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The Punta Lucero III cave is a natural trap where abundant vertebrate remains were accumulated during the
Meghalayan (Late Holocene). To better understand the paleoenvironmental conditions in which this record was
accumulated, the micromammal assemblage, comprising a minimum number of 1396 individuals belonging to
19 taxa, was studied using the Mutual Ecogeographic Range and the Habitat Weighting Method. Throughout
~2600 years, the micromammal community's quick turnover reflected a shift from patchy forests and humid
meadows to open, shrubbier grasslands. The Late Holocene Thermal Maximum's humid and mild climatic con-
ditions underwent a cooling and aridification phase, coeval with the Iron Age Cold Epoch. These concluded in a
slight temperature rising, coeval with the Roman Warm Period. Macromammals experienced a shift from wild

populations to domestic herds. Therefore, this work discusses a broader context for this mammalian turnover
from a human cultural perspective.

1. Introduction

The Holocene was considered a relatively warm and stable epoch
compared to the last glacial period (Dansgaard et al., 1993). Neverthe-
less, abrupt climatic changes and cooling events identified throughout
the Holocene (Alley et al., 1997; Bond et al., 1997; Mayewski et al.,
2004; Walker et al., 2018), even if weaker than those of the Last Glacial
Cycle, have been intense enough to cause the rise and collapse of sig-
nificant cultures and civilisations worldwide (Van Geel et al., 1996;
deMenocal, 2001; Biintgen et al., 2011).

Principal warming or cooling trends at millennial timescales are
caused by orbital forcing (deMenocal et al., 2000; Mayewski et al., 2004;
Wanner et al., 2008) in addition to fluctuations in total solar irradiance
and peaks of volcanic activity, which are also related to abrupt climate
shifts (Bray, 1971; Van Geel et al., 1996; Bond et al., 2001; Mayewski
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et al., 2004; Wanner et al., 2008; Steinhilber et al., 2009; Miller et al.,
2012; Sigl et al., 2015; Borzenkova et al., 2015). However, since the end
of the Pleistocene and, especially during the Holocene, human activity
has become an increasing force shaping the terrestrial and marine eco-
systems (Vitousek et al., 1997; Crutzen, 2002; Doughty et al., 2010; Ellis,
2011; Barnosky, 2008, 2013; Boivin et al., 2016), causing a chemical
fingerprint, both on a regional and global scale (Ruddiman and Thom-
son, 2001). From Mid-Holocene onwards, human activities such as an-
imal husbandry, agriculture, and metallurgy, have had a significant
impact on the landscapes of the regions inhabited by humans, including
the Iberian Peninsula, making anthropogenic and climatic signals often
indistinguishable in pollen records (Carrion et al., 2010). Due to this
climatic and anthropogenic influence, mammals have experienced sig-
nificant range shifts, extinction events, extirpations, and domestication
processes (Rosengren et al., 2021). In this sense, the Holocene warming
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and the development of human cultures also led to the turnover of the
Iberian mammal communities. While domestic herds progressively
replaced wild macromammals, micromammal assemblages, whose
geographical distribution was affected by habitat changes (climatic or
human-driven), also reflected the arrival of allochthonous commensal
species (Altuna, 1980; Cuenca-Bescos et al., 2009; Lopez-Garcia et al.,
2013; Banuls-Cardona et al., 2017a; Dominguez Garcia et al., 2019;
Dominguez Garcia et al., 2020; Dominguez-Garcia et al., 2022; Moclan
et al., 2023). For this reason, macro- and, particularly, micromammals
are a valuable source of paleoenvironmental information that has been
successfully analysed from diverse perspectives at key sites of the Can-
tabrian Region (e.g., Altuna, 1980; Lopez-Garcia, 2008; Cuenca-Bescos
et al., 2009, 2012; Alvarez-Lao, 2014; Ballesteros et al., 2020;
Alvarez-Vena et al., 2021; Jones et al., 2019, 2021).

Iberian macromammal assemblages from Holocene sites are mainly
associated with archaeological contexts (Altuna, 1980; Mariezkurrena,
1990; Castanos, 1997; Altuna and Mariezkurrena, 2012; Vega-Maeso
et al., 2016). Consequently, they are biased by anthropogenic activity.
On the other hand, micromammal accumulations usually result from the
predatory activity of raptors or mammalian carnivores (Andrews, 1990;
Garcia-Morato et al., 2023). Although these remains can be found in
assemblages that do not necessarily involve predation (as in the case of
natural traps, e.g., Alvarez-Lao et al., 2020), these kinds of sites are
scarce in the literature. In our study case, accidental falling and
nocturnal birds of prey are the most likely accumulating agents of the
micromammals' assemblage. Still, according to the generalist habits of
owls, they accurately represent the environment in which they hunt
(Andrews, 1990). In this context, the site presented here is of great
relevance as it yielded a Holocene mammal association mainly formed
in a natural pitfall trap (at least in the case of macromammals), i.e.,
without bias by humans or specialised predators, offering an exceptional
opportunity to understand the climatic change and human-environment
interactions during the Meghalayan (Late Holocene) at the Cantabrian
Region.

2. The Punta Lucero III site
2.1. Geographic context

The Punta Lucero III site (PL-III) is located at the eastern end of the
Cantabrian Region, a strip of land (30-50 km wide) with rugged relief
that extends along the north of the Iberian Peninsula. It is a karst shaft
(vertical cave) situated on the northern slope of the Punta Lucero mount
(43°21'34.44"N, 3°6'10.31”W, 240 m asl; Fig. 1) in the municipality of
Zierbena/Ciervana (Bizkaia, Basque Country, northern Spain). This
mountain flanks the west bank of the Nerviéon River mouth, where the
Bilbao Port has been built (Fig. 1C-D). The site formed within the Lower
Cretaceous limestone (calcarenite), sandstone and shale (Garrote et al.,
1993) and forms part of a karst coastal area developed in a vadose
environment during the Quaternary (Aranburu et al., 2015). Currently,
the cave is located at the highest point of a quarry, whose exploitation
began during the construction of the Bilbao seaport. However, before
these works, it was located halfway up the slope, between the top of the
mount and the Cantabrian Sea (Fig. 1E). Nowadays, this territory is part
of the Euro-Siberian biogeographic region. The site is in the Atlantic
climatic domain, characterised by temperate summers, mild winters,
and no dry season (type Cfb according to the Koppen-Geiger classifica-
tion; Beck et al., 2018). The mean annual temperature (MAT) at Zier-
bena is 13.9 °C, with maximum and minimum month-mean
temperatures of 19.8 and 8.7 °C, respectively. Precipitation is distrib-
uted throughout the year, reaching an annual mean of ~1150 mm
(Couto et al., 2011). However, the plant communities in this area have
30% of Mediterranean species (Patino et al., 2002). Some of these taxa
expanded due to human activities such as the repeated use of fire to
obtain pasture, as is the case of the holm oak (Quercus ilex) and the
Kermes oak (Quercus coccifera), adapted to live in more extreme
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conditions than the Atlantic species (Patino et al., 2002).

