair interface (where snails live) may include
temperature, presence of large bodies of water, soil moisture, and
cloud and plant cover. If temperatures (and d18O values of rain and
water vapor) have remained relatively similar during the studied
time-intervals (Fig. 5), snails duringw4470e3880 cal BP deposited
shell either near springs, on top of wetter soils, at shaded areas,
and/or among denser vegetation (at an enclosed space), as opposed
to snails living today in Jaén.

6. Conclusions

This study illustrates that land snail shelly accumulations from
archeological sites are useful paleoenvironmental archives of
ancient atmospheres in the western Mediterranean. These are the
first results of carbon and oxygen stable isotope composition of
land snail entire shells recovered from the Marroquíes archeo-
logical site (Jaén, southern Spain). New radiocarbon analyses
carried out in bone collagen samples indicate snails lived during the
Copper Age interval (w4470e3880 cal BP). The carbon stable
isotope composition of fossil shells implies snails consumed
primarily C3 plants with comparable d13C values than plants living
today in the area. The oxygen stable isotope composition of ancient
shells was w2& lower than that of modern counterparts, pointing
to wetter conditions at w4470e3880 cal BP than today. Calcula-
tions from a snail evaporative steady-state flux balance mixing
model suggest that individuals deposited shell at times when
relative humidity was noticeably higher (w92e95%) at
w4470e3880 cal BP and subsequently may have fluctuated but
overall declined to present values (w86e89%). This study rein-
forces that the oxygen stable isotope composition of snail shells are
sensitive to humidity fluctuations, even when rain d18O values and
temperature seem to remainmoderately similar. Also highlighted is
the necessity of additional European land snail proxies, particularly
from the middle to late Holocene interval.

Acknowledgments

This study was in part funded by the Spanish research projects
CGL2011-29898/BTE to Y.Y. and HAR2008-04577 to J.A.C. Special
thanks go to María Fernanda García-Cuevas, Antonia González-
Herrera, Rafael Sánchez-Susí and Juan Nicas-Perales for their
supervision and assistance during field work and sample collection.
Special thanks go to Crayton J. Yapp (Southern Methodist Univer-
sity) for helpful discussions on the presented data. The thoughtful
comments by the associate editor Dominik Faust and the detailed
revisions by Giovanni Zanchetta and André Carlo Colonese are
greatly acknowledged.

References

Aguilera, M., Araus, J.L., Voltas, J., Rodríguez-Ariza, M.O., Molina, F., Rovira, N.,
Buxo, R., Ferrio, J.P., 2008. Stable carbon and nitrogen isotopes and quality traits
of fossil cereal grains provide clues on sustainability at the beginnings of



Y. Yanes et al. / Quaternary International 302 (2013) 77e8786
Mediterranean agriculture. Rapid Communications in Mass Spectrometry 22,
1653e1663.

Anderson, R.S., Jiménez-Moreno, G., Carrión, J.S., Pérez-Martínez, C., 2011. Holocene
vegetation history from Laguna de Río Seco, Sierra Nevada, southern Spain.
Quaternary Science Reviews 30, 1615e1629.

Araus, J.L., Febrero, A., Buxo, R., Camalich, M.D., Martin, D., Molina, F., Rodríguez-
Ariza, M.O., Romagosa, I., 1997a. Changes in carbon isotope discrimination in
grain cereals from different regions of the western Mediterranean Basin during
the past seven millennia. Paleoenvironmental evidence of a differential change
in aridity during the late Holocene. Global Change Biology 3, 107e118.

Araus, J.L., Febrero, A., Buxo, R., Rodríguez-Ariza, M.O., Molina, F., Camalich, M.D.,
Martin, D., Voltas, J., 1997b. Identification of ancient irrigation practices based
on the carbon isotope discrimination of plant seeds: a case of study from the
south-east Iberian Peninsula. Journal of Archaeological Science 24, 729e740.

Balakrishnan, M., Yapp, C.J., 2004. Flux balance model for the oxygen and carbon
isotope compositions of land snail shells. Geochimica Cosmochimica Acta 68,
2007e2024.

