
HAL Id: hal-03940286
https://hal.science/hal-03940286v1

Submitted on 6 Feb 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Holocene molluscan successions from southeastern Spain
(Galera, Andalusia): a palaeoenvironmental framework

and a palaeobiogeographic resource of the Granada
UNESCO Geopark

Quentin Wackenheim, Christiane Richter, Nicole Limondin-Lozouet, Daniel
Wolf, Francisco Juan García-Tortosa, Elisa Marzin, Luise Hofmann, Julie

Dabkowski, Dominik Faust

To cite this version:
Quentin Wackenheim, Christiane Richter, Nicole Limondin-Lozouet, Daniel Wolf, Francisco Juan
García-Tortosa, et al.. Holocene molluscan successions from southeastern Spain (Galera, Andalu-
sia): a palaeoenvironmental framework and a palaeobiogeographic resource of the Granada UNESCO
Geopark. Journal of Molluscan Studies, 2023, 89 (1), �10.1093/mollus/eyac033�. �hal-03940286�

https://hal.science/hal-03940286v1
https://hal.archives-ouvertes.fr


Journal of The Malacological Society of London 

Molluscan Studies 

Journal of Molluscan Studies (2023) 89 : eyac033. https://doi.org/10.1093/mollus/eyac033 
Published online 12 January 2023 Fe

at
ur

ed
 
A

rt
ic

le
 

Holocene molluscan successions from southeastern Spain (Galera, Andalusia): a 

palaeoenvironmental framework and a palaeobiogeographic resource of the Granada 

UNESCO Geopark 

Quentin Wackenheim 

1 , 2 , Christiane Richter 3 , Nicole Limondin-Lozouet 1 , Daniel Wolf 3 , 
Francisco Juan García-Tortosa 

4 , Elisa Marzin 

3 , Luise Hofmann 

3 , Julie Dabkowski 1 and Dominik Faust 3 

1 Laboratoire de Géographie Physique, UMR 8591 CNRS-Univ. Paris 1-UPEC, Thiais, France; 
2 Trajectoires, UMR 8215 CNRS & Univ. Paris 1, Paris, France; 

3 Institute of Geography, Technische Universität Dresden, Helmholtzstr, Dresden, Germany; and 
4 Geology Department, Universidad de Jaén, Campus Las Lagunillas, 23071 Jaén, Spain 

Correspondence: Q. Wackenheim; e-mail: quentin.wackenheim@gmail.com 

(Received 13 June 2022; editorial decision 28 September 2022) 

ABSTRACT 

In Spain, Holocene deposits are widespread, and although they have been extensively investigated by quater- 
narists for several decades, their malacological content has remained scarcely studied. In the framework of a 
German–French–Spanish collaboration, alluvial and tufa sequences in the Baza Basin, Andalusia, Spain are 
analysed with a multidisciplinary approach, including the analysis of the molluscan successions. Holocene 
fossil molluscs of the studied sequences reveal a rich assemblage of 53 species, among which 33 are terrestrial. 
Between 10,000 and 9,000 cal. yr BP, the Galera succession indicates strong river dynamics that prevented 
the establishment of adjacent terrestrial habitats. The Early to Middle Holocene transition reflects the con- 
tinuity of humid environments. The Middle Holocene fauna reveals a decrease in humidity accompanied 
by slight evidence of drier habitats in the near periphery of the floodplain/tufa deposits from 5,900 cal. 
yr BP onwards. Late Holocene deposits (around 3,000 to 300 cal. yr BP) point to dry and open biotopes 
indicated by the appearance of xero-resistant and mesophilous gastropods. The palaeoenvironmental recon- 
struction inferred from the malacocenoses allows discussing local to regional responses of the malacofauna 
to environmental changes and is consistent with past regional environmental and climatic trends identified 
in southeastern Spain. The fossil record at Galera offers new evidence to question and clarify the modern 

range of endemic taxa whose distributions are fragmented. By following a ‘conservation paleobiology’ ap- 
proach, the analysis of the mollusc fossil record at Galera provides (1) baselines to determine the natural 
variability of ecosystems and their response to environmental changes, (2) data to discuss and clarify species 
distribution evolution and (3) arguments to support conservation priorities. 

 

 

 

 

 

 

 

 

 

 

 

Within the Iberian Peninsula, Andalusia is considered a par- 
ticularly complex and composite geographical region due to its 
orographic configuration ( Martin-Serrano, 2005 ), the diversity 
of climates ( Hidalgo-Muñoz et al. , 2011 ; Gómez-Zotano et al. , 
2016 ), and its unique and rich vegetation ( Blanca et al. , 2011 ; 
Moreno-Said et al. , 2019 ). This region shares characteristics with 

northern West Africa regarding biological communities, which 

led Médail & Quézel (1999) to designate it as the ‘Baetic–Rifan 

complex’ based on a study of endemic plants. Modern Andalusian 

and northwestern African nonmarine molluscs, which exhibit 
similar distributional features, support the biogeographical con- 
nection between both areas ( Pallary, 1922 ; Sacchi, 1965 ; Giusti & 

Manganelli, 1984 ). To date, however, fossils of terrestrial mol- 
luscs have been poorly utilized to question and discuss the 
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INTRODUCTION 

The Iberian Peninsula is recognized as a Mediterranean biodiver-
sity hotspot ( Médail & Quézel, 1999 ; Médail et al. , 2019 ) and is
home to a high diversity of freshwater and land molluscs ( Arconada
& Ramos, 2003 ; Cadeval & Orozco, 2016 ). The distribution of the
rich modern Iberian fauna has been shaped by a combination of
climatic and geological parameters since the end of the Cenozoic
( Sacchi, 1965 ; Andre, 1984 ; Giusti & Manganelli, 1984 ). In the
Mediterranean Basin, land snail species inhabit very contrasting
environments and are adapted to a wide range of climatic and eco-
logical conditions ( Martin & Sommer, 2004 ; Ju ̌ri ̌ckova et al. , 2008 ;
Moreno-Rueda, 2014 ; Bros, Torre & Santos, 2016 ; Schweizer,
Triebskorn & Köhler, 2019 ). 
© The Author(s) 2023. Published by Oxford University Press on behalf of The Malacological Society of London. 
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com 
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iogeographical history of the western Mediterranean Basin,
espite their common preservation in a variety of calcareous
uaternary deposits. Fossil shells provide unique opportunities to

nvestigate past environments and climate evolution across various
cales ( Ložek, 1986 ; Goodfriend, 1992 ; Preece, 1997 ; Ju ̌ri ̌ckova
t al. , 2014 ; Granai et al ., 2020 ; Horsák et al. , 2020 ; Richter et al. ,
020 ; Magnin, Bonnet & Cenzon-Salvayre, 2022 ). Furthermore,
uaternary nonmarine mollusc fossil records provide crucial
aterial to better understand the diversity and distribution of
odern European molluscs ( Preece, 1998 ; Limondin-Lozouet &
reece, 2014 ; Kowalewski, 2017 ; Limondin-Lozouet, 2020 ). 
In the western Mediterranean Basin, Holocene sedimentary

rchives reveal a strong spatial and temporal variability in the re-
ponse of continental ecosystems to environmental and climatic
hanges ( Jalut et al. , 2000 ; Pérez-Obiol et al. , 2011 ; Fletcher, De-
ret & Goñi, 2012 ; Fletcher & Zielhofer, 2013 ; Faust & Wolf, 2017 ;
orellón et al. , 2018 ; Di Rita et al. , 2022 ). Although land snail shells

re common in Quaternary deposits in Spain, they have been un-
erexploited in this area albeit being promising biological proxies to
iscuss the environmental variability during the Holocene. As Spain

s home to many archaeological archives of cultural and historical
mportance, it appears valuable to develop the aspect of related en-
ironmental changes over time. Indeed, only few studies on fossil
olocene malacofauna comprise—often partial—inventories from

rchaeological or palaeontological sites (e.g. Jodot, 1958 ; Madurga,
973 ; Moreno Nuño, 1995a ; Lloveras et al. , 2011 ; Gutiérrez
ugasti, Cuenca Solana & Gonzales Morales, 2015 ). 
While the earliest studies on Pliocene and Lower Pleistocene con-

inental molluscs in Andalusia were carried out in the Guadix–
aza depression in the vicinity of Granada ( Robles, 1989 ; Bandel

t al. , 2000 ; Albesa & Robles, 2020 ), the first inventory of Holocene
nails was done by Madurga (1973) for the Alfacar and Padul
ossil sites. Recently, we discovered rich Holocene shell deposits
ear Galera, which provide a new palaeontological resource for
he UNESCO Geopark of Granada. Our aims are first to offer a
tate-of-the-art assessment of Spanish Holocene nonmarine mol-
usc sequences and, secondly, to present new molluscan successions
rom southeastern Spain in order to (1) examine the responses of

alacofauna to environmental changes, (2) discuss palaeoenviron-
ental reconstructions at local and regional scales, and (3) inves-

igate Andalusian biogeography based on molluscan records. In
ynthesis, our approach shows how the historical perspective in-
erred from the Holocene successions in the Galera River valley
mproves and questions our understanding of the extant Andalusian

alacofauna. 