Direct evidence of the human presence in Punta Lucero dates to times
even before the formation of the studied sequence, as evidenced by the
human remains (Homo sapiens bones) found at mount ridge by Gomez-
Olivencia et al. (2015) in the sites of Punta Lucero II (5566-5318 cal yr
BP) and Covachon 111 (4796-4424 cal yr BP), at ~200 and ~ 500 m from
the PL-III shaft respectively. In the nearby site of Pico Ramos, it has also
been found a sepulchral context of Chalcolithic age (5862-4295 cal yr
BP) containing human skeletal remains of a minimum of 104 individuals
(Baraybar and de la Raa, 1995; Zapata, 1995). The palynological study
of Pico Ramos Chalcolithic burials depicted an open landscape with
signals of anthropisation, in which a mixed-oak grove formation of
temperate and humid character was developed (Iriarte, 1994).

2.2. Stratigraphy

Before the quarry exploitation, the studied sequence consisted of a
cave infill (Fig. 2) whose entrance was above the current level. The
homogeneous sedimentary fill, mainly consisting of large limestone
clasts and loamy sediment, was sampled at different depth intervals
from its top towards its base, sometimes coinciding with stratigraphic
levels of contrasting characteristics and, on others, within more thick
and homogeneous sets. Due to the narrow excavation area, it was
impossible to preserve a stratigraphic profile, so we divided the
sequence into different stratigraphic sections each time we extracted a
group of large limestone blocks so that bone samples could be grouped.
Sections or levels were labelled F to A, from bottom to top of the pre-
served sequence. The depth was measured from the top of the remnant
deposit, partially exposed after the last blasting works in the quarry. To
identify differences in the sedimentary sequence, petrographic and
mineralogical analyses were made in stratigraphic levels F, D, and C.
Overall, they disclose matrix-supported microfacies, with fine to me-
dium sub-angular quartz grains, mainly of sedimentary rocks but also
few chert and metamorphic quartz (Appendix 1). Level F is at the bottom
of the sequence, lying over the unexcavated deposit. This level was
established by its high microcharcoal content in greyish sediment. Level
F was under a big limestone block; sediment containing this block was
named Level E. Level D was determined after finding the first cervid
remains. Level C was labelled after the excavation of Level B, which was
an unstable infill. Samples collected during the surface cleaning and the
removal of isolated bones before the excavation of Level B were grouped
in Level A since most of them fell from the lateral or above. Therefore,
Level A must be considered with caution as a reworked sample.

3. Materials and methods

The mammal remains studied in this work come from the rescue
excavations in the Punta Lucero quarry (Fig. 1D; Fig. 2) in September
2019. The stabilisation blasting at the quarry was supposed to destroy
the cave. However, this did not happen, so the remaining stratigraphic
sequence is still preserved at the site.

3.1. Stratigraphic study

The stratigraphic section of the PL-III site was divided into levels
based on the nature, colour, granulometry, cohesivity, sedimentary
structures, and relative abundance of paleontological remains (e.g.,
Arriolabengoa et al., 2015). The top of the PL-III site was destroyed by
quarrying; thus, level depth was measured considering the excavation
surface in September 2019. The stratigraphic section was complemented
by microscopical observations of unconsolidated sediments and X-Ray
Diffraction (XRD) analysis to characterise mineralogy and microfacies
and to infer the sediment provenance. See Appendix 1 for further details.
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Fig. 1. Geographical context for the Punta Lucero III site. (A) Location of the Cantabrian Region (B) in the Iberian Peninsula. (B) Other sites mentioned in this work:
1 Valdavara-1; 2 Monte Areo mire; 3 El Olivo; 4 La Giielga; 5 Torca del Ledn; 6 El Espinoso; 7 El Sertal; 8 Cueto la Avellanosa; 9 Cueva del Cobre; 10 La Molina
peatbog; 11 La Garma; 12 Kaite; 13 El Mir6n; 14 Cueva Mayor; 15 Mirador; 16 Zalama peatbog; 17 Pico Ramos; 18 Arenaza; 19 Punta Lucero-II and Covachén-III; 20
Kobaederra; 21 Amalda; 22 Herriko Barra. (C) Hypsometric background with 100 m altitude intervals of the Punta Lucero surroundings. (D-E) Orthophotography of
the Punta Lucero surroundings: (D) after the stabilisation works in the quarry that allowed the discovery of the Punta Lucero shaft, and (E) before the construction of
the Bilbao Port. Cartography and orthophotography from the geoEuskadi online GIS-viewer (Eusko Jaurlaritza/Gobierno Vasco).
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cross-section of the shaft. (C) C-D cross-section of the shaft. (D) Stratigraphic profile of the shaft infill. Small mammal NISPi omits the Lepus remains. Photo-
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3.2. Dating v.4.4.4 (Bronk Ramsey, 2009), considering the 2¢ standard deviation
(95.4% probability).
Three bone samples and two charcoals were selected for AMS
radiocarbon dating and sent to the Beta Analytic laboratory (Miami,
USA). Obtained ages and published dates discussed in this work were
calibrated through the IntCal20 database (Reimer et al., 2020) in OxCal
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3.3. Collecting and sorting

3.3.1. Micromammals

A total of 24 samples of sediment (~10 kg each) were collected and
water-screened using two superimposed sieves of 0.5 and 2 mm. The
materials in the fine fraction (0.5-2 mm) were sorted by checking the
samples with a binocular microscope under 10x magnification. The
obtained bone remains were then classified and studied at the Geology
Department of the University of Oviedo (Spain).

Taxonomic identifications were carried out employing a stereomi-
croscope Nikon SMZ800N, equipped with a 16 Mpx digital camera.
Measurements were taken on the microscope photographs using Adobe
Photoshop CC software. Due to their diagnostic value and potential of
preservation, the anatomical elements selected for taxonomic identifi-
cations were the following: p3 and postcranial skeleton for lagomorphs;
isolated molars for murids; m1 for arvicolines (also considering the M3
for the Terricola subgenus, and the M1 and M2 for the species belonging
to the Microtus (Agricola) agrestis group); mandibles and maxillae for
soricids and erinaceids; and upper molars and humeri for talpids. A
comparative collection of micromammal skeletal remains obtained from
recent barn owl pellets was also used.

Hares were identified following Palacios and Lopez Martinez (1980),
Llorente (2010), and Pelletier (2018). The general identification of ro-
dents and shrews followed Roman (2019) and Nores (1989), respec-
tively. Detailed taxonomical and morphological analyses were based on:
Krapp and Niethammer (1982), Nadachowski (1984), and Luzi and
Lopez-Garcia (2019) for Microtus (Agricola) ex gr. agrestis (which in-
cludes the species Mi. (Ag.) lavernedii, Mi. (Ag.) rozianus and Mi. (Ag.)
agrestis) and Microtus (Microtus) arvalis lower dentition; Nores et al.
(1982), Peman (1983) and Barti (2006) for Neomys mandibles; Pasquier
(1974), Nores (1988) and Knitlova and Horacek (2017) for Apodemus
(Sylvaemus) dentition; Darviche et al. (2006) for Mus; and Niethammer
(1990) and Gutiérrez et al. (2019) for Talpa humeri and upper molars
respectively. The taxonomic classification followed the systematics
proposed by Wilson et al. (2016, 2017) and Wilson and Mittermeier
(2018), also considering the work of Krystufek et al. (2020) for Cleth-
rionomys and Krystufek and Shenbrot (2022) for Microtus (Terricola)
pyrenaicus. The number of specimens was obtained by counting the most
frequent taxonomically identifiable element per species (NISPi, see
Lyman, 1984). The relative abundance of each micromammal species
was based on the minimum number of individuals (MNI), which was
calculated considering the laterality of the most frequent diagnostic
element.