Balakrishnan, M., Yapp, C.J., Meltzer, D.J., Theler, J.L., 2005a. Paleoenvironment of
the Folsom archaeological site, New Mexico, USA, approximately 10,500 14C yr
B.P. as inferred from the stable isotope composition of fossil land snail shells.
Quaternary Research 63, 31e44.

Balakrishnan, M., Yapp, C.J., Theler, J.L., Carter, B.J., Wyckoff, D.G., 2005b. Environ-
mental significance of 13C/12C and 18O/16O ratios of modern land-snail shells
from the southern Great Plains of North America. Quaternary Research 63,
15e30.

Baldini, L.M., Walker, S.E., Bruce, R., Baldini, J.U.L., Crowe, D.E., 2007. Isotope ecology
of the modern land snails Cerion, San Salvador, Bahamas: preliminary advances
toward establishing a low-latitude island palaeoenvironmental proxy. Palaios
22, 174e187.

Bard, E., 2002. Abrupt climate changes over millennial time scales: climate shock.
Physics Today 55, 32e38.

Bar-Matthews, M., Ayalon, A., Kaufman, A., Wasserburg, G.J., 1999. The eastern
Mediterranean palaeoclimate as a reflection of regional events: Soreq cave,
Israel. Earth and Planetary Science Letters 166, 85e95.

Bonadonna, F.P., Leone, G., 1995. Palaeoclimatological reconstruction using stable
isotope data on continental molluscs from Valle di Castiglione, Roma, Italy. The
Holocene 5, 461e469.

Cacho, I., Grimalt, J.O., Canals, M., Sbaffi, L., Shackleton, N.J., Schönfeld, J., Zahn, R.,
2001. Variability of the Western Mediterranean sea surface temperature during
the last 25,000 years and its connection with the Northern Hemisphere climatic
changes. Paleoceanography 16, 40e52.

Carrión, J.S., Andrade, A., Bennett, K.D., Navarro, C., Munuera, M., 2001. Crossing
forest thresholds: inertia and collapse in a Holocene sequence from south-
central Spain. The Holocene 11, 635e653.

Carrión, J.S., Fernández, S., González-Sampériz, P., Gil-Romera, G., Badal, E., Carrión-
Marco, Y., López-Merino, L., López-Sáez, J.A., Fierro, E., Burjachs, F., 2010. Ex-
pected trends and surprises in the Lateglacial and Holocene vegetation history
of the Iberian Peninsula and Balearic Islands. Review of Palaeobotany and
Palynology 162, 458e475.

Collins, R.P., Jones, M.B., 1986. The influence of climatic factors on the distribution of
C4 species in Europe. Vegetatio 64, 121e129.

Colonese, A.C., Zanchetta, G., Fallick, A.E., Martini, F., Manganelli, G., Lo Vetro, D.,
2007. Stable isotope composition of late glacial land snail shells from Grotta del
Romito (Southern Italy): paleoclimatic implications. Palaeogeography, Palae-
oclimatology, Palaeoecology 254, 550e560.

Colonese, A.C., Zanchetta, G., Fallick, A.E., Martini, F., Manganelli, G., Russell, D.,
2010a. Stable isotope composition of Helix ligata (Müller, 1774) from late
PleistoceneeHolocene archaeological record from Grotta della Serratura
(Southern Italy): paleoclimatic implications. Global and Planetary Change 71,
249e257.

Colonese, A.C., Zanchetta, G., Dotsika, E., Drysdale, R.N., Fallick, A.E., Grifoni-
Cremonesi, R., Manganelli, G., 2010b. Early-middle Holocene land snail shell
stable isotope record from Grotta di Latronico 3 (southern Italy). Journal of
Quaternary Science 25, 1347e1359.

Colonese, A.C., Zanchetta, G., Russell, D., Fallick, A., Manganelli, G., Lo Vetro, D.,
Martini, F., di Giuseppe, Z., 2011. Stable isotope composition of late Pleistoce-
neeHolocene Eobania vermiculata shells (Müller, 1774) (Pulmonata, Sty-
lommatophora) from the central Mediterranean basin: data from Grotta
d’Oriente (Favignana, Sicily). Quaternary International 244, 76e87.

