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ABSTRACT

1. Microtus cabrerae is an Iberian endemic vole species with specific adaptations to the
subhumid mediterranean climate. Its living populations are under a regressive trend.
The earliest known records of Microtus cabrerae date from the late Middle Pleistocene,
and it originated from Microtus brecciensis.

2. We describe changes in the geographic distribution of Microtus cabrerae throughout
its history based on its palaeontologica record, and to link them to environmental
changes that have taken place since the appearance of Microtus cabrerae.

3. A series of successive chronological intervals comprising the recorded existence of
the species was established, so that the mgjority of the published fossil records of
Microtus cabrerae could be used for analysis. For each interval, a map with the inferred
distribution of the species was created. The maps were used to establishing variations

in the species’ distribution through time.
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4. A first regression in the extent of the distribution of Microtus cabrerae took place in
Marine Isotope Stage 2, when the species abandoned south-eastern France and central
Spain, where it had been present since the beginning of the Late Pleistocene. This range
contraction was probably due to the global decline in temperatures and rainfall that took
place in this period. After a rapid recolonisation of most of the previously abandoned
areas at the beginning of the Holocene, and a remarkable increase in records during the
Neolithic, a new gradual decrease of records is observed from the Neolithic to the
Roman period, intensifying from ca. 2000 years ago onwards, and ending with the final
disappearance of the species from south-western France and north-eastern lberia. This
second decline is linked to the aridification of the Mediterranean entourage that started
in the mid-Holocene and has been enhanced by human modification of the landscape.

The speciesis shown to be sensitive to climate change.

Key words. Holocene Climatic Optimum, Iberian Peninsula, Last Glacial Maximum,

post-glacial recolonization, southern France.

INTRODUCTION

Cabrera’ s vole Microtus cabrerae is a stout vole included in the monotypic subgenus
Iberomys. The species recently originated from Microtus brecciensis, probably during
the late Middle Pleistocene. It is presently endemic to the Iberian Peninsula (Spain and
Portugal), where it occupies areas with subhumid climates within the Supra-, Meso- and

Thermomediterranean bioclimatic zones of Rivas-Martinez’s (1981) Bioclimatic
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Classification System, though it also occupied areas of southern France in the past. Its
ancestral species Microtus brecciensis was aso distributed in the Italian Peninsula, and
possibly also in the Balkan Peninsula (Vuletic 1953). Iberian populations of Microtus
cabrerae are under range contraction (Fernandez-Salvador 2007), and the species is
classified as ‘near threatened' in the International Union for Conservation of Nature's

Red List of Threatened Species.

Microtus cabrerae is a typicaly Mediterranean species which is specifically adapted to
withstand high summer temperatures. It has the ecophysiological ability to increase its
body temperature moderately when ambient temperatures are high, thus reducing its
metabolic expense due to thermoregulation under these circumstances (Mathias et al.
2003). However, it is not found in areas with arid mediterranean climates characterised
by long summer droughts, since water scarcity strongly interferes with its reproduction
and development (Fernandez-Salvador et a. 2005). This species occurs mainly at
medium altitudes, in brushwood near small streams, in riverside areas with sedges or
rushes, or in fields of tall grass, and is frequently associated with oak Quercus spp.
woods (Niethammer et a. 1964, Ayarzaguefia & Lopez-Martinez 1976, Madureira &
Ramalhinho 1981, San Miguel Ayanz 1992, Pita et a. 2006, Santos et a. 2006).
Microtus cabrerae has a ‘K’ reproductive strategy (Fernandez-Salvador et a. 2001),
which together with its strict habitat specialisation, makes it extremely sensitive to
environmental changes. Because of these features, Microtus cabrerae is an important
ecological indicator when reconstructing past environments in the sites where its fossil

remains are found.
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We aim to reconstruct the biogeographic history of Microtus cabrerae from its fossil
record in archaeological and palaeontological sites. Previous research has highlighted
changes in the species’ distribution over time, but was based on few data (Ayarzagiefia
& Lépez Martinez 1976, Cabrera-Millet et al. 1983, LOpez-Martinez 2009, Garrido-
Garcia & Soriguer-Escofet 2012). We used every available record of the species found
in the literature, throughout its whole geographic range and from its first appearance to
the present, as well as a number of unpublished records from Spanish localities. The
records we used extend through France, Portugal, Gibraltar (a British overseas territory)
and Spain, and alowed us to reconstruct with considerable precision the biogeographic
changes undergone by Microtus cabrerae during its history. The successive changes
that have taken place in the past provide a basis for a better understanding of the
species’ current geographic retraction, enabling us to establish whether this started
recently or is part of a long-term process, and to explore and understand the causes of

the recent regressive trend of Microtus cabrerae.