3.3.2. Macromammals

The main macromammal remains from each level were recovered
directly from the excavation surface and coordinated individually. In
addition, sediment samples for mechanical sieving of the smaller bones
and fragments were collected and labelled according to depth.
Anatomical and taxonomical identifications followed the works of Pales
and Lambert (1971), Schmid (1972), Barone (1976), and Hillson (2005).
The Osteological Collection of the EvoAdapta group at the University of
Cantabria was also used for comparison purposes.

The age at death has been estimated based on the molar development
and the epiphyseal fusion degree of the limb bones. Age estimations
followed the criteria published by Noddle (1974), Silver (1980), Mar-
iezkurrena (1983), Azorit et al. (2002), and Tomé and Vigne (2003).
Relative abundance is based on the number of identified specimens
(NISP) with previous reassembling of the fragmented bones.

3.4. Preliminary identification of predatory alterations

To evaluate if the likely cause of the micromammal accumulation
was other than the accidental falling to the cave, the enamel of arvico-
line molars was analysed in search of alterations caused by digestion
(and, consequently, predation), following Andrews (1990) and
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Fernandez-Jalvo et al. (2016). The observed digestion signals were
counted and classified according to the following categories: absent,
light, moderate, heavy, and extreme (Andrews, 1990; Fernandez-Jalvo
et al., 2016). Macromammal bones were also observed using a Leica
stereomicroscope at 10-80x magnification in search of predatory or
natural alterations following Binford (1981) and Marin-Arroyo (2010).

3.5. Paleoenvironment

The landscape surrounding the PL-III shaft was inferred using the
Habitat Weighting Method (HWM; Evans et al., 1981; Andrews, 2006;
Blain et al., 2008; Cuenca-Bescos et al., 2009; Lopez-Garcia et al., 2014),
which is based on the habitat-type preferences of each micromammal
taxon. The obtained habitat types are the following: open dry (OD)
comprises meadows under seasonal climate change, dry grasslands, and
scrublands; open humid (OH) corresponds to evergreen meadows with
dense pastures and suitable topsoil; open woodland (OW) represents
woodland margins and forest patches with moderate ground cover;
woodland (Wo) indicates mature forest; and water (Wa) corresponds to
areas along freshwater streams, lakes, and ponds. The environmental
preferences of each species were obtained from Nores (1989), Wilson
et al. (2016, 2017), and Wilson and Mittermeier (2018). Hare (Lepus
europaeus) remains were obtained simultaneously by excavation
(throughout the complete sequence) and sieving. This makes them
overrepresented in the sampling compared to the other micromammal
species, which were only sampled in specific sections, so they have been
excluded from landscape reconstructions. The house mouse (Mus mus-
culus) is a commensal species of humans that commonly inhabits an-
thropic environments; therefore, it has not been included in the HWM
calculations.

3.6. Paleoclimate

The climatic conditions at the time of each level's accumulation were
estimated using the Mutual Ecogeographic Range (MER) method, based
on microvertebrate associations (e.g., Martinez-Solano and Sanchiz,
2005; Blain et al., 2009, 2016; Fagoaga et al., 2019). This method is
frequently used to calculate the mean annual temperature (MAT), the
mean temperature of the warmest month (MTW), the mean temperature
of the coldest month (MTC), and the mean annual precipitation (MAP).
In this work, we have also used this method to obtain monthly rainfall
and temperature values to observe seasonal patterns. These parameters
were calculated by getting the common geographical areas (represented
in a net of 10 x 10 km UTM squares) of each micromammal species
association (including hares) from the PL-III sequence. The climatic data
of the shared UTM squares for each assemblage and the current climatic
data from the PL-III site were obtained using the online application
agroclimap.aemet.es of the Iberian Climate Atlas (Couto et al., 2011).
The current distribution of each species was obtained from Palomo et al.
(2007).

4. Results
4.1. Radiocarbon dating

Obtained dates ranged from 4402 to 836 cal yr BP (Table 1). Four
samples yielded an age according to their stratigraphical position. In
contrast, sample Beta-541,219, a charcoal collected at the bottom of the
excavated deposit, was likely an outlier as it provided the youngest date
of the set (1055-836 cal yr BP).

4.2. Predatory activity
Teeth with signs of digestion are scarce in the micromammals'

sample (<1%), but in the few cases of digested molars, they reached
heavy to extreme corrosion. According to the classification proposed by
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Table 1

Radiocarbon dates from Punta Lucero.
Level Depth (cm) Material Method Lab Ref 4c Deviation cal yr BP*
B 77 Bone AMS Beta-629,438 1980 30 1992-1830
C 242 Bone AMS Beta-541,215 2630 30 2837-2723
D 296 Charcoal AMS Beta-541,218 3070 30 3366-3185
F 430 Bone AMS Beta-541,217 3830 30 4402-4097
F 445 Charcoal AMS Beta-541,219 1040 30 1055-836

 Calibrated using the software OxCal v.4.4.4 (Bronk Ramsey, 2009) against the IntCal20 curve (Reimer et al., 2020). Further data is provided in Appendix 2.

Andrews (1990), this suggests that category-5 predators, mainly
mammalian carnivores, ingested those few individuals. However, most
of the specimens observed (99%) do not show predation features.

The macromammal sample does not show butchery or burning
(cooking) features. The only predator signals in the PL-III bone accu-
mulation are those produced by carnivores (Table 5), affecting 6.2% of
the specimens. Carnivore tooth marks are more common at levels C
(12.3%) and B (9%), being scarcer at levels E (5.9%), F (5.3%), and D
(4.6%).

4.3. Micromammal record

The Micromammal assemblage of the PL-III sequence yielded a
minimum (MNI) of 1396 individuals belonging to 19 taxa (Table 2;
Figs. 3—-6; Appendix 3). Among rodents, arvicolines (Fig. 3; Table S3.1)
are represented by genera Arvicola (Ar. sapidus), Microtus (Mi. (Agricola)
lavernedii, Mi. (Microtus) arvalis, Mi. (Terricola) sp., Mi. (Terricola) pyr-
enaicus, and Mi. (Terricola) ex gr. lusitanicus—duodecimcostatus), and
Clethrionomys (CL glareolus); additionally, murids (Fig. 4a—c) include
three species belonging to three genera: Micromys minutus (Fig. 5A;
Table S3.2), Mus musculus, and Apodemus (Sylvaemus) sylvaticus (Fig.
S3.1; Table S3.3). In the eulipotyphlans order, the soricids family
(Fig. 4d-i’) yielded six taxa belonging to genera Crocidura (Cr. russula
and Cr. gueldenstaedtii: Fig. $3.2; Table S3.4), Sorex (Socoronatus and So.
minutus) and Neomys (N. anomalus and N. fodiens niethammeri: Fig. 5B;
Table S3.5); talpids and erinaceids are represented by one species each:
Talpa aquitania (Fig. S3.3; Fig. $3.4; Table S3.6) and Erinaceus europaeus
respectively. Lastly, the morphology and size of the postcranial skeleton
(Fig. 5C; Fig. S3.5a-d’; Table S3.7) and the lower third premolars (Fig.
$3.5b) allowed us to assign the lagomorph remains to the species Lepus
europaeus. Arvicolines yielded the most significant number of in-
dividuals from levels F, D, and B (Table 2; Fig. 6), being Mi. (Ag.) lav-
ernedii the best-represented species at these levels (35.6-42.9%).
Conversely, the lowest proportion of this arvicoline, reached at Level C
(19.4-7.8%), matches a considerable increase in the abundance of Cr.
russula, a soricid that is scarcely represented at the bottom of the
sequence (levels F and D: 0.8% and 0% respectively).