Cowie, R.H., 2001. Can snails ever be effective and safe biocontrol agents? Inter-
national Journal of Pest Management 47, 23e40.

Dansgaard, W., White, J.W.C., Johnsen, S.J., 1989. The abrupt termination of the
Younger Dryas climate event. Nature 339, 532e533.

Dansgaard, W., Johnsen, S.J., Clauson, H.B., Dahl-Jensen, D., Gundestrup, N.S.,
Hammer, C.U., Hvidberg, C.S., Steffensen, J.P., Sveinbjornsdottir, A.E., Jouzel, J.,
Bond, G., 1993. Evidence for general instability in past climate from a 250 kyr
ice-core record. Nature 364, 218e220.

Delgado-Huertas, A., Núñez-Gómez, R., Caballero-Mesa, E., Jiménez de
CisnerosVencela, C., Reyes-Camacho, E., 1991. Composición isotópica del agua
de lluvia en Granada. In: IV Congreso de Geoquímica de España, Tomo I. CEDEX,
Soria, pp. 350e368 (in Spanish).

DeMenocal, P., Ortiz, J., Guilderson, T., Adkins, J., Sarnthein, M., Baker, L.,
Yarusinsky, M., 2000. Abrupt onset and termination of the African Humid
Period: rapid climate responses to gradual insolation forcing. Quaternary
Science Reviews 19, 347e361.
DeNiro, M.J., Epstein, S., 1978. Influence of diet on the distribution of carbon
isotopes in animals. Geochimica et Cosmochimica Acta 42, 495e506.

Espantaleón-Jubes, R., 1957. La necrópolis eneolítica de Marroquíes Altos. Boletín
del Instituto de Estudios Giennenses 13, 165e175 (in Spanish).

Espantaleón-Jubes, R., 1960. La necrópolis en cueva artificial de Marroquíes Altos.
Cueva III. Boletín del Instituto de Estudios Giennenses 26, 35e51 (in Spanish).

Faust, D., Zielhofera, C., Baena-Escudero, R., Diaz-del-Olmo, F., 2004. High-resolu-
tion fluvial record of late Holocene geomorphic change in northern Tunisia:
climatic or human impact? Quaternary Science Reviews 23, 1757e1775.

Goodfriend, G.A., 1987. Radiocarbon age anomalies in shell carbonate of land snails
from semi-arid areas. Radiocarbon 29, 159e167.

Goodfriend, G.A., 1991. Holocene trends in 18O in land snail shells from the Negev
Desert and their implications for changes in rainfall source areas. Quaternary
Research 35, 417e426.

Goodfriend, G.A., Hood, D.G., 1983. Carbon isotope analysis of land snail shells:
implications for carbon sources and radiocarbon dating. Radiocarbon 25,
810e830.

Goodfriend, G.A., Ellis, G.L., Toolin, L.J., 1999. Radiocarbon age anomalies in land
snail shells from Texas: ontogenetic, individual and geographic patterns of
variation. Radiocarbon 41, 149e156.

Goodfriend, G.A., Ellis, G.L., 2000. Stable carbon isotope record of middle to late
Holocene climate changes from land snail shells at Hinds Cave. Texas. Quater-
nary International 67, 47e60.

Goodfriend, G.A., Ellis, G.L., 2002. Stable carbon and oxygen isotope variations in
modern Rabdotus land snail shells in the southern Great Plains, USA, and their
relation to environment. Geochimica Cosmochimica Acta 66, 1987e2002.

GRIP Members, 1993. Climate instability during the last interglacial period recorded
in the GRIP ice core. Nature 364, 203e207.

Grootes, P.M., Stuiver, M., White, J.W.C., Johnsen, S.J., Jouzel, J., 1993. Comparison of
oxygen isotope records from the GISP2 and GRIP Greenland ice cores. Nature
366, 552e554.

Grossman, E.L., Ku, T.L., 1986. Oxygen and carbon isotope fractionation in biogenic
aragonite. Chemical Geology (Isotope Geosciences Section) 59, 59e74.