MATERIAL AND METHODS 

tudy site 

he Galera River is a tributary of the Guadiana Menor River,
hich drains the Guadix–Baza Basin. The Galera River valley is lo-
ated in Andalusia (province of Granada, southeastern Spain), 100
m north of the city of Almeria, between Castilléjar and Galera,
n the UNESCO Geopark of Granada ( Rosillo et al. , 2017 ). The

uadix–Baza Basin is an intermontane depression located in the
etic Cordillera and filled by Neogene and Quaternary deposits

hat had been strongly dissected by the hydrological system dur-
ng the Middle and Late Quaternary period ( Peña, 1985 ; Martin-
errano, 2005 ; Pla-Pueyo, 2011 ; El Hamouti & Gibert, 2012 ). The
odern Andalusian climate is characterized by strong seasonality
ith cold and wet winters and warm and dry summers. The lo-

al steppic conditions are cold and semiarid with a mean annual
recipitation of 423 mm and an average annual temperature of
4.4 °C. 
The incision of the Galera River led to the exposure of a diver-

ity of Pleistocene and Holocene fluvial terraces across the valley.
2

olf et al. (2021) conducted stratigraphic and sedimentological
nalyses on eight profile sections along the river that are named
alera I (GA-I) to VIII (GA-VIII) ( Fig. 1 ). Radiocarbon ages and

tratigraphic correlations provide a chronological framework of
he Galera River deposits covering the Early to Late Holocene
eriod. Figures 2 –4 present sections in proximal positions of the
iver valley (GA-I, GA-II and GA-VII) and in a more distal position
n the fringe (GA-IB) of the valley where malacological data was
btained ( Fig. 1 ). In the entire spectrum from coarser fluvial to fine
ilty units, the Galera River succession comprises mainly carbon-
ted deposits that favour the preservation of mollusc shells. Among
hese deposits, tufa layers that mainly precipitated during the mid-

olocene in the Galera Valley constitute a particularly suitable sed-
mentary context for the study of fossil land snail assemblages. This
tudy is mostly based on the stratigraphic information provided by

olf et al. (2021) , while a new detailed stratigraphic framework for
he section GA-IB is shown in the Supplementary Material. 

iterature review 

ur literature review regarding Holocene nonmarine molluscs was
ased on publications in Spanish and English. In Spain, most of
he available postglacial malacological data come from old and lim-
ted palaeontological inventories (e.g. Jodot, 1958 ; Madurga, 1973 )
r from the description of archaeological sites (e.g. Moreno Nuño,
995a , b ; Aparicio, 2001 ; Lloveras et al. , 2011 ; Gutiérrez Zugasti
t al. , 2015 ), lacking extensive palaeoenvironmental analyses. The
aunal lists of Jodot (1958) and Madurga (1973) are examined from
 biogeographical perspective, taking into consideration their im-
recise chronological assignment. A few studies of sedimentary se-
uences provide palaeoenvironmental results ( Collado & Robles,
983 ; Porras & Diaz del Olmo, 1997 ; Taylor et al. , 1998 ; Roqué
au, Buxó & Olmo, 2001 ; Murelaga et al. , 2012 ). Preece (1991a)
rovides a well-dated molluscan sequence that records most of
he Holocene period. During the last decade, several works based
n oxygen and carbon stable isotopes of land snail shells have
ontributed to reliable climatic and environmental records ( Yanes
t al. , 2011 , 2012 , 2013a , b ; Colonese et al. , 2013 ; Murelaga et al. ,
012 ). Among those studies, some focused on Andalusia, such as
 study of a single Upper Pleistocene–Holocene sequence from
evilla Province ( Porras & Diaz del Olmo, 1997 ) and two isotopic
tudies made in an archaeological context from Granada and Jaen
rovinces ( Yanes et al. , 2011 , 2013a ). The most relevant sites that are
f malacological interest were selected from our literature review.
hey were then divided into sites with and without archaeological

ontext and mapped for further biogeographical discussion. 

ossil mollusc sampling 

he mollusc samples have been taken following stratigraphic units
f the natural outcrops studied ( Fig. 1 ). The sampling interval is
0 cm on average and reaches 20 cm for the coarser layers. Mala-
ological sampling is discontinuous in GA-I, GA-II and GA-VIII
ections, where each sample reaches a constant volume of 10 l
 Figs 2 , 4 ). As the calcareous nature of the tufa provides particu-
arly good preservation conditions for fossil shells, a smaller vol-
me of sediment is needed ( Preece, 1991b ; Frodlova, Hájková &
orsák, 2018 ). Accordingly, the GA-IB tufa section comprises two

ontinuous sampling columns of 5 l per sample ( Fig. 3 ). A total of 88
alacological samples were wet-sieved on a 500- μm mesh, and the

esidues were sorted under a microscope to extract shells. Shells and
dentifiable fragments have been counted to identify the minimum
umber of individuals for each sample (see Evans, 1972 ; Limondin-
ozouet, 2002 ). 
The sampling of geological sections was conducted from 2014 to

019 during the research programme ‘Galera Valley’ funded by the
erman Research Foundation (DFG) (grant nos FA 239/22–1 and

A 239/24–1) and supervised by Dr Dominik Faust (Technische



HOLOCENE MOLLUSCA FROM GALERA 

Figure 1. A. Map of the studied sections in the Galera Valley (modified from Wolf et al. , 2021 ). B–F. Views of the Galera floodplain ( A , B ) and the Holocene 
sedimentary succession of Galera-I ( C ), Galera-IB ( D ), Galera-II ( E ) and Galera-VIII ( F ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

ollus/article/89/1/eyac033/6986081 by guest on 13 January 2023
Universität, Dr esden) w ho is a member of the scientific committee
of the UNESCO Geopark ‘Valles Norte de Granada’. The shell
material we collected will be deposited at the Museo Archeologico
de Galera, Galera, Granada, Spain. 

Mollusc identification 

Identification guides and atlases for the European fauna ( Kerney,
Cameron & Bertrand, 1999 ; Welter-Schultes, 2012 ; Gloër,
2019 , 2022a , b ) and specific works on the Iberian Peninsula
3 
( Altonaga et al. , 1994 ; Puente, 1994 ; Arrébola, 1995 ; Martínez-
Ortí, 1999 ; Ruiz Ruiz et al. , 2006 ; Arconada, Delicado & Ramos,
2007 ; Martinez-Orti, 2008 ; Arrébola et al. , 2012 ; Cadeval &
Orozco, 2016 ) were used to identify land and freshwater snails. 

The identification of taxa to species level was achieved in most
cases. However, the identification of fossil shells occasionally re-
mained challenging due to poor preservation conditions, taxonomic
issues or the necessity to rely on anatomical features to identify
species. The latter applies to the highly diverse Hydrobiids. Seven
taxa of the family Hydrobiidae were distinguished in the Holocene
mollusc assemblages of this study. They include three morphologi-
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Figure 2. Chronostratigraphic framework of sampled Galera profile I. Ra- 
diocarbon dates are presented with 2 σ interval (see Table 5). See Wolf et al. 
(2021) for detailed stratigraphy. 
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ally homogeneous groups of gastropods classified as Hydrobiidae
p. 1 ( Fig. 5 U), Hydrobiidae sp. 2 ( Fig. 5 S, T) and Hydrobiidae sp. 3
 Fig. 5 W–Y). Additionally, specimens of Mercuria Boeters, 1971 and
orrosella Boeters, 1970 could not be identified to the species level,
s species delimitations in both taxa require anatomical and, in
ome cases, even genetic analyses ( Miller, 2021 ; Delicado & Ramos,
012 ). Although Mercuria similis (Draparnaud, 1805) is the most
ommon extant taxon in Iberia, the identification of fossil mate-
ial is limited to Mercuria sp., and the taxa of Corrosella are desig-
ated as Corrosella sp. 1 ( Fig. 5 V). Based on shell morphology and
alleated protoconch microsculpture, a 1-mm-long valvatiform hy-

robiid found in considerable abundance was determined as the
ndemic taxon Iberhoratia morenoi ( Arconada, Delicado & Ramos,
007 ) ( Fig. 5 Z–BB). Identifying modern specimens belonging to
he genera Radix and Stagnicola remains tricky even when consid-
ring anatomical features ( Jackiewicz, 1998 ; Schniebs et al. , 2013 ;
inarski, Aksenova & Bolotov, 2020 ). Today, Radix labiata (Ross-
ässler, 1835), Radix balthica (Linnaeus, 1758), Stagnicola fuscus (Pfeif-

er, 1821) and Stagnicola palustris (Müller, 1774) occur in Spain ( Soler
t al. , 2006 ; Welter-Schultes, 2012 ; Lopez Soriano, Quiñonero Sal-
ado & Glöer, 2016 ; Gloër, 2019 ). Consequently, fragmented fossil
aterial from the Galera Valley could not be identified more pre-

isely than Radix sp. and Stagnicola sp. 
An abundant Orculidae was identified as the endemic species

rculella aragonica (Westerlund, 1897) ( Arrébola et al. , 2012 ) ( Fig. 5 P–
). Microxeroma gna lo wei (Potiez & Michaud, 1835) and Xerotricha

onspurcata (Draparnaud, 1801) are two xerothermic geomitrids
hose conchological distinction is based on the length and density
f periostracum hairs ( Martinez-Orti, 2008 ; Cadeval & Orozco,
016 ). As this feature is undetectable in fossil shells, all specimens
hat could be attributed to one or the other species were grouped
nder the designation Microxeroma gna lo wei/Xerotricha conspurcata
 Fig. 5 J–L) (see Magnin & Bonnet, 2014 ; Magnin et al. , 2022 ).
mong Geomitridae, Xerotricha zujarensis ( Ortiz de Zárate López,
950 ) ( Fig. 5 G–I) was identified. Geomitrid shells of morpholog-

cally homogeneous groups were designated as Geomitridae sp. 1
 Fig. 5 D–F), and some very fragmented shells were designated as

eomitridae indet. Similarly, due to the poor preservation and the
arity of available specimens, identifications were limited to family
evel for some taxa (Helicidae indet.) and genus level for others
 Theodoxus sp., Planorbis sp., Pisidium sp., Truncatellina sp., Oxychilus
p., Cepaea sp.). 

cological classification 

alaeoecological interpretations are based on ecological groups de-
ned by Puisségur (1976) , as well as the known habitat requirements
f the species extracted from the literature (see Supplementary Ma-
erial Tables S1–S3). The xerothermic assemblage includes xero-
esistant molluscs that are able to live in open, sometimes rocky,
nd well-exposed terrain. Slugs are considered a separate group as
heir internal shells do not enable identification to the species level.
he paludal assemblage groups together taxa that live in marshes
nd near banks, and whose occurrence is necessarily linked to the
resence of water. Hygrophilous land snails require moist habi-
ats but are not necessarily restricted to the aquatic domain. The

esophilous taxa correspond to land snails able to adapt to a wide
ariety of habitats. Puisségur’s classification was amended by in-
luding additional taxa, whose ecological affiliations are detailed in
he following paragraph. 