METHODS

A thorough review of published records of Microtus cabrerae in the Late Pleistocene
and Holocene of the Iberian Peninsula and southern France was conducted. The papers
containing relevant data are extremely varied; many are local publications or
monographs dedicated to a particular site, and are of limited distribution and thus
difficult to obtain. A complete list of publications dealing with fossil records of
Microtus cabrerae is given in Appendix S1. A total of 134 records of Microtus
cabrerae from over 100 localities was obtained, 62 of which refer to the Late

Pleistocene (Appendix S2) and 72 to the Holocene (Appendix S3). Three unpublished
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records from Spanish Iberian Holocene sites, from the mesolithic levels of Cueva del
Congjar (Céceres), the nealithic levels of Cueva de Chaves (Huesca) and from the late
Roman site of Valdetorres de Jarama (Madrid), were included. We excluded a few
published records that did not provide a sufficiently precise age to be allocated to one of

the chronological intervals we used in analysis.

To quantify variations in the geographic distribution of the species through time, two
major time intervals comprising the whole of the species tempora duration were
considered: the Late Pleistocene and the Holocene. Within each, secondary subdivisions
were defined. For the Late Pleistocene, in which fossil records of the species are less
numerous, intervals of longer duration coinciding with Marine Isotope Stages (MIS) 2,
3 and 5-4 were used (MIS5 and 4 were pooled because of the short duration of M1S4).
For the Holocene, in which records of Microtus cabrerae are abundant, shorter time
intervals were defined based on the succession of archaeological cultural complexes
(Fig. 1). Though the time intervals differ in duration, the criteria chosen to establish
them make it possible to use most published records of Microtus cabrerae with the
corresponding ages provided in the papers. This was necessary since information
concerning the chronology of the sites is widely heterogeneous (biochronology is used
in palaeontological sites, chronocultural data in archaeological sites, chronoclimatic
stages or numerical dates obtained through different techniques are used in other sites),
and since otherwise it would be impossible to bring together all the available

information and build from it aglobal pattern.

In order to make recent and past distributions of the species easy to compare, the

available records were plotted for each time interval using the topographic base of the
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Atlas of European Mammals (Mitchell-Jones et al. 1999), divided in 50x50 km
Universal Transverse Mercator squares. The recent distribution of Microtus cabrerae
has been updated using the most recent data provided by Rosario and Mathias (2007),
Miraet al. (2008) and Pita et a. (2010) for Portugal, and by Ferndndez-Salvador (2007),

Garrido-Garciaet a. (2008) and Ortufio (2009) for Spain.

LIMITATIONS

Five main factors were found to constrain the spatial and chronological significance of
our analysis of the biogeographic evolution of Microtus cabrerae derived from the
study of its archaeologica and palaeontological record, by affecting the density of

records:

1 — The age of the site. The number of localities where Microtus cabreraeis recorded is
higher in more recent sites than in those with older chronology, to the point that the few
available records for the species during the Late Pleistocene hinder the recognition of
patterns of variation in its geographic distribution at the very beginning of its
evolutionary history. However, this is not the only factor determining the density of

records of Microtus cabrerae through time (see limitation 4).

2 — Regiona geology. Over 90% of Pleistocene and Holocene archaeological and
pal aeontological sites with microvertebrate fossils are located in the karsts of cal careous
formations. These rocks outcrop mainly in mountain chains of alpine origin (Pyrenees,

Iberian System, Central System, Catalan Coastal Range, Betic Range, the Alps), and as
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a consequence, the probability of finding fossils of Microtus cabrerae outside these

environmentsis considerably lower.

3 — Levels of interest in the study of small mammal fossils depending on tradition. In
south-eastern France there is a long tradition of studying Pleistocene and Holocene
small mammals, but the amount of available data from Spanish regions is highly
variable (see Lépez-Garcia et a. 2011a). This is partly due to variations in research
strategies: some researchers have focussed on geographically close sites, other sites

have been studied less.

4 — Levels of interest in the study of small mammal fossils depending on the chronology
of sites. Small mammals are considered a valuable tool for chronological and
environmental interpretations in Pleistocene and most Holocene sites. However, in more
recent sites their value is comparatively lower, since aternative dating methods can
provide more precise results (radiocarbon dating, ceramics, etc.) and a wider choice of
sources for environmental reconstructions exists. Consequently, in protohistoric and
historic sites less effort is made to obtain small mammal fossils, and fewer data are

available.