Gutiérrez-Zugasti, I., 2011. Early Holocene land snail exploitation in northern Spain:
the case of La Fragua cave. Environmental Archaeology 16, 36e48.

Hammer, Ø., Harper, D.A.T., Ryan, P.D., 2001. PAST: paleontological statistics soft-
ware package for education and data analysis. Palaeontologia Electronica 4 (1),
9. http://palaeo-electronica.org/2001_1/past/issue1_01.htm. 178 kb.

Jalut, G., Dedoubat, J.J., Fontugne, M., Otto, T., 2009. Holocene circum-
Mediterranean vegetation changes: climate forcing and human impact.
Quaternary International 200, 4e18.

Jiménez-Moreno, G., Anderson, R.S., 2012. Holocene vegetation and climate change
recorded in alpine bog sediments from the Borreguiles de la Virgen, Sierra
Nevada, southern Spain. Quaternary Research 77, 44e53.

Johnsen, S.J., Clausen, H.B., Dansgaard, W., Gundestrup, N.S., Hammer, C.U.,
Andersen, U., Andersen, K.K., Hvidberg, C.S., Dahl-Jensen, D., Steffensen, J.P.,
Shoji, H., Sveinbjörnsdóttir, A.E., White, J.W.C., Jouzel, J., Fisher, D., 1997. The
d18O record along the Greenland Ice Core Project deep ice core and the problem
of possible Eemian climatic instability. Journal of Geophysical Research 102,
26397e26410.

Kehrwald, N.M., McCoy, W.D., Thibeault, J., Burns, S.J., Oches, E.A., 2010. Paleo-
climatic implications of the spatial patterns of modern and LGM European land-
snail shell d18O. Quaternary Research 74, 166e176.

Kerney, M.P., Cameron, R.A.D., 1979. A Field Guide to the Land Snails of Britain and
North-West Europe. Collins, London.

Lécolle, P., 1985. The oxygen isotope composition of land snail shells as a climatic
indicator: applications to hydrogeology and paleoclimatology. Chemical
Geology 58, 157e181.

Lizcano, R., Cámara, J. A., Contreras, F., Pérez, C., Burgos, A., 2004. Continuidad y
cambio en comunidades calcolíticas del Alto Guadalquivir. Simposios de Pre-
historia Cueva de Nerja. II. La problemática del Neolítico en Andalucía. III. Las
primeras sociedades metalúrgicas en Andalucía, Fundación Cueva de Nerja,
Nerja, pp. 159e175 (in Spanish).

Lubell, D., 2004a. Prehistoric edible land-snails in the circum-mediterranean: the
archaeological evidence. In: Brugal, J.P., Desse, J. (Eds.), Petits animaux et
sociétés humaines. Du complément alimentaire aux ressources utilitaires.
Éditions APDCA, Antibes, pp. 77e98.

Lubell, D., 2004b. Are land snails a signature for the MesolithiceNeolithic transi-
tion? Documenta Praehistorica 31, 1e24.

Magny, M., Peyron, O., Sadori, L., Ortu, E., Zanchetta, G., Vannière, B., Tinner, W.,
2012. Contrasting patterns of precipitation seasonality during the Holocene in
the south- and north-central Mediterranean. Journal of Quaternary Science 27,
290e296.

Mayewski, P.A., Rohling, E.E., Stager, J.C., Karlen, W., Maasch, K.A., Meeker, L.D.,
Meyerson, E.A., Gasse, F., van Kreveld, S., Holmgren, K., Lee-Thorp, J.,
Rosqvist, G., Rack, F., Staubwasser, M., Schneider, R.R., Steig, E.J., 2004. Holocene
climate variability. Quaternary Research 62, 243e255.

Metref, S., Rousseau, D.D., Bentaleb, I., Labonne, M., Vianey-Liaud, M., 2003. Study of
the diet effect on d13C of shell carbonate of the land snail Helix aspersa in
experimental conditions. Earth and Planetary Science Letters 211, 381e393.

Migowski, C., Stein, M., Prasad, S., Negendank, J.F.W., Agnon, A., 2006. Holocene
climate variability and cultural evolution in the Near East from the Dead Sea
sedimentary record. Quaternary Research 66, 421e431.

