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ARTICLE INFO ABSTRACT

Keywords: Well-dated Middle Palaeolithic sequences that lie beyond the limit of radiocarbon dating (i.e., >50,000 years
Paleoecology ago) are critical for understanding the long-term palaeoecological changes that took place during Neandertal
Pleistocene

occupation of Europe and the Iberian Peninsula. Among the two pits excavated in Galeria de las Estatuas site, GE
(Sierra de Atapuerca, Burgos, Spain) represents such sequence, having been previously dated using a combi-
nation of single-grain optically stimulated luminescence (OSL) and U-series. This site is one of the few across
Eurasia to have yielded both Neandertal remains and genetic evidence of Neandertal population replacements
during marine isotope stage (MIS) 5 to the beginning of MIS 4 (120,000 to 70,000 years ago). Understanding the
prevailing climatic and environmental conditions during the period of Neandertal occupation is therefore of
great importance. Small mammal remains are one of the best proxies to interpret past environmental and climatic
changes, and among these, the Arvicolinae species (Cricetidae, Rodentia) are particularly useful.

Here we provide a revision of the small mammal associations at both Galerfa de las Estatuas pits undertaking
detailed study of Arvicolinae species composition in both excavation pits. Additionally, we present new single-
grain OSL dating results to refine the existing chronostratigraphic framework and better contextualise the past
climatic changes inferred from the small mammal record. Our results indicate that the lower levels were formed
in cold-temperate conditions, with a predominance of an open landscape and Atlantic-type climatic regime.
Progressively upward through the sequences, we observe warmer and more humid conditions, with a stronger
Mediterranean climate regime and increased development of forest areas, although still with a predominance of
open meadows. Finally, both sedimentary sequences seem to end with a deterioration of these climatic condi-
tions, and show a drier environment, dominated by open landscapes and a return to an Atlantic climatic regime.
We conclude that at least two marked climatic changes can be identified at each pit (GE-I and GE-II), from MIS
5.4 through to the beginning of MIS 4, by studying the small mammal record together with OSL dating.

Western Europe
Single-grain OSL dating
Small mammals

1. Introduction This is partly due to the high evolutionary rate of some small mammal

species and genera, as is the case for certain rodent species

Analysis of small mammal associations in the fossil record is an
important tool for Quaternary studies, including reconstructing past
climates, changes in biodiversity and the environment, among others.
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(Cuenca-Bescos and Morcillo-Amo, 2022). Additionally, the capacity of
small mammals to specialize in various environments and habitats
makes them particularly useful for studies of biostratigraphy and
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biochronology. Their abundance and specific diversity are strongly
affected by climatic variations (e.g., Blois et al., 2010; Cuenca-Bescos
et al., 2008; Lopez-Garcia et al., 2021), and therefore they are important
proxies for past climatic changes.

Scientific studies of small mammal records have previously been
used at various paleontological and archaeological sites from the Iberian
Peninsula, including those of the Sierra de Atapuerca (from now on
referred as Atapuerca), to examine biochronology and biostratigraphy
relationships or infer past climatic changes (Arsuaga et al., 2017;
Bennasar Serra et al., 2016; Cuenca-Bescos et al., 2010, 2011; Galan
et al., 2022; Lopez-Garcia et al., 2010; Banuls-Cardona et al., 2017). The
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study of the Arvicolinae (Cricetidae, Rodentia) species has been of
particular importance in small mammal studies because they exhibit
some of the largest and most rapid diversification processes of the
Pleistocene, as well as significant variability in their habitat and climate
ranges (Chaline et al., 1999; Van der Meulen, 1973).