5 — Human modification of environments close to the sites. Human populations are
known to have modified natural environments, particularly in historic times.
Modifications in the areas surrounding human settlements have driven wild species out
and favoured the presence of commensal species. For this reason, data on non-

commensa small mammals are particularly scarce in historic periods.
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All these factors contribute to the uneven spatial and temporal distribution of sites with
Microtus cabrerae remains, and affect the interpretation of our results. Concerning the
geographic origin of the data, the regions with a more complete record are located in
south-eastern France and eastern and north-eastern Iberia, and to a lesser extent, central
and southern Spain. With regards to chronology (Fig. 2), records from the Late
Pleistocene are scarce, though a dight increase is observed at the end of this period.
During the Holocene the number of records increases considerably until the Bronze
Age, from then onwards records become extremely rare and are practically restricted to
southern France. Since the Roman Period, no records of Microtus cabrerae are found in
sites where precise dates are available; some are available from southern France (Heim
de Balsac 1939, Jeannet 1979, Paunesco & Brunet-Lecomte 2005) and though lacking
any sort of age reference, were considered to be very recent, practically present-day, by

the authors.

CHANGES IN THE GEOGRAPHIC DISTRIBUTION OF MICROTUS

CABRERAE IN THE LATE PLEISTOCENE AND HOLOCENE

Microtus cabrerae probably originated from its ancestor Microtus brecciensis during
the late Middle Pleistocene. The species differ in morphological and biometric dental
features (Ayarzagiefia & Lopez Martinez 1976, Cabrera-Millet et a. 1983, Povoas et al.
1992, Paunesco & Brunet-Lecomte 2005); the conspicuoudy larger size of the
descendant species is one of the most relevant. This feature is particularly evident in
Iberian populations in which, during the Middle Pleistocene, the mean length of the first

lower molar of Microtus brecciensis never exceeds 2.95 mm. The measurement is
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aways over 3.04 mm in Late Pleistocene and Holocene populations of Microtus
cabrerae (Table 1). The first records of populations displaying larger molars and
assigned to Microtus cabrerae are found in Middle-Late Pleistocene transition localities
of southern France. In localities such as Payre (levels G and F, Desclaux et a. 2008) or
Baume Moula-Guercy (levels XIV-XIX, Desclaux & Defleur 1997), representatives of
the subgenus Iberomys are present, which because of their large size (first lower molar
length > 3.10 mm) can be considered to belong to Microtus cabrerae, though they were
originally identified as Microtus brecciensis. Levels F and G of Payre have
thermoluminiscence dates of 232 + 15 kyr BP (thousand years before present) and 231 +
27 kyr BP respectively, and levels F-G together were dated by Uranium series at 235 +
18 kyr BP (Falgueres et al. 2008). However, according to biochronological criteria
based on small mammal assemblages, Desclaux et a. (2008) assign these levels to a
dlightly younger age: either close to, or even within, the Late Pleistocene (< 130 kyr
BP). In Baume Moula-Guercy, level XIV is placed in the Eemian (basa Late
Pleistocene) on the basis of its climatic correlation according to the small mammal
assemblage, and underlying levels XIX-XV are classed as late Middle Pleistocene
(MI1S6, Defleur et a. 2001). The rare late Middle Pleistocene records of 1beromysin the
Iberian Peninsula (e.g. Bolomor 11l; Guillem Calatayud 1995), assigned to Microtus
brecciensis, are unfortunately not accompanied by adequate data that might help to
establish whether this material is Microtus brecciensis or Microtus cabrerae. The only
exception is that of Sala de los Huesos (Hanquet 2011). At this site, the small-mammal
bearing levels are placed between two stalagmitic plates which were Uranium-thorium
dated as 183 +14-12 kyr BP (bottom) and 117 +17-14 kyr BP (top), so they belong to
the end of the Middle Pleistocene (MIS6) or to the very beginning of the Late

Pleistocene (MIS5). The Iberomys population from this site displays typical Microtus
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brecciensis size (mean first lower molar length = 2.93 mm) and morphology. Taking
into account uncertainties related to the age of the first records of Microtus cabreraein
France, if their late Middle Pleistocene age is correct, this should be interpreted as
evidence of a French origin for this species. If, on the other hand, they are early Late
Pleistocene in age, coinciding with the age of the first Iberian Microtus cabrerae
records, this would imply a simultaneous origin of the species in France and in the
Iberian Peninsula. These proposals contradict previous interpretations (Garrido-Garcia
& Soriguer-Escofet 2012) which located the centre of origin of Microtus cabreraein the
Iberian Peninsula. Further research focused on obtaining unquestionable and precise
dates for the late Middle Pleistocene and early Late Pleistocene Iberian and French sites

is needed to clarify the geographical origin of Microtus cabrerae.