Moreno, A., Cacho, I., Canals, M., Grimalt, J.O., Sanchez-Goni, M.F., Shackleton, N.,
Sierra, F.J., 2005. Links between marine and atmospheric processes oscillating

http://palaeo-electronica.org/2001_1/past/issue1_01.htm


Y. Yanes et al. / Quaternary International 302 (2013) 77e87 87
on a millennial time-scale. A multi-proxy study of the last 50,000 yr from the
Alboran Sea (Western Mediterranean Sea). Quaternary Science Reviews 24,
1623e1636.

Pérez-Obiol, R., Jalut, G., Julià, R., Pèlachs, A., Iriarte, M.J., Otto, T., Hernández-
Beloqui, B., 2011. Mid-Holocene vegetation and climatic history of the Iberian
Peninsula. The Holocene 21, 75e93.

Pigati, J.S., Quade, J., Shanahan, T.M., Haynes Jr., C.V., 2004. Radiocarbon dating of
minute gastropods and new constraints on the timing of spring-discharge
deposits in southern Arizona, USA. Palaeogeography, Palaeoclimatology,
Palaeoecology 204, 33e45.

Pigati, J.S., Rech, J.A., Nekola, J.C., 2010. Radiocarbon dating of small terrestrial
gastropod shells in North America. Quaternary Geochronology 5, 519e532.

Railsback, L.B., Liang, F., Vidal Romaní, J.R., Grandal-d’Anglade, A., Vaqueiro
Rodríguez, M., Santos Fidalgo, L., Fernández Mosquera, D., Cheng, H.,
Edwards, R.L., 2011. Petrographic and isotopic evidence for Holocene long-term
climate change and shorter-term environmental shifts from a stalagmite from
the Serra do Courel of northwestern Spain, and implications for climatic history
across Europe and the Mediterranean. Palaeogeography, Palaeoclimatology,
Palaeoecology 305, 172e184.

Riquelme-Cantal, J.A., 2010. Una aproximación a la utilización por el hombre de las
especies animales documentadas en la Ciudad de la Justicia de Jaén, Ciudad de
la Justicia de Jaén. Excavaciones Arqueológicas, Consejería de Justicia y
Administración Pública de la Junta de Andalucía, Sevilla, pp. 117e133 (in
Spanish).

Roberts, N., Brayshaw, D., Kuzucuolu, C., Perez, R., Sadori, L., 2011. The mid-Holocene
climatic transition in the Mediterranean: causes and consequences. The Holo-
cene 21, 3e13.

Rodríguez-Ariza, M.O., 2005. Análisis antracológico de los niveles calcolíticos de la
parcela C de Marroquíes Bajos (Jaén). VI Congreso Ibérico de Arqueometría, 1:
pp. 241e249.

Rodríguez-Ariza, M.O., 2011. Evolución y uso de la vegetación durante la
Prehistoria en el Alto Guadalquivir, Menga. Revista de Prehistoria de
Andalucía 2, 35e57.

Stott, L.D., 2002. The influence of diet on the d13C of shell carbon in the pulmonate
snail Helix aspersa. Earth and Planetary Science Letters 195, 249e259.

Tjallingii, R., Claussen, M., Stuut, J.B.W., Fohlmeister, J., Jahn, A., Bickert, T., Lamy, F.,
Rohl, U., 2008. Coherent high- and low-latitude control of the northwest
African hydrological balance. Nature Geosciences 1, 670e675.

Weninger, B., Jöris, O., 2008. A 14C age calibration curve for the last 60 ka: the
Greenland-Hulu U/Th timescale and its impact on understanding the Middle to
Upper Paleolithic transition in Western Eurasia. Journal of Human Evolution 55,
772e781.

Weninger, B., Jöris, O., Danzaglocke, U., 2008. CalPal-2007. Cologne Radiocarbon
Calibration & Paleoclimate Research Package. http://www.calpal.de/. 2008-8-8.
Universität zu Köln. Institut für Ur- und Frühgeschichte, Köln.
Yanes, Y., Kowalewski, M., Ortiz, J.E., Castillo, C., Torres, T., Nuez, J., 2007. Scale and
structure of time-averaging (age mixing) in terrestrial gastropod assemblages
from Quaternary eolian deposits of the eastern Canary Islands. Palaeogeography
Palaeoclimatology Palaeoecology 251, 283e299.