We identified two types of micromammal associations in the PL-IIT
sequence according to their shared distribution range (Appendix 4;
Fig. 7). The first one, coming from Level F, cohabits nowadays in areas at
the northern slope of the Cantabrian mountains (Fig. 7A), where oceanic
influence is higher. Conversely, species associations from levels C and B,
at present, mainly coexist at the southern slope of the Cantabrian
mountains (Fig. 7B-C) in areas of a more continental climate.

4.4. Macromammal record

The studied sample comprises 3220 remains (NSP), of which 1569
(48.7%) could be taxonomically classified (Table 3). Among domestic
ungulates, bovids dominate the assemblage (Fig. 8a—f), mainly sheep
and goats (Ovis orientalis aries: Fig. 8a-a’; and Capra aegagrus hircus:
Fig. 8b-d) at the top section of the stratigraphic sequence (levels C-B:
Fig. 9; Table 3), followed by cattle (Bos primigenius taurus; Fig. 8e—f).
Conversely, equids (Equus sp.) are barely represented, although these
have yielded remarkably well-preserved remains (Fig. 8i). All the suid

remains correspond to infantile (mostly) or young individuals
(Fig. 8j-k): dentitions still retain the deciduous teeth in wearing (M3/m3
are not yet erupted at any of the individuals), and limb bones are not yet
fully grown (epiphyses were not fused at the time of death). Conse-
quently, it was not possible to ascribe these remains to the domestic pig
or the wild boar, so they are classified as Sus scrofa ssp. Wild ungulates
comprise two cervid species: the red deer (Cervus elaphus: Fig. 8g) and
the roe deer (Capreolus capreolus: Fig. 8h-h’); both, especially the red
deer, are well represented at the lower section of the sequence (levels
F-D: Fig. 9; Table 3). Finally, most carnivore remains belong to the
European badger (Meles meles). However, remains of canids have also
been found, which, due to their small size, are ascribed to dogs (Canis
lupus familiaris). The age profile of the assemblage (Table 4) is domi-
nated by infantile (55.8%) and juvenile (24.4%) individuals, while
adults (19.8%) are the less abundant group. In the case of Equus sp.,
Cervus elaphus and Sus scrofa ssp. samples, these reach 80% of infantile
individuals.

4.5. Paleoenvironment

The different micromammal assemblages found at each of the stud-
ied layers of the PL-III sequence describe an open landscape in an
evolving context (Table 6, Fig. 10D). Highest proportion of moisture
indicators (OH: 47.9%) is at the bottom of the sequence (Level F), where
lowest values of aridity were also obtained (OD: 0.6%). The mature
forest signal is weak in most of the levels (Wo: <1%), reaching the
highest values also at Level F (Wo: 2.4%). However, aridity indicators
increase towards de top of the deposit, especially at Level C (OD:
42.5-52.9%). Regarding the micromammal sample from Level D, this is
not quantitatively enough (MNI: 14) to make reliable interpretations,
though, except for the higher proportion of aquatic indicators (AWa:
+20%) and the slightly increasing aridity in this level (AOD: +4.7%), a
certain similarity among levels D and F samples can be observed. The
open landscape inferred from micromammal assemblage is consistent
with the stratigraphic study of the PL-III site (Appendix 1). This study
suggests sediments resulting from soil erosion and run-off processes in
the surroundings of the paleontological site. Both processes are common
in an open landscape with little vegetation to protect the soil from
erosion and improve water infiltration rather than runoff processes
(Garcia-Ruiz, 2010).

4.6. Paleoclimate

According to MER results (Appendix 4; Fig. 11; Fig. 12A), mean
temperatures during the formation of Level F (MAT: 12.5 + 0.7 °Q),
which are slightly under the present-day data (MAT: 13.9 £ 0.2 °C), are
decreasing towards levels C (MAT: 9.9 + 1.7 °C) and B (MAT: 10.3 +
1.3 °C), especially the winter temperatures (Figs. 13-14a). The mean
rainfall of Level F (MAP: 1359 + 298 mm) is slightly over current mean
values (MAP: 1156 + 17 mm), though it also decreases in levels C (MAP:
968 + 319 mm) and B (MAP: 893 + 339 mm).

Monthly temperature and rainfall estimations (Appendix 4; Fig. 11)
obtained for Level F display the typical Atlantic pattern of the Canta-
brian coast. However, the climographs of levels C and B show an
increasing continental trend, with more extreme differences between
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Fig. 3. Selected arvicoline specimens from Punta Lucero III. Arvicola sapidus: left m1-m3 from Level F in occlusal (a) view. Microtus (Agricola) lavernedii: left m1-m3
from Level F in occlusal (b) view and left M1-M3 from Level C in occlusal (c¢) view. Microtus (Microtus) arvalis: left m1-m3 from Level C in occlusal (d) view, and left
M1-M3 from Level C in occlusal (e) view. Microtus (Terricola) sp.: left m1 from Level F in occlusal (f) view, and left m1-m3 from Level F in occlusal (g) view. Microtus
(Terricola) ex gr. lusitanicus—duodecimcostatus: left M3 from Level F in occlusal (h) view and left M3 from Level F in occlusal (i) view. Microtus (Terricola) pyrenaicus:
left M3 from Level F in occlusal (j) view and left M3 from Level F in occlusal (k) view. Clethrionomys glareolus: left m1-m3 from Level F in occlusal (1) view. AL:

anterior loop. T: triangle. Scale bar 1 mm.

Paupério et al. (2012), they did at around the Last Glacial Maximum
(LGM). The frequency of M1 with a postero-lingual triangle, like the one
observed in the M2, is a discriminant feature among Mi. (Ag.) ex gr.
agrestis species (Krapp and Niethammer, 1982; Wilson et al., 2017). The
low proportion of M1 presenting this triangle (1.5%: Table S3.1) has

allowed us to ascribe the field-vole specimens from PL-III to the Medi-
terranean field vole (Mi. (Ag.) lavernedii), which is the current repre-
sentative of this group in the region. Nowadays, Mi. (Ag.) lavernedii
spreads throughout the Cantabrian Region (Palomo et al., 2007).
Conversely, Microtus (Microtus) arvalis (common vole), a species of more
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Fig. 4. Selected murid, soricid, and talpid specimens from Punta Lucero III. Micromys minutus: left mandible from Level F with m1 in lingual (a) and occlusal (a’)
views. Mus musculus: Left maxilla fragment from Level F with M1-M2 in occlusal (b) view. Apodemus (Sylvaemus) sylvaticus: left M1-M3 series from Level F in occlusal
(c) view. Neomys fodiens niethammeri: right mandible from Level F in posterior (d) and labial (d’) views. Neomys anomalus: right mandible from Level C in posterior (e)
and labial (e’) views. Sorex coronatus: right mandible from Level F in posterior (f) and labial (f’) views. Sorex minutus: right mandible from Level F in posterior (g) and
labial (g’) views. Crocidura gueldenstaedtii: right mandible from Level F in posterior (h) and labial (h’) views. Crocidura russula: right mandible from Level C in
posterior (i) and labial (i’) views. Talpa aquitania: left humerus from Level C in posterior (j) view. Analogous anatomical elements have been flipped horizontally to

show them from the same side for comparison purposes. Scale bars 1 mm.

continental requirements (Nores, 1989), lives south of the watershed, in
the northern half of the Iberian Plateau (Nores, 1989; Palomo et al.,
2007). Concerning proportion among these species, in Level C, a
decrease in the abundance of Mi. (Ag.) lavernedii is observed along with
the appearance of Mi. (Mi.) arvalis. However, Mi. (Ag.) lavernedii prevails
at Level B, coinciding with the highest abundance ratio of Mi. (Mi.)
arvalis in the sequence. It can also be seen that when Mi. (Ag.) lavernedii
increases, also does Arvicola sapidus, a temperate-affinity water vole
from southwestern Europe. This pattern, in which the initial absence of
Mi. (Mi.) arvalis is followed by its increasing abundance, is also observed
at La Giielga (Asturias, ~48-37 ka, Alvarez-Vena et al., 2021), an MIS 3
site in which an alternation of climatic changes from temperate to cold

stadials was reported in a scenario of increasing aridity.