During the Middle Pleistocene Microtus brecciensis extended throughout the Iberian
Peninsula, with the exception of the Cantabrian region and the North Atlantic facade
(Ayarzagiefia & Lopez Martinez 1976, Cabrera-Millet et a. 1983, Lopez-Martinez
2009), and was found in the southern third of France (Marquet 1993, Jeannet 2000) and
in the Italian Peninsula, where records are common (Kotsakis et a. 2003, Sala & Masini
2007, Sala & Locatelli 2009). Occasiona records from the Balkans are still to be

confirmed (Vuletic 1953).

At the beginning of the evolutionary history of Microtus cabrerae, during MIS5-4 and
MIS3 (Fig. 3aand b), its distribution coincided with that of Microtus brecciensis except
in the Italian Peninsula, where Late Pleistocene or Holocene records are unknown.
Therefore Microtus cabrerae never occupied the Italian Peninsula. Although Garrido-

Garcia and Soriguer-Escofet (2012) consider Microtus cabrerae to have been absent

10
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from France during the whole of the Late Pleistocene, this is contradicted by the
presence of fossils of this age in the centra French Pyrenees (Grotte du Noisetier -
Jeannet, 2001), the eastern margin of the Aquitaine Basin (Coudoulous Il - Cochard,
2004), the Rhone Valey (Payre - Desclaux et al. 2008, Baume Moula Guercy -
Desclaux & Defleur 1997; Baume Néron - Jeannet, 2000; among others), and the
French Mediterranean coast (Grotte du Lazaret - Valens et al. 2007). In Iberia, records
are mainly from the Mediterranean region and central and southern Spain. Between
MIS5 and MIS3 no relevant differences in the extent of the area occupied by the species
is observed, though a decrease in the frequency of records occurred in France (7 records
in MIS5, 4 in MIS3). Any effect of climate cooling during MIS4 on the species
distribution is impossible to establish, due to the short duration of the period and

because few records of Microtus cabrerae are available from the Late Pleistocene.

In MIS2 (Fig. 3c), an important difference in the general distribution of the species is
observed compared to its distribution in the early Late Pleistocene. A visible contraction
took place: records are practically restricted to the Iberian Peninsula. One record of
Microtus cabrerae from the end of MIS2 is from southern France, from levels 2-3 of
Abri  Soubeyras (Chaline in Brochier 1977), found in a magdalenian-azilian
archaeological context. This biogeographic change is probably related to some
environmental constraint such as climate. Bias due to the poor quality of the fossil
record in south-eastern France is very unlikely, given the numerous sites with small
mammal fossils in this region. The MIS2 was predominantly a cold period which
included the Last Glaciad Maximum, during which southern Europe and the
Mediterranean suffered extremely low temperatures throughout the year, accompanied

by dry conditions (Peyron et a. 1998). This cold climate strongly affected the

11
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distribution of many species in Europe, the southern regions becoming a refuge for
many that inhabited northern and central Europe (Sommer & Nadachowski 2006).
Severa sections containing sedimentary sequences with small mammals that belong to
this time interval show that the absence of Microtus cabrerae coincided with the
presence of other species coming from higher latitudes and characteristic of colder
climates, such as Dicrostonyx torquatus, Scista loriger, Citellus superciliosus, Microtus
gregalis and Microtus oeconomus. This is the case, for instance, in Grotte de la
Salpétriere (Brandy 1977), Bois des Brousses and Laroque Il (Chaline 1981), and in
levels 2 and 3 of Grotte de Salpétre and levels 8, 9 and 10 of Balma de I’ Abeurador
(Marquet 1993). This drop in global temperatures affected species specifically adapted
to warm climates, such as Microtus cabrerae, which shifted their northern populations
towards more southern regions and disappeared from their northernmost range with the
advancing ice. The presence of Microtus cabrerae in the Abri Soubeyras may be
interpreted as an early re-colonisation of south-eastern France with Iberian populations,
which occurred before the end of MIS2, during an episode of climatic improvement,
probably the Allerod oscillation (after Brochier 2004). It might alternatively be evidence
of the existence of small isolated refuges for the species in south-eastern France, which
escaped detection due to the scarcity of palaeontological records in the area. Proof of
the existence of such refuges in southern France is found in MIS2 sediments deposited
in the marine platform of the Gulf of Lion, which contain pollen of temperate forest

species including deciduous Quercus (Beaudouin et a. 2007).