Orculella ara gonica is assigned to the ‘hyg rophilous’ g roup as it lives
n humid and calcareous biotopes and commonly near wetlands
r springs ( Garrido, Arrébola & Bertrand, 2005 ; Arrébola et al. ,
012 ; Cadeval & Orozco, 2016 ). Microxeroma gna lo wei/Xerotricha
onspurcata , Theba pisana (Müller, 1774), Pseudotachea splendida (Dra-
arnaud, 1801), Rumina decollata (Linnaeus, 1758), Granopupa granum

Draparnaud, 1801), Cernuella virgata (Da Costa, 1778), Xerosecta
espitum (Draparnaud, 1801) and Cochlicella barbara (Linnaeus, 1758)
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Figure 3. Chronostratigraphic framework of sampled Galera profile IB, profiles 1 and 2. Radiocarbon dates are presented with 2 σ interval (see Table 5). 
Detailed stratigraphy is described in the Supplementary Material. 
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represent typical components of the dry Mediterranean fauna
that predominantly inhabit a variety of open and sclerophyllous
environments ( Giusti, Manganelli & Schembri, 1995 ; Kerney et al. ,
1999 ; Puente, 1994 ; Welter-Schultes, 2012 ). The southern Spanish
endemic Xerotricha zujarensis is dwelling up to 700 m in ruderal,
rupestral habitats in the mattoral ( Puente, 1994 ; Arrébola, 1995 ).
Consequently, these taxa are affiliated with the xerothermic group.
5 
The broad ecological tolerance of oxychilids allows them to adapt
to a range of very different habitats and justifies the allocation
of Mediterranea hydatina (Rossmässler, 1838) and Oxychilus sp. to
the mesophile association ( Germain, 1911 ; Kerney et al. , 1999 ;
Welter-Schultes, 2012 ). Jaminia quadridens (Müller, 1774) prefers dry
and sunny environments, such as the mattoral ( Welter-Schultes,
2012 ; Cadeval & Orozco, 2016 ). Although Puisségur ( 1976 )
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Figure 4. Chronostratigraphic framework of sampled Galera profiles II and VII. Radiocarbon dates are presented with 2 σ interval (see Table 5). See Wolf 
et al. (2021) for detailled stratigraphy. 
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HOLOCENE MOLLUSCA FROM GALERA 

Figure 5. Holocene molluscs from Galera. A–C. Xerosecta cespitum . D–F. Geomitridae sp. 1. G–I. Xerotricha zujarensis . J–L. Microxeroma gna lo wei / Xerotricha 
conspurcata . M–O. Trochulus hispidus . P–R. Orculella aragonica . S, T. Hydrobiidae sp. 3. U. Hydrobiidae sp. 1. V. Corrosella sp. 1. W–Y. Hydrobiidae sp. 2. Z–BB. 
Iberhoratia morenoi . Scale bars: A –R , 5 mm; S –BB , 1 mm. 
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onsidered it a steppic taxon, it has been allocated to the xerother-
ic group in the Mediterranean context. Occurrences of Cecilioides

cicula (Müller, 1774) are excluded from the ecological analysis
nd the calculation of specific frequencies because its endogenous
abits do not ensure the in situ stratigraphic position of the shells
 Vandel, 1964 ; Evans, 1972 ). Its abundance is presented in specific
requency diagrams. Malacological data was implemented using
he software Psimpoll v. 4.27 ( Bennett, 2009 ) to obtain frequency
istog ram diag rams and analyses based on ecological g roups. The
onation module of the Psimpoll software was applied to perform
he cluster analysis using the CONISS method on all successions
xcept GA-VIII, which includes only four samples. The zonation
btained is illustrated in the specific frequency diagrams. 

xtant modern mollusc fauna 

o document present-day faunas and compare them with the fossil
ecords, a survey of modern gastropod species was conducted in
he river valley (37°44 ́14.64 ̋N, 2°34 ́25.89 ̋O). In addition, for the
creening, 1 l of flood debris was scanned under the microscope.
he list of taxa identified is presented in Table 1 . 

hronology 

wenty-two radiocarbon ages were acquired on charcoals and dis-
ussed by Wolf et al. (2021) for GA-I, GA-II and GA-VIII sections
 Table 2 , Figs 2 , 3 ). GA-IB chronology is based on three radio-
arbon ages obtained on nonmarine shells and one on charcoal
 Table 2 ). In order to avoid the reservoir effect of old carbon-
te ingestion, the selection of the tiny hygrophilous species Ver-
igo antivertigo (Draparnaud, 1801) was favoured ( Pigati et al. , 2013 ;
orman et al. , 2021 ; Granai & Wackenheim, 2022 ). Vertigo shells
ere cleaned using an ultrasonic bath and carefully examined un-
er the microscope to avoid contamination. The dates were cal-

brated using the IntCal20 calibration curve ( Reimer et al. , 2020 )
ith OxCal 4.4 software ( Ramsey, 2009 ). The phase of tufa pre-
ipitation in GA-IB, during the first part of the Middle Holocene, is
onsistent with the chronostratigraphic scheme obtained from other
alera sequences ( Wolf et al. , 2021 ). 

RESULTS 

olocene studies using nonmarine molluscs as an environmental proxy 

olocene studies based on nonmarine molluscs have focused on the
eochemical analysis of geological or archaeological sites that are
rregularly distributed throughout Spain and mapped in Figure 6 .
equences where the sedimentary context is reliable and well
ated by a strong chronological framework are scarce. Sedimen-
ary sequences studied for their molluscan content are located in
he eastern half of the Iberian Peninsula: Torreblanca (Castellón
rovince), El Jardin/Alcaraz (Albacete province), Bardenas Reales

Navarre province), Rio Ter (Gerone province) and Constantina
Seville province) ( Fig. 6 ). The Baides molluscan succession in cen-
ral Spain represents one of the most complete and well-dated
ontinuous palaeomalacological studies in Spain ( Fig. 6 ). Although
here are numerous archaeological sites for which a list of conti-
ental molluscs is available, only the largest species are studied,
nd detailed palaeoecological analyses are often lacking. Except
or Bardenas Reales, geochemical analyses of snail shells have not
een combined with a palaeoenvironmental study of the mollusc
ssemblages. 

verview of Holocene and current Galera malacofauna 

he occurrences of modern and fossil taxa are presented in
able 1 . For the four malacological profiles of the Holocene Galera
iver deposit, shells and shell fragments of 94,685 individuals were
8 
xtracted and allocated to 53 taxa, including 33 terrestrial species.
he modern Galera malacofauna comprises 22 terrestrial and 4

reshwater species. In the fossil record, hygrophilous species such as
ertigo antivertigo , Vallonia enniensis (Gredler, 1856), Carychium minimum
üller, 1774, Oxyloma elegans (Risso, 1826) and Orculella aragonica are

he most abundant taxa and remain rather persistent over the mol-
uscan successions. Profiles GA-II and GA-VIII contain a higher
iversity of xerothermic land snails. In the aquatic species, the en-
emic Iberhoratia morenoi and Mercuria are notably common and rich

n most profiles. No living population of Iberhoratia morenoi has been
eported in Galera, whereas Mercuria is still present. The taxa Val-
onia enniensis , Succinella oblonga (Draparnaud, 1801), Euconulus fulvus
Müller, 1774), Trochulus hispidus (Linnaeus, 1758) and Orculella arag-
nica appear in all the Galera sections but have not been recorded
s extant species in the valley. Vertigo antivertigo has been identified
s a few old shells in the valley flood debris without any evidence
f a living population, while the fossil population totals over
,000 individuals. Lauria cylindracea (da Costa, 1778), Truncatellina
allicratis (Scacchi, 1833), Merdigera obscura (Müller, 1774), Cecilioides
eneta (Strobel, 1855), Oligolimax annularis (Studer, 1820), Oxychilus
raparnaudi (Beck, 1837), Xerosecta sp., Potamopyrgus antipodarum (Gray,
843), Cochlicella acuta (Müller, 1774) and Oestophora sp. constitute 10
axa living in the valley at present but absent from the fossil record.

olocene molluscan successions 

olluscan successions were divided into malacozones based on
cological patterns ( Figs 7 –10 ) of the occurrence, extension and
isappearance of taxa ( Figs 11 –15 ) and supported by constrained
luster analysis (CONISS). The zonation obtained by CONISS is
onsistent with the major environmental phases identified empiri-
ally by Galera’s ecological and specific frequency diagrams. The
wo methods provided slightly different results for one or two offset
amples from GA-IB. The largest differences observed are concen-
rated in GA-I, where abundances are very inconsistent and nearly
alf of the samples are not significant due to low numbers of shells
xtracted. The zonation of the Galera I (GA-I) sequence follows the
requency diagram only, as ecological diagrams could not be pro-
uced. Malacozones are identified with the name of the sequence

GA-I, GA-IB, GA-II and GA-VIII) and numbered (MZ1 to n). 

alera I (GI) 

or the section GI, we identified two zones (GI-MZ1 and GI-MZ2)
 Fig. 11 ). GI-MZ2 was further divided into three subzones (GI-

Z2a, GI-MZ2b and GI-MZ2c). 

alacozone GI-MZ1: G1-1 to G1-12: In the malacozone G1-MZ1,
olluscs are scarce and not very diverse except for sample G1-

, which includes a high number of opercula from Bithynia tentac-
lata (Linnaeus, 1758) and eight other aquatic species ( Fig. 11 ). Al-
hough the extreme poverty of the assemblages does not allow any
etailed analysis to be carried out, some palaeoecological trends
ould be highlighted. The malacological assemblage is dominated
y the freshwater taxa Mercuria sp . , Iberhoratia morenoi and Bithynia

entaculata ( Fig.11 ). Sporadic occurrences of paludal molluscs Zoni-
oides nitidus (Müller, 1774), Carychium minimum and Vallonia ennien-
is , slugs, open terrain taxa ( Vallonia pulchella ) and two xerothermic
pecies (Geomitridae sp. 1 and Granopupa granum ) supplement the
equence. 

The high abundance of opercula but the absence of corre-
ponding shells of Bithynia tentaculata in sample G1-6 implies an al-
ochthonous contribution of shell remains and indicates a reworking
f the stratigraphic unit. The species assemblage indicates the for-
er existence of a damp valley floor (hygrophilous, palustrine and

quatic molluscs predominate), but with a dynamic water regime
hat caused reworking and prevented the preservation of shells or
he establishment of suitable terrestrial biotopes, respectively. 
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Table 1. Modern vs fossil species at Galera. 