Regarding the remnant vole taxa from PL-III is also remarkable the
occurrence of at least two species of the Terricola subgenus: Mi. (Te.)
pyrenaicus (the Pyrenean pine vole) and Mi. (Te.) ex gr. lusitani-
cus—duodecimcostatus. Observed morphotypes of the M1 point to the
presence of both Mediterranean (Mi. (Te.) duodecimcostatus) and Lusi-
tanian (Mi. (Te.) lusitanicus) pine voles but overlapping morphological
variability did not make us possible to discriminate between these spe-
cies, which was even more difficult due to the co-occurrence of the
Pyrenean pine vole. For this reason, the total MNI of the Terricola sub-
genus has been calculated based on the m1. However, the proportion of
individuals of each species belonging to this subgenus has been
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Fig. 5. Biometrical study of selected taxa. (A) Bivariate plot comparing the length (m1L) and the width (m1W) of the Punta Lucero III lower first molars of Micromys
minutus with those of the oldest record of the species at the Iberian Peninsula (Valdavara-1: Lopez-Garcia et al., 2011). Modern Micromys minutus (Sanchez, 1983) and
Apodemus (Sylvaemus) samples have been included in the analysis for comparison purposes. (B) Bivariate plot comparing the mandibular length (ML) and coronoid
height (CH) of the Neomys specimens from Punta Lucero III (Table S3.5) with samples from Spain and Central Europe. Sources: 1 Peman (1983); 2 Lopez-Fuster et al.
(1990); 3 Alvarez-Vena et al. (2021); 4 Nores et al. (1982); 5 Ruprecht (1971). (C) Box and whisker plot of the distal-epiphysis breadth (Bd) of the Lepus humeri from
Punta Lucero III compared with extant Eurasian Lepus samples.
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Fig. 6. Relative-abundance variations of each small-mammal species throughout the Punta Lucero III sequence compared with a modern sample from the cave
surroundings. The modern sample was collected at Zierbena/Ciérvana and Somorrostro by Gonzalez Oreja et al. (1993) from barn owl regurgitation pellets. Arrows
indicate the species whose paleoenvironmental or paleobiogeographical significance is analysed in this work.

estimated by considering the M3, assigning the remaining individuals
(since we recovered more ml than M3) to the Mi. (Terricola) sp.
denomination.

Species turnover and abundance-ratio shifts observed among the
soricids of PL-III (Fig. 6) are also of paleoenvironmental significance.
Based on the coronoid height (Fig. 5B; Table S3.5) and the position of
the mental foramen (Fig. 4d’; Fig. 4e’), the Neomys sample from Level F
could be assigned to N. fodiens niethammeri (a regional ecotype of the
Eurasian water shrew) (Fig. 4d-d’) while specimens from Level C
correspond to N. anomalus (the Mediterranean water shrew) (Fig. 4e—e’).
According to Palomo et al. (2007), N. anomalus is better adapted to
Mediterranean and non-aquatic environments than N. fodiens, which
could cause the replacement of one species by the other at Level C.

Concerning the proportion among soricines and crocidurines, in
Level F, the Sorex genus (26.9%) surpasses Crocidura (5.3%), which is
mainly represented by Cr. gueldenstaedtii, while this proportion reverses
in levels C (Crocidura: 4.9%; Sorex: 57.6%) and B (Crocidura: 8.3%;
Sorex: 21.7%), in which Cr. russula is the only crocidurine. The Giiel-
denstadt's white-toothed shrew (Cr. gueldenstaedtii), the Eurasian pygmy
shrew (Sorex minutus), and its larger congeners at the Iberian Peninsula
(Sorex ex gr. coronatus-araneus) are better adapted to humid habitats
than the greater white-toothed shrew (Cr. russula). Both species of the
genus Crocidura (Cr. russula and Cr. gueldenstaedtii) have been reported
in sympatry at three Upper Pleistocene sites from the Cantabrian Region:
El Olivo (MIS 2, Alvarez-Alonso et al., 2018), La Giielga (MIS 3, Alvarez-
Vena et al., 2021), and Torca del Leén (MIS 3, Alvarez-Lao et al., 2020).
A recent review of the Torca del Leén (TL) shrews by the author of the
taxonomic identifications (Alvarez—Vena, A.) found that all Crocidura
materials recovered at TL belong to the species Cr. gueldenstaedtii. This
new datum does not affect the paleoenvironmental interpretations
published by Alvarez-Lao et al. (2020) but should be considered in
future paleobiogeographic studies. Among Crocidura species, at Level F,
Cr. gueldenstaedtii (4.5%) is significantly more abundant than Cr. russula
(0.8%), although it has not been registered in levels C and B, where Cr.
russula becomes the dominant shrew (57.6% and 21.7% respectively).
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Nowadays, competence between both white-toothed shrews has dis-
placed Cr. gueldenstaedtii to more humid environments such as marshes
and wet meadows (Biedma et al., 2018, 2020). For that reason, Cr.
russula, which can withstand drier environments, has become the
dominant species in the modern micromammal associations of the cave
surroundings (Fig. 8). Specimens belonging to the genus Talpa, when
identified at the species level, are generally ascribed to two different
species depending on their size: the Iberian mole (Talpa occidentalis) and
the European mole (Talpa europaea). Since the recognition of a new
species of the genus in the Iberian Peninsula and south of France, where
the current populations of Talpa europaea have been ascribed to Talpa
aquitania (Aquitanian mole) (Nicolas et al., 2015, 2017; Wilson et al.,
2017), some authors started considering this new taxon, classifying the
larger size moles into the Ta. ex gr. europaea-aquitania denomination
(Alvarez-Lao et al., 2020; Alvarez-Vena et al., 2021). The abundant and
well-preserved mole material from PL-III allowed the identification of
Ta. aquitania in the paleontological record for the first time, after their
large size (Table S3.6; Fig. S3.4) and accessory cusps in the mesostyle of
the upper second and third molars (Fig. S3.3c-d’).