No records of Microtus cabrerae are associated with the MIS2 in central |beria. This

cannot be considered a consequence of a general lack of small mammal records from

this time period, since several sites have abundant and well-represented material not
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including this species. For example, in MIS2 sites in the Sistema Central, such as Pefia
de Estebanvela (Sesé 2006) and Abrigo del Monte (Sevilla et a. 2009), Microtus
cabrerae is not present, but northern species, such as Microtus oeconomus, are part of
the assemblages. Microtus cabrerae must have become absent from these Spanish
localities when the climate became colder and more arid in centra lberia, which
allowed the development of open steppe environments (Gonzalez-Sampériz et a. 2010).
As a consequence, the local Microtus cabrerae populations were driven either to
extinction or towards periphera areas of their distribution mainly in the south, where
the mgjority of the records of this age are located. The Mediterranean or Atlantic
influence in these peripheral areas favoured milder environmenta conditions, enabling
the survival of the species. This situation is particularly evident during the Last Glacial
Maximum, when all records of Microtus cabrerae (Gruta do Caldeirao, level H -
Povoas et a. 1992; Higueral de laVallga Cave, levels 1V-V - Jennings et al. 2009; Sala
de las Chimeneas - Bafuls Cardona et al. 2012; Cueva de los Ojos - Fuentes Jiménez
1989; Cueva de Nerja - Cortés Sanchez et a. 2008) are from the southern half of the
Iberian Peninsula. The few records of this species in northern Iberia (Cova de |’ Arbreda
- Alcalde i Gurt 1987; Cova Colomera- LOpez Garcia et a. 2010a; Cueva de Vadavara
| - Lopez-Garciaet al. 2011a; Portalon - Lopez-Garcia et al. 2010b) are either earlier, or
mainly later than the Last Glacial Maximum, and probably coincided with some of the
climatic oscillations towards milder climate which occurred within the MIS2. In this
sense, the sequence in the Cova de |’ Arbredais particularly enlightening (Alcalde i Gurt
1987); Microtus cabreraeis absent in al of the lower part of the sedimentary sequence,
which represents practically the whole of the MIS2. Only once the post-Solutrean
pal aeolithic levels are reached does the species appear, where it persists to the top of the

sequence with only a few exceptional interruptions.
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After the pronounced retraction of Microtus cabrerae during the MI1S2, the species
started to spread again at the beginning of the Holocene through south-eastern France,
to the point that the maority of the Epipalaeolithic and Mesolithic records of the species
(8 out of 12) come from this region (Fig. 3d). Records from La Grotte de I’ Abeurador
(Hérault, France) document this process of recolonisation of south-eastern France. In
this site, Microtus cabrerae is not represented in the lowermost levels, of late Upper
Palaeolithic and Azilian age, but starts to appear in the Mesolithic levels (Marquet
1987). This circumstance is clearly linked to the global climatic improvement that took
place at the beginning of the Holocene and reached its peak at the Holocene Climatic
Optimum (ca. 9000-5000 yr BP). During this climatic phase a rapid recovery of
temperate forests took place in Europe (Fletcher et a. 2010). In south-eastern France
this period was characterised by the beginning of the recolonisation of the region by
deciduous Quercus, which is increasingly represented in anthracological and
palynological records (Vernet 1997, Heinz & Thiébault 1998, Brewer et a. 2002). In
contrast, records of Microtus cabrerae from this period in Iberia are extremely rare and
dispersed, probably because records of microvertebrates in general have been collected
from only a few sites of this age. The lack of records hampers the reconstruction of

changes in the geographic distribution of the species.

Records of Microtus cabrerae from the Neolithic are more abundant (Fig. 3e): 28
records of the species were obtained for this time interval, 11 from France (northern
slopes of the Pyrenees, margins of the Rhone Valley) and the remainder from Spain,
mainly from its eastern haf (southern slopes of the Pyrenees, Atlantic and

Mediterranean littoral areas and the Sierra de Segura). An isolated record came from
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central Spain (Cueva de la Ventana, Sanchez et a. 2005) and another from the south
(Cueva de El Toro, Watson et al. 2004). This particular pattern in Iberiais probably an
artefact of the comparatively longer tradition of studies dealing with small vertebratesin
eastern Spain. During the Neolithic, which coincides to alarge extent with the Holocene
Climatic Optimum, Microtus cabrerae re-occupied the area it abandoned during MI1S2,
regaining a distribution similar to that in the first part of the Late Pleistocene. The
frequent records of the species in eastern and north-eastern lberia and south-eastern
France were probably linked to the expansion in these regions of deciduous Quercus,
evidenced by severa pollen sequences (Pla de I’ Estany in Burjachs 1994, Capestang in
Jalut 1995, Gulf of Lion in Beaudouin et a. 2005, among others). Thus, the Neolithic
seems to be the acme of the evolutionary history of Microtus cabrerae, though earlier
periods with limited palaeontological records, such as the Eemian in the early Late

Pleistocene, may have been favourable for the species.