Holocene 

Molluscan taxa GA-I GA-IB GA-II GA-VIII Modern 

Freshwater Mercuria sp. X X X X X 

Anisus spirorbis (Linnaeus, 1758) X X X X X 

Pisidium casertanum (Poli, 1791) X X X 

Theodoxus sp. X X X X 

Melanopsis sp. X X X X 

Iberhoratia morenoi Arconada, Delicado & Ramos, 2007 X X X X 

Radix sp. X X X X 

Stagnicola sp. X X X X 

Galba truncatula (Müller, 1774) X X X 

Hydrobiidae sp. 2 X X 

Hydrobiidae sp. 3 X X 

Pisidium sp. X X 

Ancylus fluviatilis Müller, 1774 X X 

Lymnaeidae indet. X 

Bithynia tentaculata (Linnaeus, 1758) X 

Corrosella sp. 1 X 

Gyraulus crista (Linnaeus, 1758) X 

Planorbis sp. X 

Pisidium subtruncatum (Malm, 1855) X 

Hydrobiidae sp. 1 X 

Potamopyrgus antipodarum (Gray, 1843) X 

Terrestrial Carychium minimum Müller, 1774 X X X X X 

Oxyloma elegans (Risso, 1826) X X X X X 

Vertigo antivertigo (Draparnaud, 1801) X X X X X 

Granopupa granum (Draparnaud, 1801) X X X X X 

Rumina decollata (Linnaeus, 1758) X X X X 

Cochlicella barbara (Linnaeus, 1758) X X X X 

Theba pisana (Müller, 1774) X X X 

Vallonia pulchella (Müller, 1774) X X X 

Cecilioides acicula (Müller, 1774) X X 

Vallonia costata (Müller, 1774) X X 

Cernuella virgata (Da Costa, 1778) X X 

Mediterranea hydatina (Rossmässler, 1838) X X 

Vallonia enniensis (Gredler, 1856) X X X X 

Succinella oblonga (Draparnaud, 1801) X X X X 

Euconulus fulvus (Müller, 1774) X X X X 

Microxeromagna lowei (Potiez & Michaud, 

1835)/ Xerotricha conspurcata (Draparnaud, 1801) 

X X X X 

Geomitridae sp. 1 X X X X 

Trochulus hispidus (Linnaeus, 1758) X X X X 

Orculella aragonica (Westerlund, 1897) X X X X 

Cepaea sp. X X X 

Zonitoides nitidus (Müller, 1774) X X X 

Geomitridae indet. X X X 

Unidentified slug X X 

Cochlicopa lubrica (Müller, 1774) X 

Jaminia quadridens (Müller, 1774) X 

Oxychilus sp. X 

Helicidae indet. X 

Xerosecta cespitum (Draparnaud, 1801) X 

Truncatellina sp. X 

Vitrea contracta (Westerlund, 1871) X 

Cornu aspersum (Müller, 1774) X 

Pseudotachea splendida (Draparnaud, 1801) X 

Lauria cylindracea (da Costa, 1778) X 

Truncatellina callicratis (Scacchi, 1833) X 
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Table 1. Continued. 

Holocene 

Molluscan taxa GA-I GA-IB GA-II GA-VIII Modern 

Merdigera obscura (Müller, 1774) X 

Cecilioides veneta (Strobel, 1855) X 

Oligolimax annularis (Studer, 1820) X 

Oxychilus draparnaudi (Beck, 1837) X 

Microxeromagna lowei (Potiez & Michaud, 1835) X 

Xerosecta sp. X 

Cochlicella acuta (Müller, 1774) X 

Oestophora sp. X 

Total number of species 30 35 28 34 25 

Taxa have been classified according to their occurrence in the profiles and the modern survey. Taxa recorded only as fossils are indicated by bold font. 

Table 2. Radiocarbon ages for the Galera sequence. 

Lab code Sample position Material Radiocarbon date (yr BP) 

IntCal20-calibrated 

radiocarbon date (2 σ calyr BP) Publication 

GA-I Beta-404764 SU-4 Charcoal 6,100 ± 30 7,157–6,856 Wolf et al. (2021) 

Beta-485046 SU-4 Charcoal 6,580 ± 30 7,562–7,427 Wolf et al. (2021) 

Beta-404762 SU-4 Charcoal 7,420 ± 30 8,333–8,179 Wolf et al. (2021) 

Beta-485045 SU-3 Charcoal 7,530 ± 40 8,410–8,205 Wolf et al. (2021) 

Beta-485044 SU-3 Charcoal 7,630 ± 40 8,519–8,371 Wolf et al. (2021) 

Beta-499012 SU-2 Charcoal 8,230 ± 50 9,404–9,025 Wolf et al. (2021) 

Beta-485043 SU-2 Charcoal 8,410 ± 30 9,527–9,316 Wolf et al. (2021) 

Beta-404760 SU-2 Charcoal 8,460 ± 30 9,533–9,440 Wolf et al. (2021) 

Beta-378613 SU-2 Charcoal 8,800 ± 40 10,127–9,609 Wolf et al. (2021) 

GA-IB Beta-561782 M9 Charcoal 6,390 ± 30 7,422–7,185 This study 

Poz-141018 M21C Vertigo antivertigo shell 5,920 ± 40 6,877–6,656 This study 

Poz-141031 M23C V. antivertigo shell 6,370 ± 50 7,423–7,167 This study 

Poz-141032 M37C V. antivertigo shell 5,510 ± 270 6,945–5,664 This study 

GA-II Beta-485036 SU-7 Charcoal 4,170 ± 30 4,832–4,581 Wolf et al. (2021) 

Beta-499008 SU-6 Charcoal 4,320 ± 30 4,962–4,838 Wolf et al. (2021) 

Beta-486033 SU-5 Charcoal 5,090 ± 40 5,921–5,739 Wolf et al. (2021) 

Beta-485029 SU-4 Charcoal 5,400 ± 30 6,289–6,020 Wolf et al. (2021) 

Beta-485028 SU-4 Charcoal 6,270 ± 30 7,267–7,033 Wolf et al. (2021) 

Beta-485027 SU-3 Charcoal 6,460 ± 30 7,428–7,318 Wolf et al. (2021) 

Beta-485031 SU-4 Charcoal 6,660 ± 30 7,583–7,434 Wolf et al. (2021) 

Beta-485026 SU-2 Charcoal 7,620 ± 40 8,520–8,361 Wolf et al. (2021) 

Beta-499007 SU-2 Charcoal 7,630 ± 40 8,520–8,369 Wolf et al. (2021) 

Beta-485037 SU-2 Charcoal 8,920 ± 30 10,188–9,909 Wolf et al. (2021) 

GA-VIII Beta-499009 SU-9 Charcoal 550 ± 30 633–516 Wolf et al. (2021) 

Beta-485035 SU-9 Charcoal 770 ± 30 729–668 Wolf et al. (2021) 

Beta-485034 SU-8 Charcoal 2,220 ± 30 2,334–2,146 Wolf et al. (2021) 

Radiocarbon ages previously obtained from Wolf et al. (2021) were recalibrated using the recent IntCal20 calibration curve ( Reimer et al. , 2020 ). 
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alacozone GI-MZ2: G1-13 to G1-33: The assemblages of the sec-
nd malacozone GI-MZ2 are more diversified and abundant in
hells. They still include a significant proportion of freshwater mol-
uscs, with 11 taxa in total ( Fig. 11 ). Mercuria sp., Radix sp., Iberho-
atia morenoi and Pisidium casertanum (Poli, 1791) represent the most
ommon freshwater species. Furthermore, there are occurrences of
ncylus fluviatilis Müller, 1774, Stagnicola sp., Theodoxus sp. , Corrosella
p. 1 and Hydrobiidae sp. 3 ( Fig. 11 ). The presence and progres-
ive expansion of the paludal taxa Oxyloma elegans , Vertigo antivertigo ,
onitoides nitidus and Vallonia enniensis characterizes the lower part of

he zone. Orculella aragonica is recorded occasionally ( Fig. 11 ). The
esophilic species Euconulus fulvus is commonly presented within
1-MZ2, while Oxychilus sp. and Trochulus hispidus occur sporadi-
10 
ally ( Fig. 11 ). Occurrences of the open field taxon Vallonia pulchella
Müller, 1774) and slugs are relatively constant. 

GI-MZ2 can be divided into three subzones based on variations
n abundance and proportions of ecological groups: GI-MZ2a (G1-
3 to G1-22), GI-MZ2b (G1-23 to G1-26) and GIMZ2c (G1-27 to
1-33). The first subzone, GI-MZ2a, is characterized by the clear

xpansion of aquatic, paludal, mesophilous taxa and Vallonia pul-
hella . The vallonid Vallonia pulchella is absent from GI-MZ2b, which
ppears to be less rich and less diversified ( Fig. 11 ). These ecolog-
cal groups are recorded as well in the last part of the zone (i.e.

1-MZ2c), but paludal species appear less diversified, and the oc-
urrences of Vallonia pulchella and mesophilous taxa ( Euconulus fulvus ,
xychilus sp. and Trochulus hispidus ) are rare. 



HOLOCENE MOLLUSCA FROM GALERA 

Figure 6. State of the art on Holocene paleomalocology in Spain: palaeoenvironmental studies and limited palaeontological inventories cited in the paper. 
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The malacocenoses of this zone indicate the presence of a rather
dynamic aquatic environment in the vicinity of which calmer water
body with paludal vegetation. Subzone GI-MZ2b shows a more
dynamic episode, after which the marshy habitats are slightly less
expanded than in the lower part of the zone (GI-MZ2a). 

Galera IB (GIB) 

Six malacozones have been identified in both profiles (profile 1:
GIB-MZ1 to GIB-MZ4; profile 2: GIB-MZ5 and GIB-MZ6) ( Figs
12 , 13 ). 

Malacozone GIB-MZ1: M1 to M9 (profile 1): In the GIB-MZ1,
molluscs are rare and no sample reaches the representativeness
threshold of 200 individuals. For this reason, a detailed analysis of its
malacological content is not considered. However, some palaeoeco-
logical patterns can be described. The zone presents an assemblage
mainly characterized by xerothermic and paludal taxa ( Fig. 7 A,
B). Seven xerothermic taxa occur throughout the zone, namely
Granopupa granum , the Geomitridae, Microxeroma gna lo wei / Xerotricha
conspurcata , Rumina decollata and Jaminia quadridens ( Fig. 12 ). Marsh-
land gastropods comprise five species ( Vertigo antivertigo , Vallonia
enniensis , Oxyloma elegans , Carychium minimum and Zonitoides nitidus )
and occur irregularly ( Fig. 12 ). Aquatic, hygrophilous, mesophilous
and open country taxa are present only in small numbers. Few indi-
viduals of slugs are preserved at the top of the malacozone ( Fig. 12 ).