Considering the micromammal assemblage as a whole, from Level F
to Level C, there is a decreasing trend in the relative abundance of the
hygrophilous and forest affinity species (Apodemus (Sylvaemus) syl-
vaticus, Microtus (Agricola) lavernedii, Microtus (Terricola) spp., Crocidura
gueldenstaedtii, Sorex minutus, Sorex coronatus, and Neomys fodiens nie-
thammeri), coinciding with the appearance or abundance increasing of
their relative congeners with better tolerance to continental or drier
conditions (Microtus (Microtus) arvalis, Crocidura russula, and Neomys
anomalus). This trend, except for Microtus (Agricola) lavernedii,
continued at Level B. Therefore, the observed micromammal turnover
reflects a shift of the environmental conditions that took place during
the formation of the respective levels: the humid and relatively forested
landscape observed in Level F (4,402-4097 cal yr BP) turned into a more
open and shrubbier field, especially during the accumulation of levels C
(2,837-2723 cal yr BP) and B (1,992-1830 cal yr BP) (Fig. 10D). Ac-
cording to the inferred climatic conditions (see section 4.6), this
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Fig. 7. Current distribution range (10 x 10 km UTM squares; Appendix 4) of the small-mammal assemblages from Levels F (A), C (B), and B (C) of the Punta Lucero
sequence compared with a modern assemblage (D) collected in the cave area from regurgitation pellets by Gonzdlez Oreja et al. (1993). Red arrows indicate the
location of the Punta Lucero III site. Base map obtained from the Spanish National Geographic Institute (http://www.ign.es/3d-stereo/). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Composition of the macromammal assemblage from Punta Lucero.
Level A Level B Level C Level D Level E Level F
NISP %NISP NISP %NISP NISP %NISP NISP %NISP NISP %NISP NISP %NISP

Equus sp. 3 6.52 12 12.37 1 0.32 9 2.98 15 6.91
Bos primigenius taurus 1 2.17 7 7.22 3 0.97 60 19.87 13 5.99
Capra/Ovis 42 91.30 78 80.41 276 89.03 115 36.74 74 24.50 8 3.69
Cervus elaphus 58 18.53 135 44.70 106 48.85
Capreolus capreolus 35 11.18 1 0.33 34 15.67
Sus scrofa ssp. 31 10.00 104 33.23 23 7.62 41 18.89
Total eungulate NISP* 46 97 310 313 302 217
Canis lupus familiaris 6 26.09 17 25.76
Meles meles 17 73.91 95 100 100 100 49 74.24
Total carnivore NISP* 23 95 100 66
Total NISP 46 97 333 408 402 283

" The proportion of each species (%NISP) has been calculated according to the total NISP of its belonging group (eungulates or carnivores).

transformation was accompanied by an increase in the annual temper-
ature amplitude and a decrease in the precipitations throughout the year
(Fig. 11), leading to more continental climatic conditions in this coastal
area. Through the isotopic study of stalagmites from the Cantabrian
coast (La Garma cave, 46 km in straight-line from PL-III), Baldini et al.
(2019) modelled monthly mean rainfall for the Holocene. Concerning
the Late Holocene, they suggested that summers became drier from
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~4.8 ka, a trend that led to very arid summers and higher-than-average
annual mean precipitations at ~4.2 ka, with the current annual distri-
bution of rainfall achieved at 1.6 ka.

Furthermore, through the study of Western Mediterranean pollen
records, Jalut et al. (2000) identified aridification phases during the
Holocene, which determined the changes in the vegetation cover; those
contemporary to the PL-III record occurred around 5300-4200 cal yr BP,
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Fig. 8. Selected ungulate specimens from Punta Lucero III. Ram (Ovis orientalis aries): skull from Level C with P3, M1-M3 in left lateral (a) and dorsal (a’) views.
Domestic goat (Capra aegagrus hircus): skull from Level C in right lateral (b) and dorsal (b’) views; left mandible from Level C with p3-m3 series in labial (c¢) and
occlusal (c’) views; left metacarpal from Level C with unfused distal epiphyses in anterior (d) view. Cattle (Bos primigenius taurus): left mandible from Level E with d2,
d3, d4, and m1 series in lingual (e) and occlusal (e’) views; left metacarpal from Level E without unfused distal epiphyses in anterior (f) view. Red deer (Cervus
elaphus): left metacarpal from Level E without unfused distal epiphyses in anterior (g) view. Roe deer (Capreolus capreolus): right maxilla from Level E with D2-M2
series in labial (h) and occlusal (h’) views. Horse (Equus sp.): left autopodial forelimb-bones (metacarpal-distal phalanx) from Level B with some unfused epiphyses in
anterior (i) view. Wild boar or swine (Sus scrofa ssp.): mandible from Level C with left d4 and right d3-d4 in left labial (j) and occlusal (j’) views; left maxilla from
Level C with d3-d4 in labial (k) view. Scale bars: 5 cm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

4300-3400 cal yr BP and 2850-1730 cal yr BP, the last coeval with
levels C and B. Martin-Chivelet et al. (2011), through the isotopic
analysis of inland stalagmites from North of Spain, reported a cold in-
terval within this period (at 2850-2500 yr BP), matching a solar mini-
mum and a significant perturbation in the North Atlantic circulation
(Martin-Chivelet et al., 2011), though at 2500-1650 yr BP these authors
identified an interval of moderate warmth. The initial cooling phase
agrees with the observed at Level C; on the other hand, a slight increase
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in mean temperatures of Level B may correspond to the later warming
period. Level C could be recording a broad chronological range since the
top of the underlying Level D is dated at 3366-3185 cal yr BP and Level
B dates to 1992-1830 cal yr BP. However, if Level C were recording
diverse paleoenvironmental episodes, especially those moister or
warmer than those reported in this work, it has not have been man-
ifested by a recovery of the moisture indicators. Once the lasts are
replaced by their better aridity-adapted congeners (e.g., N. f.
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Fig. 9. Relative-abundance (%NISP) variations of each ungulate taxa throughout the Punta Lucero III sequence.

Table 4
Age at death of the macromammal assemblage.
Infantile Juvenile Adult Indet
MNI % MNI % MNI % MNI
Equus sp. 4 80 1 20
Bos primigenius taurus 3 75 1 25 2
Capra/Ovis 10 38.5 9 34.6 7 26.9
Cervus elaphus 8 80 2 20
Capreolus capreolus 2 40 1 20 2 40 2
Sus scrofa ssp. 11 84.6 2 15.4
Canis lupus familiaris 1 50 1 50 1
Meles meles 10 47.6 5 23.8 6 28.6
Total carnivores 10 43.5 6  26.1 7 30.4 1
Total herbivores 38 60.3 15 23.8 10 15.9 4
Total 48 55.8 21 24.4 17 19.8 5

niethammeri/N. anomalus; Cr. gueldenstaedtii/Cr. russula), no new records
of these species are found again in the samples from this level.

On the other hand, the recovery of the relative abundance of moist
indicators such as Mi. (Ag.) lavernedii and So. coronatus, along with the
reappearance of Ar. sapidus, also agrees with the slight increase of mean
temperatures of Level B (Fig. 12A). This suggests that the cooling trend
could reverse during at least some phase of the accumulation of this
level. Therefore, if moisture recovered during the genesis of levels C and
B, it did not last enough for the main moist-adapted-faunas to return, or
the anthropisation of the landscape did not enable the ecological niches
of these species to recover. According to the obtained age for each level
and the estimated paleoenvironmental data, levels F, C, and B represent
the local expression of the climate during the Late Holocene Thermal
Maximum, the Iron Age Cold Epoch, and the Roman Warm Period,
respectively (Fig. 10; Fig. 12). Reconstruction of the landscape in which
Level D accumulated also suggests moister conditions for this level than
the registered in levels C and B. This is in concordance with the dating of
Level D within the Bronze Age Optimum, a warm period that also has
been recorded in other coetaneous micromammal assemblages from
northern Iberia (e.g., Banuls-Cardona et al., 2013; Ordiales et al., 2015).