During the Chalcolithic-Bronze Age (Fig. 3f) the distribution of Microtus cabrerae
remained similar to that in the previous time interval, athough with some dight
differences. Like records from the Neolithic, records from this period are concentrated
in southern France and in north-eastern Iberia, but isolated records occur in other areas
of the Iberian Peninsula: in the south-east (both in coastal and interior areas), in the
littoral regions of southern and western Portugal, and in north-western Iberia. Again, the
lack of records in central Spain is probably caused by the lack of tradition in the study
of small vertebrate fauna, rather than by the absence of the species. Nevertheless, lower
numbers of records are observed than in previous periods. This is partly due to the
lower relevance given to small mammal studies in protohistoric contexts, the

diminishing interest given to this fauna in younger sites, and environmental changes
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caused by both climate and human activities that ultimately affect the species’
distribution. After the Holocene Climatic Optimum, the climate in the Mediterranean
region became drier (Burjachs et al. 2000, Jalut et al. 2000, Pantaledn-Cano et al. 2003,
Pérez-Obiol et a. 2011). This increased the human impact on the environment, led to a
gradual decrease in the area covered by forests, and resulted in the xerification of
landscapes in the Iberian Peninsula and south-eastern France (Heinz & Thiébault 1998;
Fierro Enrique et al. 2011). According to climatic models based on pollen data, the
establishment of a dry mediterranean climate in the Iberian Peninsula started in the
south and advanced gradually towards the north during the Holocene (Jalut et a. 2000),
so that the recent xeric conditions first appeared in southernmost Iberia. Consequently,
habitats potentially favourable for Microtus cabrerae gradualy retracted and
disappeared from the south towards the north. Thus, from this period to the present no
more records of Microtus cabrerae are found in southernmost Iberia, where the species
was well represented during MIS2-3 (e. g., Gibraltar sites, see Lépez-Garcia et a.

2011b; Price 2012; see Fig. 3).

The decreasing trend intensified during the Iron Age — Roman period (Fig. 3g), when
the records of Microtus cabrerae become quite rare and finally, during the Middle Ages
(Fig. 3h), practically nonexistent. Again, the few records are found mainly in France; in
Spain only three isolated records are known, one in the north-east, one in the east and
one in central Spain. This scarcity of records in the Iberian Peninsula is mainly because
studies of microfauna in archaeological sites of this age onwards are rarely conducted.
Additionally, these sites are mostly human settlements with highly anthropized
surroundings, where the presence of wild species is hardly to be expected because of

competitive displacement by commensal or more tolerant species.
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It is striking that Microtus cabrerae maintained a relatively important representation in
southern France and north-eastern Spain until so late a date, though it is now definitely
absent there. This is consistent with a very recent disappearance of the species in the
area. The most recent records of Microtus cabrerae in France come from levels dated
as 1900-2000 yr BP from the city of Lattara (Poitevin et a. 2005) and of medieva
levels from Abri de I’ Eglise (Jeannet 1988); other records considered to be subrecent
(Heim de Basac 1939, Jeannet 1979, Paunescu 2001) are lacking precise dates or
context to establish their age. In north-eastern Iberia the youngest record is found in the
site of Alorda Park, in levels dated as 2400-2300 yr BP (Valenzuela et al. 2009). All
these recent data are evidence of the minimum recent persistence of the species in these
areas, indicating that Microtus cabrerae was still to be found there at least 2000-1000

years ago.

The reasons for the recent disappearance of Microtus cabrerae from south-eastern
France and north-eastern Iberia, and from other regions in the Iberian Peninsula such as
the Levante littoral region, where it was aso found during the Iberian period (Els
EstretssRacd de Rata, Vilafamés, Castellon; Guillem Calatayud 2011), have been
debated in the literature. While some authors (e.g. Lopez-Martinez 2003) linked the
contraction of the area occupied by Microtus cabrerae with the climatic change towards
aridification that occurred from the middle Holocene onwards, other authors see the
contraction as a consequence of anthropic changes in the environment (mainly the
expansion of agriculture; Cabrera-Millet et a. 1983, Garrido-Garcia & Soriguer-Escofet
2012). In our opinion, it seems likely to be the combined result of both climatic and