The environmental conditions indicated by this malacocenose
imply a relative instability of the vegetation cover for samples M3 to
M7, which are dominated by xerothermic vegetation with limited,
temporary and poorly developed wetlands. 

Malacozone GIB-MZ2: M10 to M15 (profile 1): In malacozone GIB-
MZ2, the number and diversity of molluscs increase ( Fig. 7 A, B) and
reflect higher habitat stability. Paludal gastropods dominate the as-
semblage and represent on average 40% of the species and almost
50% of individuals ( Fig. 7 A, B). The frequency of Vallonia ennien-
sis slightly increases, while the frequency of other molluscs prefer-
ring swamp habitats remains constant. Aquatic, hygrophilous, open
ground and xerothermic molluscs represent between c. 10 and 20%
of the species assemblage. In the upper part of the zone (samples
M14 and M15), the aquatic species richness increases and Radix sp.,
Hydrobiidae sp. 1 and Planorbis sp. re-occur, while Iberhoratia morenoi ,
Hydrobiidae sp. 2 and Anisus spirorbis (Linnaeus, 1758) are recorded
for the first time ( Fig. 12 ). Vallonia pulchella is the only open ground
taxon present in GIB. In GIB-MZ2, the frequency of Vallonia pul-
chella increases slightly to c. 30% ( Fig. 12 ). Orculella aragonica is an Or-
culidae that favours wet biotopes, such as the banks of water bodies
or plant cover in marshy areas. Within malacozone GIB-MZ2, the
proportion of Orculella aragonica is constant, varying between 10 and
15%. Except for Granopupa granum , the occurrences of xerothermic
taxa remain low ( Fig. 12 ). 

The malacocenoses reflect the establishment of a stable, well-
supplied marshy area with adjacent hygrophilous and rather open
vegetation. 

Malacozone GIB-MZ3: M16 to M18 (profile 1): The abundance curve
shows that the mollusc population size increases along GIB-MZ3
( Fig. 7 B). The malacological assemblage is characterized by the ab-
sence of xerothermic and hygrophilous taxa in favour of aquatic
taxa whose numbers increase ( Fig. 7 A, B). Freshwater taxa repre-
sent nearly 40–50% of species and more than 70% of individuals
( Fig. 7 A, B). Theodoxus sp., Pisidium casertanum and Melanopsis sp. are
recorded and the number of aquatic species increases. Mercuria sp.
expands and represents almost 50% of the total abundance. The
proportion of paludal and mesophilous species slightly decreases to
20 and 10% of the species assemblage, respectively. The average
proportion of paludal individuals is around 15% ( Fig. 7 B). A declin-
21 
ing abundance of Vallonia enniensis implies a change in the wetland,
resulting in the vegetation being slightly more open ( Fig. 12 ). 

Malacozone GIB-MZ3 indicates an environmental shift towards
dynamic aquatic habitats with marshy margins dominating the
landscape. 

Malacozone GIB-MZ4: M19 to M22 (profile 1): Malacozone GIB-
MZ4 is characterized by a high abundance of terrestrial molluscs
and a limited occurrence of freshwater species ( Fig. 7 A, B). Xe-
rothermic taxa reappear (20% of the species assemblage) at the
expense of freshwater gastropods, which only represent 20% of
species ( Fig. 7 A, B). Within the aquatic group, Mercuria sp. and
Galba truncatula are the dominant components. Xerothermic taxa
comprise Geomitridae sp. 1, Granopupa granum and Cochlicella bar-
bara ( Fig. 12 ). The share of other ecological groups that are palu-
dal, mesophilous, open ground and hygrophilous remains constant.
Marshland species comprise more than 50% by abundance for all
assemblages in all samples ( Fig. 7 B). 

The environmental conditions inferred from the malacological
association show the new development of a marshy area with lower
water input. The assemblages point to wetland banks with well-
developed hygrophilous and paludal vegetation, as well as an in-
crease in open and xerothermic plant formations in the vicinity of
the swamp. 

Malacozone GIB-MZ5: M23 to M33 (profile 2): The molluscan assem-
blage in malacozone GIB-MZ5 is characterized by the predomi-
nance of aquatic molluscs. They represent almost half of species
and 70–90% of individuals ( Fig. 8 D). Mercuria sp. and Iberhoratia
morenoi dominate the freshwater species: they sometimes account
for nearly 70% of individuals. Their specific frequencies are neg-
atively correlated. When the frequency of Mercuria is low, that of
Iberhoratia morenoi is high and vice versa ( Fig. 13 ). The paludal element
represents on average 30% of the gastropods in the assemblages
of MZ5 ( Fig. 8 C). The frequencies of Vertigo antivertigo , Oxyloma ele-
gans , Carychium minimum and Vallonia enniensis are constant. The other
ecological groups are represented by less than 10% of individuals
( Fig. 8 C). Geomitridae sp. 1 is the only xerothermic species within
this malacozone and appears in the upper part of the unit. 

The environmental conditions suggested by the malacocenoses
correspond to dynamic and well-established wetland conditions and
point to the presence of marshy vegetation in habitats adjacent to
the water body. 

Malacozone GIB-MZ6: M34 to M37 (profile 2): Malacozone GIB-
MZ6 differs from the previous one by the greater abundance of
xerothermic taxa ( Fig. 13 ). The proportion of freshwater molluscs
increases, while that of marshland molluscs remains constant.
Freshwater molluscs represent 40% of the total abundance and
25% of species on average ( Fig. 8 C, D). The proportion of indi-
viduals from aquatic taxa remains high (80–90%). However, the
frequency of Iberhoratia morenoi decreases significantly, accompanied
by the appearance of the bivalve Pisidium subtruncatum (Malm,
1855) ( Fig. 13 ). In GIB-MZ6, the proportion of xerothermic
species varies between 10 and 20%. Geomitridae sp. 1, Granopupa
granum , Microxeroma gna lo wei / Xerotricha conspurcata and Rumina decol-
lata are dominante among the xerophilous taxa. The proportion
of mesophilous and open-ground gastropods remains constant.
Hygrophilous taxa occur less frequently and comprise just a single
occurrence of Orculella aragonica at the top of the zone. 

The malacocenoses indicate a reduction in water supply from
adjacent marshy areas and the development of drier, exposed
habitats. 

Galera II (GII) 

Three zones, GII-MZ1, GII-MZ2 and GII-MZ3, were identified in
the Galera II section ( Fig. 14 ). 
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alacozone GII-MZ1: samples 1–5: Molluscs in GII-MZ1 are abun-
ant and dominated by aquatic taxa, which constitute 50–60%
f species ( Fig. 9 A). Mercuria sp., Ancylus fluviatilis , Pisidium sp. and
he crenophilous species Iberhoratia morenoi are the predominant
reshwater snails. Marshland taxa ( Oxyloma elegans , Vertigo antiver-
igo , Vallonia enniensis and Carychium minimum ; Fig. 14 ) supplement
he malacological assemblage and constitute one quarter of the
otal species diversity ( Fig. 9 A) and 20% of all shells ( Fig. 9 B).
he hygrophilous species Succinella oblonga and Orculella aragonica
ccasionally occur at the basis of the succession (samples 1–5). The
atholic Trochulus hispidus and the humid mesophilous Euconulus
ulvus occur irregularly ( Fig. 14 ). They represent less than 10% of
he species assemblage in these samples ( Fig. 9 A). 

The molluscan assemblage reflects the aquatic environment of a
hannel with a dynamic water regime partially supplied by spring
ater. The mollusc record points to river banks with slightly stabi-

ized areas, where marsh developed. The very low abundance and
iversity in sample 7 suggest local environmental stress, which char-
cterizes the lower part of GII-MZ2. 

alacozone GII-MZ2: samples 5–10: In malacozone GII-MZ2, mol-
usc abundance fluctuates across samples, but the species richness
emains constant ( Fig. 9 A, B). Freshwater taxa comprise 40–50% of
pecies ( Fig. 9 A) and reach over 80% of individuals in some samples
 Fig. 9 B). The variation in aquatic species can partially be explained
y two peaks of Pisidium sp. that reach 1,000 individuals in sample 9
nd 2,000 individuals in sample 10 (Supplementary Material Table
3). The malacological assemblage is supplemented by marsh taxa
hat are more restricted in distribution and occur irregularly. They
epresent 20% of the species and less than 20% of all individuals
 Fig. 9 B). Xerothermic land snails consist mainly of Geomitridae
p. 1 and Granopupa granum , with Cochlicella barbara and Xerotricha zu-
arensis appearing in the upper part of the zone ( Fig. 14 ). 

The malacocenoses reflect the development of aquatic habitats
ith adjacent rather open vegetation. 

alacozone GII-MZ3: samples 11–14: In malacozone GII-MZ3, mol-
uscan abundance is lower than in the rest of the succession, but the
pecies-level diversity remains stable ( Fig. 9 A, B). The development
f aquatic ( Mercuria sp. and Iberhoratia morenoi ), and palustrine ( Vertigo
ntivertigo and Vallonia enniensis ) taxa ( Fig. 14 ) and the reappearance of
he hygrophilous Orculella aragonica ( Fig. 14 ) are significant features
f the zone. Freshwater taxa comprise 30–40% of the species assem-
lage ( Fig. 9 A) and paludal gastropods reach an average of 20% of
pecies ( Fig. 9 A). In contrast to GII-MZ1, xerothermic species oc-
ur and reach 25% of the total species ( Fig. 9 A). The xero-resistant
pecies Geomitridae sp. 1 is constantly recorded, whereas Truncatel-
ina sp., Xerosecta cespitum , Cochlicella barbara , Xerotricha zujarensis and
umina decollata are sporadic ( Fig. 14 ). From sample 11 onwards,

he burrowing taxon Cecilioides acicula is very abundant, sometimes
eaching several hundreds of individuals (Supplementary Material
able S3). The occurrence of Cecilioides acicula probably postdates

he deposition of the lithological unit. 
The environmental conditions deduced from the malacocenoses

ndicate a drier habitat than in malacozone GI-MZ1 and GII-
ZII. The malacozone GII-MZ3 indicates the presence of wet-

ands in the valley, while the river banks and the surrounding vege-
ation remained rather open and dry. 

alera VIII (GVIII) 

 single consistent malacozone (GVIII-MZ1) was designed for the
equence Galera VIII ( Fig. 11 ). 

alacozone GVIII-MZ1: samples 15–18: In malacozone GVIII-MZ1,
quatic taxa represent 30 to 40% of species ( Fig. 10 C). Mercuria sp.,
berhoratia morenoi , Ancylus fluviatilis and Pisidium sp. appear through-
22 
ut the GVIII sequence ( Fig. 15 ). Xerothermic gastropods comprise
0% of species ( Fig. 10 C). Cochlicella barbara , Truncatellina sp., Cer-
uella virgata and Theba pisana occur constantly, whereas Granopupa
ranum , Xerotricha zujarensis , Rumina decollata and Pseudotachea splendida
re intermittently recorded ( Fig. 15 ). Marsh taxa constitute 20%
f the species assemblage. Trochulus hispidus , Vitrea contracta , Cornu
spersum , Euconulus fulvus and Mediterranea hydatina are mesophilous
nails that appear sporadically. Succinella oblonga (hygrophilous) and
he open-ground taxa Vallonia costata (Müller, 1774) occur occasion-
lly in the upper part of the sequence. 