5.3. Mammalian turnover in response to anthropogenic causes

The environmental transformation recorded at the PL-III sequence,
from a mosaic of forest patches and humid meadows into drier and

bushier pastures, was also accompanied by a change in the macro-
mammal species associations (Fig. 9; Fig. 10E). Wild herbivores with
forest affinity such as cervids (Cervus elaphus and Capreolus capreolus),
account for 83% of ungulate NISP from Level F, 53% of Level E and 63%
of Level D. These taxa are absent at levels C and B. Contrariwise, the
group of domestic grazers, such as bovids (Ovis orientalis aries, Capra
aegagrus hircus and Bos primigenius taurus) and equids (Equus sp.), which
are represented at all levels, increases from the bottom (17% of the
ungulate NISP from Level F) to the top (100% of the ungulate NISP from
Level B) of the sequence. The oldest evidence of livestock at the Can-
tabrian Region, consisting of Bos primigenius taurus (cattle) bones, come
from the Neolithic occupations at Arenaza (~11 km south of PL-III) and
date from 7157 to 6401 cal yr BP (Altuna and Arias Cabal, 1999). Also,
the first evidence of agriculture in the area, determined from charred
cereals, is chronologically coeval (Zapata Pena, 1999, 2002; Zapata
Pena et al., 2005; Pena-Chocarro et al., 2005; Iriarte et al., 2005). Ac-
cording to pollen records, the decline and disturbance of Cantabrian
forests due to anthropogenic causes, which started at ~7.3-6.5 ka in
agreement with the first Neolithic farming evidence mentioned above,
progressively increased from the Metal Ages onwards (Ramil-Rego et al.,
1998; Munoz Sobrino et al., 2005; Lopez Merino, 2009; Lopez-Merino
et al., 2010; Pérez-Obiol et al., 2016; Pérez-Diaz et al., 2016, 2018;
Carracedo et al., 2018). The use of fire for maintenance of pasture areas
after forest clearance (e.g., Carracedo et al., 2018; Pérez-Obiol et al.,
2016) led to forests being replaced by shrub-like communities, gener-
ally, thickets dominated by heathers (Ramil-Rego et al., 1998; Lopez
Merino, 2009; Pérez-Diaz et al., 2018). Evidence of such practices and
landscape transformations have been recorded at PL-III in the form of
abundant charcoal fragments, especially at the lower half of the
sequence (levels F—D). Furthermore, the relative abundance of micro-
mammals adapted to this kind of anthropogenic landscape (OD: dry
grasslands and shrublands) significatively increased at levels C and B of
PL-III, which are coeval with the Iron Age and Roman Empire, respec-
tively (Fig. 10; Fig. 12). Therefore, all this evidence points to an
increasing anthropisation of the site surroundings for its adaptation to
livestock practices. Micromammal assemblages studied at coeval de-
posits of northern Iberia, such as El Mirador (Burgos), Valdavara-1
(Galicia), or Cova Colomera (Lleida), also indicate a similar timing for
the increase of anthropogenic pressure over the terrestrial ecosystems
(Banuls-Cardona and Lépez-Garcia, 2016; Banuls-Cardona et al.,
2017b).
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Fig. 10. Contextualisation of the environmental and anthropic influence on the mammal community of Punta Lucero III. (A) List of climatic episodes associated with
the studied chronological range. (B) NGRIP 880 curve (Andersen et al., 2004) compared with the radiocarbon dates obtained for the Punta Lucero shaft sequence.
(C) Graphic representing total solar irradiance reconstruction (Steinhilber et al., 2012) versus summer insolation at 45°N (Laskar et al., 2004). (D) Type of landscape
evolution at the surroundings of the Punta Lucero III shaft inferred through the Habitat Weighting method. (E) Compared relative-abundance variations of wild and
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boar) and a domestic species (Sus scrofa domestica: pig). (F) The depth scale indicates each level's stratigraphic position, the origin of each sediment sample for water
screening, and the provenance of the radiocarbon dating samples. A-C graphs are plotted according to the age scale. D-F graphs are plotted according to the depth
scale. The multiple proportion 95% confidence intervals (CI) have been obtained using the Clopper-Pearson Method (Clopper and Pearson, 1934) using the PAST 4.0
software (Hammer et al., 2001).
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Fig. 11. Temperature and rainfall estimations based on the Mutual Ecogeographic Range method. (A) Box and whisker plot of the monthly values obtained through
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From ~5 ka, steppe pastoralists of the Yamnaya culture expanded
east- and westward, linking Asia and Europe (Allentoft et al., 2015;
Lazaridis et al., 2022). This created a geographic corridor which, aided
by the development of horse-riding and chariotry (Anthony, 2007; An-
thony and Brown, 2011; Wilkin et al., 2021), led to the dispersal of
crops, herds, and commensal species from one continent to another.
Regarding the Iberian Peninsula, an increasing gene inflow from
Northern and Central European human populations with steppe ancestry
has been detected (Olalde et al., 2019; Villalba-Mouco et al., 2021;
Patterson et al., 2022), dating the earliest evidence from ~4.5-4 ka,
from individuals who coexisted with locals without steppe ancestry
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(Olalde et al., 2019). This incoming pastoralist peopling to the region
agrees with the increasing anthropic pressure linked to animal hus-
bandry observed at PL-III and the coeval records mentioned. However,
the increase in domestic herds and deforestation is not the only way
those migrations are perceived in the PL-III deposit. The harvest mouse
(Micromys minutus), identified at Level F, and the house mouse (Mus
musculus), found at levels F and C, are reported from PL-III at a signifi-
cantly early chronology. According to Horacek et al. (2013), Pliocene
and Pleistocene European records previously ascribed to the Micromys
genus belong to Parapodemus coronensis Schaub, 1930, which did not
have continuity in the Late Pleistocene. This agrees with the work of
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Fig. 12. Compared paleoclimatic and paleoenvironmental reconstructions of
the Punta Lucero III sequence. (A) Mutual Ecogeographic Range estimations of
levels F, C, and B: mean annual precipitation (MAP), mean temperature of the
warmest month (MTW), mean annual temperature (MAT), mean temperature of
the coldest month (MTC). Dash lines and asterisk columns indicate the present-
day values obtained from the Iberian Climate Atlas (Couto et al., 2011). (B)
Type of landscape evolution at the surroundings of the Punta Lucero III shaft
inferred through the Habitat Weighting method. Levels and samples are plotted
according to depth. The column with an asterisk corresponds to a modern
micromammal sample collected in the Punta Lucero area from barn owl
regurgitation pellets by Gonzdlez Oreja et al. (1993).

Yasuda et al. (2005), who, based on the phylogeographic pattern of
mtDNA, propose that the extant species originated in East Asia. The
fossil record suggests that Micromys minutus reached Europe during the
Holocene (e.g., Mistrot, 2011, 2013a, 2013b; Serjeantson, 2011;
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Krajcarz et al., 2020; Royer et al., 2021), but the scarcity of reliable
records to date does not allow us to reconstruct a precise timing. Con-
cerning the Iberian Peninsula, the species has been identified at two
different sites: Level 2 of Valdavara-1 (Lugo, Galicia; 5305-4978 cal yr
BP; Lopez-Garcia et al., 2011) and Level 1 of Amalda (Gipuzkoa, Basque
Country; Peman, 1990), which yielded three dates ranging from 3875 to
1179 cal kyr BP (the oldest considered aberrant by Altuna, 1990).
Considering the measurements published in Lopez-Garcia et al. (2011),
the material ascribed to Micromys minutus in Valdavara-1 falls in size
with small specimens of Apodemus sylvaticus (Fig. 5A), which could
indicate that it is this species and not the previous one, in the absence of
reviewing the identified material. This means that the reported in this
work could be the oldest record of this species in the Iberian Peninsula.