Yanes, Y., Delgado, A., Castillo, C., Alonso, M.R., Ibáñez, M., De la Nuez, J.,
Kowalewski, M., 2008. Stable isotope (d18O, d13C, 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, 377e392.

Yanes, Y., Romanek, C.S., Delgado, A., Brant, H.A., Noakes, J.E., Alonso, M.R.,
Ibáñez, M., 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, 4077e4099.

Yanes, Y., Romanek, C.S., Molina, F., Cámara, J.A., Delgado, A., 2011a. Holocene
paleoenvironment (7,200e4,000 cal. years BP) of the Los Castillejos archaeo-
logical site (southern Spain) as inferred from stable isotopes of land snail shells.
Quaternary International 244, 67e75.

Yanes, Y., Yapp, C.J., Ibáñez, M., Alonso, M.R., De la Nuez, J., Quesada, M.L., Castillo, C.,
Delgado, A., 2011b. PleistoceneeHolocene environmental change in the Canary
Archipelago as inferred from stable isotopes of land snail shells. Quaternary
Research 65, 658e669.

Yapp, C.J., 1979. Oxygen and carbon isotope measurements of land snail shell
carbonates. Geochimica Cosmochimica Acta 43, 629e635.

Yates, T.J.S., Spiro, B.F., Vita-Finzi, C., 2002. Stable isotope variability and the
selection of terrestrial mollusc shell samples for 14C dating. Quaternary Inter-
national 87, 87e100.

Zaarur, S., Olack, G., Affek, H.P., 2011. Paleo-environmental implication of clumped
isotopes in land snail shells. Geochimica et Cosmochimica Acta 75, 6859e6869.

Zafra-de-la-Torre, N., Hornos-Mata, F., Castro-López, M., 1999. Una macro-aldea en
el origen del modo de vida campesino: Marroquíes Bajos (Jaén) c. 2500e2000
cal ANE. Trabajos de Prehistoria 56, 77e102 (in Spanish).

Zafra-de-la-Torre, N., Hornos-Mata, F., Castro-López, M., 2003. Sucesión y simulta-
neidad en un gran asentamiento: la cronología de la macro-aldea de Marro-
quíes Bajos, Jaén. C. 2500e2000 CAL ANE. Trabajos de Prehistoria 60, 79e90
(in Spanish).

Zanchetta, G., Bonadonna, F.P., Leone, G., 1999. A 37-meter record of paleo-
climatological events from stable isotope data on continental mollusks in Valle
di Castiglione, near Romen, Italy. Quaternary Research 52, 293e299.

Zanchetta, G., Leone, G., Fallick, A.E., Bonadonna, F.P., 2005. Oxygen isotope
composition of living land snail shells: data from Italy. Palaeogeography,
Palaeoclimatology, Palaeoecology 223, 20e33.

Zanchetta, G., Drysdaleb, R.N., Hellstromc, J.C., Fallickd, A.E., Isolae, I., Gaganf, M.K.,
Pareschi, M.T., 2007. Enhanced rainfall in the Western Mediterranean during
deposition of sapropel S1: stalagmite evidence from Corchia cave (Central Italy).
Quaternary Science Reviews 26, 279e286.

http://www.calpal.de/

	Stable isotope composition of middle to late Holocene land snail shells from the Marroquíes archeological site (Jaén, south ...
	1. Introduction
	2. Background
	2.1. Geographical and environmental context
	2.2. Archeological context

	3. Material and methods
	3.1. Sample
	3.2. Stable isotope analyses
	3.3. Statistical analyses
	3.4. Snail evaporative steady-state flux balance mixing model for δ18O

	4. Results
	5. Discussion
	5.1. Paleovegetation inferences: shell δ13C values
	5.2. Paleoatmospheric inferences: shell δ18O values
	5.3. Comparison with other paleoclimatic proxies

	6. Conclusions
	Acknowledgments
	References