The malacological assemblages suggest the presence of a partial
pring-supplied channel with limited marshy areas along its banks.
he vegetation cover near the banks and surrounding areas was

ather dry and open. 

DISCUSSION 

n the Mediterranean Basin, Holocene terrestrial palaeoenviron-
ental archives show spatial and temporal variability in relation to

nvironmental and climatic changes ( Jalut et al. , 2000 ; Pérez-Obiol
t al. , 2011 ; Fletcher et al. , 2012 ; Fletcher & Zielhofer, 2013 ; Faust
 Wolf, 2017 ; Morellón et al. , 2018 ; Di Rita et al. , 2022 ). According

o the chronostratigraphic data, the molluscan successions in the
alera Valley cover a period from 10,000 to 5,500 cal. yr BP, along
ith two later snapshots from the Late Holocene, from c. 3,000 to
00 cal. yr BP, respectively ( Fig. 16 ). The first part of our discussion
ims to examine the response of the Galera malacofauna to envi-
onmental and climatic change from a broad perspective (i.e. both
ocal and regional). In the context of the increased aridification of
he Mediterranean Basin, understanding the long-term evolution
f continental mollusc distribution is a key conservation issue. The
econd part of the discussion explores the significance of comparing
ata from the fossil record with the modern distributional ranges of
oth sensitive and less vulnerable species; it relies on a biogeograph-

cal approach to do so. 

alaeoenvironmental reconstruction for the Galera Valley from a 
egional perspective 

he Early Holocene and the transition to the Middle Holocene: The Early
olocene phase recorded at the base of the section Galera I (i.e.
alacozone GI-MZ1) is poor in shells and has to be treated with

aution, as there are strong signs of reworking (i.e. indicated by the
bundance of allochthonous Bithynia tentaculata opercula, as well as
tratigraphic features indicating river channel aggradation; Fig. 2 ).
etween 10,000 and 9,000 cal. yr BP, the malacofaunal palaeoen-
ironmental reconstruction is consistent with the fluvial sedimenta-
ion period identified by Wolf et al. (2021) and suggests strong river
ynamics that prevented the establishment of adjacent terrestrial
nvironments, such as marshes ( Fig. 16 ). 

Palaeoenvironmental archives from southern Spain provide a
ery heterogeneous pattern for the Early Holocene period. From
0,000 to 8,000 cal. yr BP, lake level fluctuations in the southeast-
rn part of the Iberian Peninsula and pollen data from the Padul
ite reflect frequent humid conditions ( Ortiz et al. , 2004 ; Morellón
t al. , 2018 ; Ramos-Roman et al. , 2018 ) that are consistent with the
odelling of past regional precipitation ( Ilvonen et al. , 2022 ). In

ontrast, the pollen record from Lake Siles shows arid conditions
or this period and this is indicated by an increase in xerophytic
egetation ( Jalut et al. , 2000 ; Carrión, 2002 ). With respect to the
ollusc assemblages of the Galera Valley, terrestrial environments
ere unstable and rather open during the Early Holocene. How-
ver, in contrast to sedimentological indications, no clear evidence
f aridity is indicated by the mollusc record. In the Early to mid-
olocene transition, the malacological record suggests an environ-
ental continuum of humid habitats. Based on a high-resolution



HOLOCENE MOLLUSCA FROM GALERA 

F
ig

u
re

 
16

. 
Sy

nt
he

tic
 
pa

la
eo

en
vi

ro
nm

en
ta

l 
re

co
ns

tr
uc

tio
n 

ba
se

d 
on

 
th

e 
G

al
er

a 
m

ol
lu

sc
 
da

ta
, 

G
al

er
a 

flo
od

pl
ai

n 
dy

na
m

ic
s 

( W
ol

f 
et
 
al

. , 
20

21
 ) 

an
d 

sy
nt

he
tic

 
m

al
ac

ol
og

ic
al
 
da

ta
 
fr

om
 
Sp

ai
n 

( P
re

ec
e,
 
19

91
a )
 
an

d 
no

rt
he

as
te

rn
 
M

or
oc

co
 
( L

im
on

di
n-

L
oz

ou
et
 
et
 
al

. , 
20

13
 ; W

ac
ke

nh
ei

m
 
et
 
al

. , 
20

20
 ; D

ep
re

ux
 
et
 
al

. , 
20

22
 ). 

23 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

ollus/article/89/1/eyac033/6986081 by guest on 13 January 2023



Q. WACKENHEIM ET AL . 

i  

s  

9  

i  

s  

t  

t  

s  

p  

f  

a  

t  

w  

e  

(  

t  

e

T  

c  

t  

o  

a  

w  

l  

i  

a  

f  

r  

s  

P  

t  

w  

t  

i  

p  

t  

t  

t  

(
 

s  

i  

v  

2  

e  

R  

2  

s  

s  

t  

T  

d  

i  

s  

s  

5  

a  

2  

m  

(  

t  

m  

d  

C  

e  

t  

l  

S  

h  

2

L  

a  

s  

d  

c  

T  

i  

d
 

G  

w  

H  

M  

v  

B  

c  

s  

a  

d  

f  

i

F

S  

c  

c  

n  

t  

b  

s  

r  

o  

a
 

e  

S  

t  

A  

v  

V  

t  

P  

t  

c  

1  

v  

M  

D  

H  

g  

l  

s
 

t  

&  

p  

2  

q  

w  

H  

e  

l  

r  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

ollus/article/89/1/eyac033/6986081 by guest on 13 January 2023
sotopic record from a speleothem of Victoria’s cave, an increased
easonality has been highlighted by Budsky et al. (2019) between
,700 and 7,800 cal. yr BP. The existence of moister conditions dur-
ng winter and autumn could have led to the following: (1) natural
election within the hygrophiloust land snail assemblage, favouring
axa whose life cycle and activity are better adapted to hot summer
emperatures and droughts ( Arad, 1993 ; Schweizer et al. , 2019 ); (2)
easonal resilience of the wetlands in the Galera Valley that sup-
orts the maintenance of humid zones with a rich assemblage of

reshwater species ( Mercuria sp., Iberhoratia morenoi , Ancylus fluviatilis
nd Pisidium casertanum ) and several marsh-living taxa ( Vertigo antiver-
igo , Vallonia enniensis and Carychium minimum ). Molluscan assemblages
ith Vertigo antivertigo , Vallonia enniensis and Iberhoratia morenoi from the
nd of the Early Holocene to the beginning of the Middle Holocene
between 8,500 and 8,000 cal. yr BP) indicate homogeneous condi-
ions and stable biotopes with freshwater habitats and marshy veg-
tation. 

he Middle Holocene : The first half of the Middle Holocene is well
overed by Galera I, IB, and II sequences and allows us to discuss
he variability of records. Malacocenoses present rich assemblages
f hygrophilous species ( Orculella aragonica , Vallonia enniensis , Vertigo
ntivertigo , Succinella oblonga , Oxyloma elegans and Iberhoratia morenoi ),
hich imply the establishment of calm and well-developed marsh-

and between 8,200 and 6,000 cal. yr BP. In the sections located
n the valley bottom (GI and GII; Fig. 1 ), dynamic fluvial phases
re sporadically identified. In contrast, section GIB, situated at the
ringe of the valley, reveals a continuous evolution of terrestrial envi-
onments, comprising abundant and rich fauna that could be more
ensitive to local variations. In the uppermost part of section GIB
1, the few pieces of evidence for a drying up of the wetland seem

o reflect a local feature (perhaps related to local slope dynamics),
hich is not evident in the other sequences. In Galera I, IB and II,

he high abundance of the stygobitic snail Iberhoratia morenoi , which
s consistent with the sustained input of g round water, strongly sup-
orts humid environmental conditions in the valley. Humid condi-
ions, as deduced from the molluscan assemblage of the first part of
he Middle Holocene (until 6,000 cal. yr BP), are consistent with
ufa formation and the stability of habitats in the Galera Valley
 Wolf et al. , 2021 ). 