The spread of the harvest mouse across Eurasia was probably boosted
by the development of agriculture, especially by millet crops, which,
conversely to other cereals, do not belong to the first set of Neolithic
crops from the Middle East. Instead, this cereal was initially domesti-
cated in north-eastern China at ~8 ka (Liu et al., 2004; Crawford et al.,
2013) and later spread to the rest of Central Eurasia and Eastern Europe
(Miller et al., 2016; Filipovic et al., 2020). Foxtail millet (Setaria italica),
among other remains of cereals, has been found at the nearby sites of
Kobaederra (Level 1) and Arenaza (Level 9) at 5280-4855 cal yr BP and
4085-3693 cal yr BP respectively (Zapata Pena, 1999, 2002). Therefore,
the harvest mouse occurrence at PL-III (Level F: 4402-4097 cal yr BP)
and the arrival of millet crops to the region share similar chronological
ranges. The earliest evidence of millet consumption by humans in the
Cantabrian Region (3163-3051 cal yr BP) has been documented at El
Espinoso (Asturias; Gonzdlez-Rabanal et al., 2022) at ~100 km west of
PL-III by individuals with a significant proportion of steppe ancestry
(30%, Patterson et al., 2022). Therefore, steppe migrations could be
related to harvest mouse arrival in the Cantabrian Region.

About the house mouse (Mus musculus), its record in southwestern
Europe has been reviewed by Cucchi et al. (2005) and Dominguez Garcia
et al. (2019), who found that most of the reports of the species lack
published reliable identifications or come from unclear contexts. Even
new data from the Cantabrian Region published by Martinez-Villa et al.
(2022) and Cernadas-Garrido et al. (2023) may correspond to intrusive
specimens and materials of mixed-chronology, respectively. The earliest
evidence of Mus musculus domesticus in Iberia comes from Iron Age at the
Alorda Parc site (Valenzuela-Lamas et al., 2011). Dominguez Garcia
et al. (2019) also place the earliest reliable presence of the house mouse
at the Iberian Peninsula within the Iron Age, at ~3 ka, supporting the
hypothesis of a dispersal linked to the increase in the sea trade between
eastern and western Mediterranean (Cucchi et al., 2005), driven by the
commercial expansion of the Phoenicians and Greeks (Cucchi et al.,
2012). The oldest records of the house mouse (Mus musculus musculus)
from inland Europe come from Eastern Europe and date from the end of
the Neolithic (~6.5 ka; Cucchi et al., 2011, 2020). Based on this unex-
pected finding, Cucchi et al. (2012) proposed a centre of synanthrop-
ization for this subspecies in eastern Europe north of the Black Sea.
Therefore, a route from the steppes through inland Europe could be an
alternative pathway for the arrival of Mus musculus to the Cantabrian
Region. This is consistent with the reliable finding of Mus musculus ssp.
in northern Italy (Tosina, Milan) dated at ~6 ka (Bona, 2020). However,
further research and direct radiocarbon dating of the PL-III specimens
need to be done to avoid misinterpretation of this record.

Table 5
Proportion (%) of skeletal remains showing carnivore tooth marks.
Level A Level B Level C Level D Level E Level F Total
NSP* 46 188 414 989 707 876 3220
Tooth-marked specimens 0 17 51 45 42 46 201
Frequency (%) 0 9 12.3 4.6 5.9 5.3 6.2

“ Number of specimens (includes specimens that cannot be identified to taxon).
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Table 6
Weighted (%) habitat-preferences” with 95% confidence intervals® of the small mammal assemblage from each level of Punta Lucero.
MNI Wa OD OH ow Wo
Zierbena modern
(Gonzalez-Oreja et al., 1993) 773 0.00 36.58 13.71 49.61 0.10
95% CI 0.00-0.48 33.21-40.12 11.37-16.34 45.97-53.13 0.00-0.72
Level B
(Sample z: 0-93) 60 1.67 25.00 32.50 40.00 0.83
95% CI 0.04-8.94 14.72-37.86 21.69-46.69 27.56-53.46 0.00-5.96
Level C-upper
. 2. 15. 1.2 .
(Sample z: 208-177) 36 0.69 52.08 5.97 31.25 0.00
95% CI 0.00-9.74 35.49-69.59 6.37-32.81 16.35-48.11 0.00-9.74
Level C-middle
(Sample z: 222-208) 51 0.00 52.94 13.73 33.33 0.00
95% CI 0.00-6.98 38.46-67.07 5.70-26.26 20.76-47.92 0.00-6.98
Level C-bottom
11 . 2. 20.1 . .
(Sample z: 280-269) 3 0.44 42.48 0.13 36.06 0.88
95% CI 0.00-3.21 33.23-52.13 13.36-28.96 27.45-45.86 0.02-4.83
Level D
1 21. . B 2. .
(Sample z: 296-288) 4 43 5.36 30.36 42.86 0.00
95% CI 4.66-50.80 0.18-33.87 8.39-58.10 17.66-71.14 0.00-23.16
Level F
(Sample z: 445-420) 1092 1.47 0.62 47.50 47.99 2.43
95% CI 0.84-2.37 0.26-1.32 44.53-50.54 44.99-51.00 1.64-3.58

# Wa, water; OH, open humid; OD, open dry; OW, open woodland; Wo, woodland.
> 959 CI: multiple proportions 95% confidence intervals calculated using the Clopper-Pearson method (Clopper and Pearson, 1934) using the PAST 4.0 software

(Hammer et al., 2001).

6. Conclusions

The mammal assemblage studied in this work was mainly produced
by accidental falling in the PL-III cave, which acted as a natural trap
through time. Nocturnal birds of prey could also be implied in the
accumulation of the micromammal assemblage since our analyses did
not allow us to rule out these predators. The studied samples provided a
large number of remains corresponding to 18 micromammal and nine
macromammal taxa. Micromammal community underwent a quick
turnover which reflects a shift of the environmental conditions that took
place during the formation of the deposit: the moist mosaic of forest and
meadows observed in Level F (4,402-4097 cal yr BP) turned into an
open and shrubbier grassland during the accumulation of levels C
(2,837-2723 cal yr BP) and B (1,992-1830 cal yr BP). The earliest
Iberian records of Mus musculus and, most likely, of Micromys minutus
here reported could be related to the dispersal of the steppe pastoralist.
Still, direct radiocarbon dating needs to be done to obtain a more precise
date for these remains. Simultaneously, macromammals experienced a
shift from wild populations to domestic herds, which, along with the
abundant charcoal fragments recovered in the sediment, suggest that
anthropogenic fires for the development of livestock pastures caused
forest disappearance and did not allow them to recover. Temperature
and rainfall estimations reveal that the humid and mild climatic con-
ditions observed at the bottom of the sequence, which occurred during
the Late Holocene Thermal Maximum, went through a cooling and ari-
dification phase, coeval with the Iron Age Cold Epoch, and concluded in
a slight warming, coeval with the Roman Warm Period.
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