anthropic factors. As previously pointed out, Microtus cabrerae is a markedly specialist
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vole, adapted to humid mediterranean environments. As a consequence of the gradual
aridification of the climate in the Mediterranean from the middle Holocene to the
present, environments sufficiently humid for Microtus cabrerae survival have been
reduced in their extent and have become more dependent on local factors (existing, for
example, in areas with a high phreatic level providing humid conditions throughout the
year, or in mountain foothills where rainfall is relatively higher than in surrounding
regions). However, many relatively humid areas have been highly modified by human
activities, such as continued agriculture and farming, clearing of forests with fires, or
wetland draining (Pita et al 2007, Ros&rio and Mathias 2007), which have reduced the
areas occupied by the species and may ultimately drive it to local extinction. This
process is till going on, and a clear regression in taking place in Iberian populations;
their range is smaller now than it was a few decades ago (Fernandez Salvador 2007). A
similar regressive pattern is observed in other small mammals adapted to humid
environments. For instance, the lesser white-toothed shrew Crocidura suaveolens was
found throughout the Levante coast during the Iron Age (Guillem Calatayud 2011), but

isno longer found there.

CONCLUSIONS

Because of its particular ecological requirements, Microtus cabrerae is extremely
sensitive to the environmental changes that have taken place during its evolutionary
history, and has expanded and contracted its area of distribution accordingly. It has
always been of restricted amplitude, extending at its most favourable periods through

the southern third part of France, and preferring to occupy the Mediterranean region and
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the Iberian Peninsula with the exception of its north-western Atlantic strip and the

Cantabrian region.

Severa factors constrain the extent and precision of studies aimed at reconstructing
changes in species' distribution patterns during the Late Pleistocene and Holocene. The
unequal density of information is mainly a consequence of regional geology features
(the presence of calcareous substrates with possibilities of karstification) and of the
existence of locally biased interest in studies of small mammal fossils. The frequency of
records through history also varies irregularly: on one hand, more sites of younger age
are available, but on the other, small mammal fossils found in older sites (prehistoric
and protohistoric) are more interesting to researchers and so have been documented
more. The relatively reduced applicability of small mammals in historic sites may
explain the low numbers of published data, which may be further exacerbated by the
expected lower representation of wild animals relative to commensal species in human-

modified environments.

For al these reasons, the palaeontological and archaeological documentation of
Microtus cabrerae from a geographica point of view is more complete and robust in
south-eastern France, whereas data from the Iberian Peninsula are concentrated in
discontinuous areas, mainly in the eastern, southern and centra part of Iberia. Data
from the west and the remaining interior regions are rare. From a chronological point of
view, data increase in number from the earliest Late Pleistocene to the Holocene, are
particularly abundant during the Neolithic, and from that moment onwards decrease,

becoming practically nonexistent in historic times.
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According to the available data, the paaeontologica and archaeological record of
Microtus cabrerae shows two distinct retraction events in its geographic range. In the
first, which took place during MIS2, Microtus cabrerae disappeared from the areas it
had previously occupied north of the Pyrenees and in the mountain areas of central
Spain, taking refuge in southern Iberia. In the final part of MIS2, a recovery in the
species’ distribution occurred, shown by a few records in the north of Iberia and
southern France. The second retraction event probably started in the middle Holocene
and has increased in intensity during the past 2000 years. It is still going on, and as a
consequence Microtus cabrerae is no longer found in south-eastern France or in north-

eastern and southernmost Spain.

The reason for the first retraction event, which took place during M1S2, was clearly the
change in climate towards dominant colder and drier conditions. The reason for the
second retraction event was a combination of change in climate towards more arid
conditions in the Mediterranean, and increasing human pressure on natural
environments. In the interval between the two retraction events, during the Neolithic,
the species reached its highest frequency of records, coinciding with the second half of
the Holocene Climatic Optimum. At this time, the prevailing high temperatures and
abundant rainfall increased the areas available for the species and led to its acme. It is
equally possible that a peak in population density occurred earlier in the species
evolutionary history because of similar favourable conditions, for instance during the
Eemian (earliest Late Pleistocene), but the scarcity of records from the beginning of the