Likewise, numerous palaeoenvironmental and palaeoclimatic
tudies in southern Spain indicate typically humid conditions dur-
ng the first half of the Middle Holocene, corresponding to the de-
elopment of mesophytic vegetation ( Carrión, 2002 ; Carrión et al. ,
003 , 2010 ; Anderson et al. , 2011 ; Pérez-Obiol et al. , 2011 ; Fletcher
t al. , 2012 ; Mesa-Fernández et al. , 2018 ; Morellón et al. , 2018 ;
amos-Román et al. , 2018 ; Gil-García et al. , 2022 ; Ilvonen et al. ,
022 ). From 5,900 cal. yr BP, the appearance of xero-resistant
pecies in the upper part of Galera II section is a reliable feature that
uggests an environmental transition to drier habitats and fits with
he scheme of landscape evolution developed by Wolf et al. (2021) .
he first evidence of this mid-Holocene transition towards arid con-
itions appeared around 300 years earlier in the Galera Valley than

n northeastern Morocco, as highlighted by the molluscan succes-
ion of Aït Said ou Idder ( Fig. 15 ; Wackenheim et al. , 2020 ). The
trong aridification in southern Spain started between 5,500 and
,000 cal. yr BP, depending on the records examined, and was char-
cterized by the xerophytisation of the vegetation ( Carrión et al. ,
010 ; Pérez-Obiol et al. , 2011 ; Ilvonen et al. , 2022 ). This environ-
ental shift coincided with the end of the African Humid Period

 deMenocal et al. , 2000 ) and to a rapid climate change interval iden-
ified between 6,000 and 5,000 yr BP ( Mayewski et al. , 2004 ), when

esophytic forests declined ( Carrión, 2002 ) and numerous data in-
icate of regional aridification ( Reed, Stevenson & Juggins, 2001 ;
ombourieu Nebout et al. , 2009 ; Carrión et al. , 2010 ; Anderson

t al. , 2011 ; Vannière et al. , 2011 ). Furthermore, the mid-Holocene
ransition was characterized by an increase in the human popu-
ation in southeastern Spain ( Lillios et al. , 2016 ; Fyfe et al. , 2019 ;
24
chirrmacher et al. , 2020 ) that could have fragmented vegetation
abitats and increased the effects of aridification ( Carrión et al. ,
010 ). 

ate Holocene : Late Holocene reconstructions are based on a small
mount of data that have been obtained from four malacological
amples from the section GVIII ( Fig. 15 ). Malacocenoses show a
iversified assemblage of catholic and xero-resistant species ( Cochli-
ella barbara , Truncatellina sp., Theba pisana and Xerotricha zujarensis ).
he environmental conditions inferred from the mollusc records

ndicate the occurrence of a limited wetland area with extensive
ry and open habitats. 
As Late Holocene reconstructions from mollusc records in the
alera Valley involve only two short time periods, any comparison
ith other regional studies must be carried out cautiously. The Late
olocene represents a period of global aridification in the western
editerranean, also highlighting a strong anthropogenic impact on

egetation ( Combourieu Nebout et al. , 2009 ; Vannière et al. , 2011 ;
ellin, Vanacker & De Baets, 2013 ; Schirrmacher et al. , 2020 ). In
entral Spain, environmental reconstructions based on molluscan
equences ( Preece, 1991a ) seem consistent with the regional trends
s well as the Galera Valley record, whereas Late Holocene con-
itions appear drier in northeastern Morocco ( Fig. 16 ). However,
urther data from the Galera Valley are needed to provide a more
n-depth record for this period. 

rom Holocene to current faunas—answers and questions 

pecies selected for the purpose of biogeographic inferences in-
lude: (1) hygrophilous taxa that are widespread in Europe and
ommon in the fossil record, but rarer in Spain today ( Vallonia en-
iensis , Vertigo antivertigo , Succinella oblonga and Euconulus fulvus ); (2) taxa
hat are less vulnerable but whose distribution in Spain are still to
e documented ( Trochulus hispidus and Mediterranea hydatina ); and (3)
pecies endemic to Spain for which our study represents the first
ecord of fossil occurrence ( Iberhoratia morenoi and Xerotricha zujarensis)
r for which we provide further data of fossil occurrence ( Orculella
ragonica ). 

In Europe, as in the Iberian Peninsula, occurrences of Vallonia
nniensis are rare ( Gittenberger, 1998 ; Kerney et al. , 1999 ; Welter-
chultes, 2012 ; Cadeval & Orozco, 2016 ) and distributional data
o assess its conservation status are inadequate ( Bragado, Araujo &
paricio, 2010 ) ( Fig. 17 ). In southeastern Spain, a considerable in-

estment in mollusc surveys has revealed several new populations of
. enniensis in Andalusia ( Torres, Vázquez & Ripoll, 2020 , Fig. 17 );
hese dates strongly support the habitat fragmentation of this
alearctic taxon, a factor that causes difficulties in the location of
he populations. However, in the Galera Valley, Vallonia enniensis oc-
urred almost continuously from the Early to Late Holocene ( Figs
1 , 14 , 15 ). Furthermore, in Holocene records, Vallonia enniensis is
ery common from Spain ( Preece, 1991a ; Taylor et al. , 1998 ) to
orocco ( Limondin-Lozouet et al. , 2013 ; Wackenheim et al. , 2020 ;
epreux et al. , 2021 ; Depreux et al. , 2022 ), which indicates a wider
olocene distribution of the species compared to the modern bio-

eographic range. Reviewing and considering fossil data from Val-
onia enniensis would overcome the deficient modern data to assess its
tatus and argue for conservation measures. 

Vertigo antivertigo is a hygrophilous Holarctic vertiginid that occurs
hroughout the Iberian Peninsula ( Welter-Schultes, 2012 ; Cadeval
 Orozco, 2016 ) but whose populations appear localized and dis-
ersed ( Altonaga et al. , 1994 ; Martinez-Orti, 1999 ; Bragado et al. ,
010 ) ( Fig. 17 ). In the southern half of Spain, living populations are
uite rare ( Gasull, 1975 ; Arrébola, 1995 ; Ruiz Ruiz et al. , 2006 ),
hereas Vertigo antivertigo is a very common taxon in the Spanish
olocene fossil successions ( Madurga, 1973 ; Preece, 1991a ; Taylor

t al. , 1998 ) ( Fig. 17 ). The large fossil population in the Galera Val-
ey, which totals nearly 9,400 individuals, indicates that the envi-
onmental conditions were sufficiently humid and suitable for this



HOLOCENE MOLLUSCA FROM GALERA 

Figure 17. Modern distribution and Holocene occurrences in the Iberian Peninsula of Vallonia enniensis ( A ), Vertigo antivertigo ( B ), Trochulus hispidus ( C ), Succinella 
oblonga ( D ) and Orculella aragonica ( E ). Extant populations are mapped for southern Iberia. For Vallonia enniensis , we reviewed the distribution for Spain. 
Distribution maps and occurrence records are based on the literature mentioned within the figure. 
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axon in Andalusia during the Holocene. The population growth
f this taxon is particularly significant during the wet phase of the
iddle Holocene ( Figs 11 –14 ), and Vertigo antivertigo was still present

uring the Late Holocene ( Fig. 15 ). In modern times, increased
ridification and anthropization in this part of Spain have led to
ragmentation and destruction of wetland habitats, making popula-
ions of Vertigo antivertigo rare. 

Succinella oblonga is relatively rare in the Galera Valley fossil
ecord, with the exception of profile 1 of section GA-IB, where
ts co-occurrence with Orculella aragonica ( Fig. 12 ) suggests that
hey share the same ecological hygrophilous requirements. How-
ver, Succinella oblonga appears in several Spanish Holocene deposits
 Madurga, 1973 ). In the Iberian Peninsula, Succinella oblonga is a rare
uccineid (Cadevall & Orozco, 2016) and has been recorded from
nly a single location in Andalusia, in the Province of Granada
 Arrébola, 1995 ; Ruiz Ruiz et al. , 2006 ) ( Fig. 17 ). The fossil pres-
nce of this taxon during the Middle Holocene wet period in
he periphery of wetlands in the Galera Valley is consistent with
he ecological sensitivity of this taxon in the Mediterranean con-
ext in which the temperature could represent a limiting factor. A
are occurrence of this taxon during the Late Holocene is identi-
ed at the top of GA-VIII section ( Fig. 15 ). In contrast, Oxyloma
legans is very common in the fossil record and its modern dis-
ribution is more widespread ( Welter-Schultes, 2012 ; Cadevall &

rozco, 2016). However, its populations are more restricted, espe-
ially in southern Spain ( Arrébola, 1995 ; Ruiz Ruiz et al. , 2006 ;
oler et al. , 2006 ). Shells of Oxyloma elegans were found in the flood

eash and confirm the presence of this species in the vicinity of
alera, whereas Succinella oblonga was not detected. 
Euconulus fulvus is a Holarctic species occurring in a wide range of

abitats but preferring rather humid conditions ( Puisségur, 1976 ).
lthough this taxon is widespread across the Iberian Peninsula

Cadevall & Orozco, 2016), populations appear restricted and par-
icularly rare in southern Spain ( Arrébola, 1995 ; Martinez-Orti,
999 ; Ruiz Ruiz et al. , 2006 ) ( Fig. 17 ). The expansion of this taxon
ccurred during the first half of the Middle Holocene ( Fig. 11 ), but
ts presence is much more sporadic during the Late Holocene in the

alera Valley ( Fig. 15 ). Further malacological surveys of modern
opulations are needed to establish the extent to which its distribu-
ion has been fragmented. 

At present, Trochulus hispidus is widely distributed in the north-
rn half of Iberia ( Altonaga et al. , 1994 ; Puente, 1994 ; Cadevall
 Orozco, 2016) ( Fig. 17 ). However, data on its extension in the

outhern part of Spain seem insufficient because it occurs sporadi-
ally in central Spain ( Bragado et al. , 2010 ), and a few occurrences,
hich are considered as introductions, are reported in the province
f Huelva ( Muñoz, 1992 ; Arrébola, 1995 ) ( Fig. 17 ). The population
n the Galera Valley from the Middle to the Late Holocene, and
ossil occurrences at Padul, Baides and Alcaraz ( Fig. 17 ; Madurga,
973 ; Preece, 1991a ; Taylor et al. , 1998 ), suggest that the modern
istribution of Trochulus hispidus in southern Iberia results from the
ragmentation of a much larger area of Quaternary extension. Fur-
her malacological surveys of modern populations are needed to
larify the current range of the species. 

The records of Mediterranea hydatina from the Galera Late
olocene sediments ( Fig. 15 ) appear to be from outside the
odern range of this species, which includes the more western

rovinces of Andalusia ( Arrébola, 1995 ). The distribution of this
ircum-Mediterranean taxon ( Fig. 18 ; Giusti et al. , 1995 ; Welter-
chultes, 2012 ) is probably poorly known in this part of Andalu-
ia because this species is known to occasionally burrow into the
round ( Germain, 1911 ) and its identification is difficult ( Kerney
t al. , 1999 ). The discovery of modern shells in the flood debris
onfirms the presence of Mediterranea hydatina in the province of
ranada. 
Among Hydrobiidae, Iberhoratia morenoi is the most abundant

pecies, with a total of more than 15,000 shells collected (GI: 2,107;
IB: 11,641; GII: 2,478; GVIII: 136). In common with numer-
26 
us hydrobiids ( Bole & Velkovrh, 1986 ; Gloër, 2022a , b ), Iberhoratia
orenoi seems to be a stygobiont species that lives near springs and in
djacent water bodies ( Arconada, 2000 ; Arconada & Ramos, 2003 ;
rconada et al. , 2008 ). Its occurrence from the Early to the Late
olocene of the Galera Valley successions represents the first fossil

ecord of this endemic snail. Its modern distribution is fragmented
nd limited to Andalusia, where it occurs in Cádiz, Sevilla, Málaga,
lmería and Huelva provinces ( Arconada, 2000 ) ( Fig. 18 ). From a
alaeoecological perspective, this taxon, which is assigned a ‘vulner-
ble’ status due to its sensitivity to habitat disturbance ( Arconada
t al. , 2008 ), provides an excellent indicator species of a sustained
 round water supply and a sustained wetland habitat. The several
housand shells extracted from the GIB profile suggest a close con-
ection to the spring. This indication is consistent with the tufa sed-

mentary facies of section GIB, where g round water input may have
avoured tufa construction. The presence of dozens of shells in Late

olocene deposits, around 500–300 cal. yr BP, questions the cur-
ent presence of this species in the Galera Valley and requires fur-
her investigations to clarify whether Iberhoratia morenoi has a contin-
ed presence in the area. Its fossil occurrences in the Galera Valley
orrespond to a more northerly distribution as compared with the
odern range ( Fig. 18 ). The negative correlation between Iberhoratia
orenoi and Mercuria sp. frequencies is clearly identified in profile 2
f section GIB ( Fig. 13 ) and distinguishable in GI and GII (basis of
II-MZ1, upper part of GII-MZ2 ( Fig. 14 ) and GI-MZ2a ( Fig. 11 ));

his raises the question of interspecific competition between these
wo species. Arconada (2000) postulated that both species can be
ound in the same habitat. However, regarding ecological adapta-
ion, Mercuria species tolerate a wide diversity of aquatic habitats
 Gloër, Boeters & Walther, 2015 ; Boeters & Falkner, 2017 ; Miller,
021 ), whereas Iberhoratia morenoi prefers muddy habitats and is re-
tricted to the vicinity of springs ( Arconada, 2000 ). Fluctuation in
he intensity of g round water input and the position of springs could
ocally modify habitat conditions and impact the population dy-
amics of Iberhoratia morenoi. Furthermore, interspecific competition
nd the role of predators in the population dynamics of freshwater
astropods are irregularly documented, while species that are c. 1
m in size or less are traditionally not examined ( Covich, 2010 ;
oeppner et al. , 2020 ) . Characterizing the position and the rela-

ionships of freshwater molluscs in the food web is a prerequisite
o examine their ecological niche. The fossil record does not pro-
ide extended arguments to test whether this hypothesis can explain
emporal variations in malacocenoses. 

The currently threatened endemic species Orculella aragonica was
epresented by a fossil population of more than 1,700 individuals
hroughout profile 1 of section GIB, which covers a time interval
f c. 500 years (Supplementary Material Table S2). Its distribution

s more scattered in profile 2 of GIB and in GI and GII (Supple-
entary Material Tables S1, S3). The spatial variation in the oc-

urrence of Orculella aragonica suggests the reliance of this species
n hygrophilous vegetation in the adjacent spring habitat and con-
rms its narrow ecological tolerance ( Arrébola et al. , 2012 ; Cadeval
 Orozco, 2016 ). Orculella aragonica was more widespread in Spain
uring the Holocene, but its modern distribution is restricted to
 few localities, with this species being considered to be recently
xtinct at two of these ( Arrébola, 1995 ; Robles & Martinez-Orti,
009 ) ( Fig. 17 ). The Galera Valley is located 75 km northeast of the

ast existing populations ( Arrébola & Garrido, 2008 ). However, this
rculid was rare during the second half of the Middle Holocene
 Fig. 14 ) and was not recorded during the Late Holocene. The fos-
il record suggests that from the Middle Holocene onwards, this
axon was no longer present in the Galera Valley, and the absence
f shells from the flood debris argues for its modern absence. The
alera population of Orculella aragonica provides additional evidence

f a much wider range in the Holocene as compared with the mod-
rn distribution, and this supports its categorization as endangered
n the IUCN Red List of Threatened Species ( Arrébola & Garrido,
008 ; Robles & Martinez-Orti, 2009 ). 



HOLOCENE MOLLUSCA FROM GALERA 

Figure 18. Modern distribution and Holocene occurrences in the southern Iberian Peninsula of Mediterranea hydatina ( A ), Euconulus fulvus ( B ), Xerotricha 
zujarensis ( C ) and Iberhoratia morenoi ( D ). Distribution maps and occurrence records are based on the literature mentioned within the figure. 
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The occurrence of Xerotricha zujarensis during the second half of
he MidHolocene at Galera ( Fig. 14 ) represents the first fossil record
f this endemic Andalusian geomitrid, whose type locality is located
0 km to the northeast, at Monte Jabalcón ( Ortiz de Zarate Lopez,
950 ). The modern distribution of Xerotricha zujarensis is restricted to
our stations in the province of Granada ( Arrébola, 1995 ) in which
o living population have been observed since the 1990s ( Arrébola
 Ruiz Ruiz, 2008 ; Arrébola, 2011 ) ( Fig. 18 ). The fossil occurrence

n the Galera Valley indicates that its Holocene range was slightly
arger than today ( Fig. 18 ). The search for this taxon in fossil de-
osits could be an opportunity to overcome the lack of data related
o its current distribution and to clarify its conservation status. 

In summary, the environmental reconstructions inferred from the
alera palaeomalacocenoses are consistent with regional environ-
ental and climatic trends in southeastern Spain. Our comprehen-

ive reconstruction of the Middle Holocene makes it possible to dis-
uss the variability of the records and provides valuable information
n hygrophilous species ( Iberhoratia morenoi , Orculella aragonica , Vallonia
nniensis , Vertigo antivertigo and Succinella oblonga ) that are now rare in
he region. Indeed, the climatic and environmental change across
he Holocene at Galera offers insights into the palaeobiogeographic
istory of terrestrial molluscs prior to the aridification trends and
he strong anthropogenic impact on ecosystems. The rich Middle

olocene wet mollusc assemblage at Galera shows strong similar-
ties with faunas of the same period from Morocco ( Wackenheim
t al. , 2020 ; Depreux et al. , 2021 ; Depreux et al. , 2022 ). However, in

orocco, the modern distribution of faunas has been less studied
han in Spain and is therefore not suitable for an extensive palaeo-
iogeog raphical discussion. Biostratig raphic information about
pecies occurrences over time offers a valuable basis for discussing
nd refining the range of the modern fauna and highlights new op-
ortunities for assessing the conservation status of certain species. 

CONCLUSIONS 

he study of fossil shell assemblages in the Galera Valley revealed
aluable information about the ecological response of ecosystems
o environmental changes. Molluscan analyses indicate strong river
ynamics between 10,000 and 9,000 cal. yr BP, leading to a high
tress level and instability of adjacent environments. The transi-
ion from the Early to Middle Holocene reflects an environmen-
al continuum of humid conditions (between 8,500 and 8,000 cal.
r BP). Middle Holocene faunas revealed moister conditions with
trong development of wetlands, although slight evidence of adja-
ent drier habitats is recorded from 5,900 cal. yr BP onwards. The
axonomic composition of the mid-Holocene malacofauna, which
ncludes ecologically tolerant and hygrophilous taxa ( Vertigo antiver-
igo , Zonitoides nitidus and Oxyloma elegan s) as well as humidity-sensitive
pecies ( Vallonia enniensis , Orculella aragonica , Iberhoratia morenoi and Suc-
inella oblonga ), underlies the discussion about the micro-local to local
ariations of habitats. The Late Holocene snapshots from around
,000 and 300 cal. yr BP indicate rather dry and open biotopes,
hich are characterized by the appearance of xero-resistant and
esophilous gastropods ( Cochlicella barbara , Truncetallina sp., Theba

isana and Xerotricha zujarensis ). The Holocene palaeoenvironmen-
al scheme deduced from Galera malacocenoses is consistent with
he interpretation of sedimentological and stratigraphic data from
he valley and with several regional studies. Although rarely used in
pain, these results reinforce the value and reliability of molluscs as
 strong palaeoenvironmental proxy to reconstruct Mediterranean
andscapes and emphasize their complementary nature with other
iological proxies such as pollen. 
Holocene fossil nonmarine molluscs represent a strong and

romising instrument for a ‘palaeobiology conservation’ approach.
ossil occurrences from the Galera Valley, for example, of Xerotricha
ujarensis , Vertigo antivertigo , Vallonia enniensis , Succinella oblonga , Euconu-
us fulvus and Orculella aragonica , shed new light on the past ranges
28 
f these molluscs and aid in the understanding of their fragmented
odern distribution. Our study clearly demonstrates that the fos-

il record is crucial to guide future malacological research in the
egion and to focus survey efforts on particular species. Compared
ith their currently restricted and fragmented distribution in Spain,

he past distributions of taxa such as Vallonia enniensis and Succinella
blonga suggest that conservation measures are urgently needed for
hese hygrophilous taxa whose habitats are increasingly threatened.

Continental molluscs represent a sensitive and widespread group
f invertebrates for exploring long-term biogeographical evolu-
ion, prior to human impact, which is particularly pronounced
n Mediterranean ecosystems. This Andalusian study area is a
elevant case example of this approach, as the palaeoenvironmen-
al scheme inferred from fossil malacocenoses provides a striking
ontrast to the fauna associated with the modern Andalusian
nvironments. The mid-Holocene historical perspective provides a
ritical point of view to understand how the modern malacofauna
f southern Spain has been shaped by environmental and climatic
hanges. Overall, the fossil mollusc record of the Galera Valley
rovides the following: (1) crucial baselines for determining the
atural variability of ecosystems and their response to environmen-
al changes, (2) data to discuss and clarify the evolution of species
istributions and (3) information that can be used for setting con-
ervation priorities ( Louys, 2012 ; Dielt et al. , 2015 ; Barnosky et al. ,
017 ). The fossil mollusc content of the Holocene Galera River
ediments constitutes a significant palaeontological resource for the
NESCO Geopark of Granada. By providing an excellent basis

or palaeoenvironmental reconstruction and a highly informative
enchmark for understanding the distribution and vulnerability of
odern faunas, this work highlights the importance of continuing

alaeomalacological studies in Spain. 
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