Late Pleistocene does not help to corroborate this hypothesis.
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Table 1. Length of the first lower molar in the Iberian Pleistocene and Holocene
populations of lberomys (only those with 5 specimens or more are included) and in
recent populations of Microtus cabrerae from three different localities. Means, ranges
(minimum and maximum values), standard deviations (SD) and samples sizes (n) are
shown. Data from: 1) Engels (1972); 2) Ayarzagiefia & Lopez Martinez (1976); 3)
Lopez Martinez (1980); 4) Ruiz Bustos et al. (1982); 5) Niethammer (1982); 6) Gil
(1985); 7) Gil (1988); 8) Toni & Molero (1990); 9) Gil (1997); 10) Laplana & Cuence
Bescds (1998); 11) Cuenca-Bescos et al. (1999); 12) Denys (2000); 13) Jeannet (2000);
14) Ruiz Bustos (2000); 15) Povoas et al. (2005); 16) Barroso Ruiz et al. (2006); 17)
Lopez-Garcia et al. (2008b); 18) Guillem Calatayud (2009); 19) Tormo Cuiiat (2010);
20) Lopez-Garcia (2011); 21) Sesé et al. (2011a); 22) Sesé et al. (2011b); 23) Hanquet
(2011); 24) Price (2012); 25) Lopez-Garciaet al. (2012); 26) authors’ unpublished data.
For complete bibliographic references, see Appendix S1. Localities from the same time
interval have been arranged according to their chronological position whenever
possible. A distinct size gap can be observed between the Middle Pleistocene
populations assigned to Microtus brecciensis, with mean first lower molar lengths of
less than 2.95 mm, and the Late Pleistocene and Holocene populations assigned to

Microtus cabrerae, with mean lengths greater than 3.04 mm.
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Fig. 1. Chronological intervals used in this review to analyse changes in the geographic

distribution of Microtus cabrerae. kyrBP = thousand years before present.

Fig. 2. Variations in the density of records of Microtus cabrerae through time, from the
Late Pleistocene to the present. kyrBP = thousand years before present. Vaues were
obtained dividing the number of available records in each time interval (see Fig. 1) by

its duration in thousands of years.

Fig. 3. Maps showing the geographic distribution of Microtus cabrerae records in each
of the chronological intervals used in this paper (see Fig. 1); a) MIS5-4; b) MIS3; ¢)
MIS2; d) Epipaaeolithic-Mesolithic; €) Neolithic; f) Chalcolithic-Bronze Age; g) Iron
Age-Roman period; h) Middle Ages; i) Recent. In the lower right corner of each map, n
indicates the number of Universal Transverse Mercator squares in which Microtus

cabrerae was recorded.

Appendix S1. List of references including fossil records of Microtus cabrerae and
used in the analysis.

Appendix S2. List of records of Microtus cabrerae during the Late Pleistocene,
grouped according to the time intervals considered in this review.

Appendix S3. List of records of Microtus cabrerae during the Holocene, grouped

according to the time intervals considered in this review.
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Time

Length of thefirst lower molar

interval L ocality min  mean  max SD n Species
Porto Covo (Portugal) * 281 328 375 021 27
Recent | Cuenca (Spain) 2 296 332 348 016 25
Sierra de Cazorla (Spain) ° 275 304 33 021 8
Valdetorres de Jarama (Spain) % 280 313 360 020 13
Covadel Toll (Spain) 296 324 367 017 22
Holocene . .6
Cuevadel Coscojar (Spain) 280 324 376 - 29
Cova de les Cendres, Holoc. (Spain) *® 295 328 370 005 13
Portaln (Spain) 300 310 325 013 5
Gruta do Caldeirao niv. K-E (Portugal) *° 265 321 355 020 20
Covade les Cendres, Gravet. (Spain) *° 311 337 384 - 16
Cuevade las Graderas (Spain) ’ 286 325 368 - 58 _
Figueira Brava (Portugal) 270 309 346 021 15 (';"{;gg:;;
Devil’s Tower (Gibraltar) * 313 343 363 - 9
Ibex Cave (Gibraltar) *2 324 348 366 - 6
Late Gorham's Cave (Gibraltar) * 312 342 373 - 7
Pleistocene | Gorham’'s Cave LBSmcf 2,9, 11 (Gibraltar) ** | 279 326 380 024 41
Abric Romani (Spain) 300 335 372 019 25
Boquete de Zafarraya (Spain) *° 281 328 364 - 93
Covadel Gegant (Spain) 305 331 345 015 7
Gorham's Cave SSLm 2, 6 (Gibraltar) #* 286 326 356 018 28
Cuevadela Carihuelalev. VII (Spain) * 273 310 351 - 11
Preresa (Spain) 281 310 351 - 50
Pinilladel Valle (Spain) ® 261 308 348 - 7
Sala de los Huesos (Spain) 256 293 320 022 16
Valdocarros (Spain) % 267 288 317 - 17
. Cuevadel Agua (Spain) * 260 292 336 - 90 .
o ;c'f(':'een e | Trinchera Galeria (Spain) * 242 286 326 028 9 | |hoOU
Aridos-1 (Spain) 2.32 279 318 024 44
TD8 (Spain) ™ 264 282 3.08 - 11
Cullar de Baza-| (Spain) * 255 294 327 - 37
Early TD6 (Spain) *° 235 269 304 013 171 | Microtus
Pleistocene | El Chaparral (Spain) % 256 276 294 016 7 | huescarensis
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