Among the Atapuerca sites, Galeria de las Estatuas (GE) stands out as
representing the first site within the karst system to contain (i) an
archeo-paleontological record from the Upper Pleistocene with detect-
able ecological changes and Mousterian lithic records (Arsuaga et al.,
2017); (ii) Neandertal fossil remains (Pablos et al., 2019); (iii) a sedi-
mentary record containing Neandertal ancient DNA (Vernot et al.,
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Fig. 1. Geographic (A) and geological (B) location of the Atapuerca sites (modified from Ortega et al., 2013). Location of the pits of Galeria de las Estatuas (GE) site
within the Cueva Mayor-Cueva del Silo cave complex (C) (topography map, in UTM coordinates, modified from Ortega, 2009), and distribution of the two excavated
pits (D) (modified from Arsuaga et al., 2017). Legend from (B): (1) Quaternary; (2) Neogene; (3) Oligocene/Lower Miocene; (4) Mesozoic; (5) Palaeozoic; (6) fault;

(7) thrust; (8) drain age direction; (9) Burgos; (10) Sierra de Atapuerca.
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2021); and (iv) a sedimentary sequence dated to marine isotope stages
(MIS) 5-4 (Demuro et al., 2019; Moreno et al., 2022). The study of the
Galeria de las Estatuas rodent record is indispensable for obtaining
further environmental, climatic and biochronological information for
this globally significant site.

The aims of this paper are to (i) present a detailed taxonomical study
of the Arvicolinae record at GE and complement existing information on
the climatic and environmental changes that took place during the
formation of the site, and (ii) present new single-grain optically stimu-
lated luminescence (OSL) dating results from the fossil-bearing sedi-
mentary layers of excavation pit GE-II. This holistic approach is then
used to improve the chronological frameworks and paleoclimatic in-
terpretations across pits GE-I and GE-II.

2. The Sierra de Atapuerca and Galeria de las Estatuas site
2.1. Geographical and geological location

The Atapuerca archeo-paleontological complex comprises some of
the most important sites in Europe, due to their unique archaeological
and paleontological discoveries (e.g. Arsuaga et al., 2014, 2017; Car-
bonell et al., 2008; Cuenca-Bescos et al., 2011). The almost continuous
record extends back from the Early Pleistocene to Holocene (e.g., Arnold
et al., 2014; Berger et al., 2008; Demuro et al., 2019, 2022; Duval et al.,
2022). Atapuerca is situated along the Bureba corridor, which connects
two river basins of the Iberian Peninsula, the Ebro and the Duero basins.
It is located between two major mountain systems, the Iberian system,
and the Cantabrian Mountain range (Fig. 1A and B) (Arsuaga et al.,
2014, 2015; Bermudez de Castro et al., 1997; Carbonell et al., 2008;
Ortega, 2009).

GE is located in the upper level of the Cueva Mayor-Cueva del Silo
multilevel karstic complex of Atapuerca, (Fig. 1C and D). The site
formed within an ancient entrance of the system, but at present is closed
to the exterior (Arsuaga et al., 2017; Ortega, 2009).

2.2. The GE excavation pits and stratigraphic levels

The excavations at the Galeria de las Estatuas site began inside the
cave in 2008, while excavations in the exterior of the cave, at the
location corresponding to the suspected palaeo-entrance began in 2020.
Two pits, named GE-I and GE-II, are being excavated at Galeria de las
Estatuas interior and both display siliciclastic deposits overlain by sta-
lagmitic flowstone (Fig. 1D). The first pit that was excavated, GE-I,
shows 5 lithostratigraphic units (LU) identified below a flowstone. The
excavation of the second pit, GE-II, started in 2009, and is located
slightly closer to the ancient entrance of the cave, and currently has a
total of 3 LUs identified below the flowstone. The LUs in each pit are
numbered independently, according to their ordering from top to bot-
tom, and do not indicate a correlation of levels across excavation areas.
The description of the LUs was conducted in previous works (Arsuaga
et al., 2017).

The archaeological-palaeontological remains are consistent with the
sequence being deposited during the Upper Pleistocene, which is
confirmed by U-series ages of ~14 ka and ~53 ka obtained for the
flowstone or stalagmitic floor covering the sediment sequences
(Marquet, 1988; Vernot et al., 2021). Single-grain OSL dating of sedi-
mentary quartz grains indicate that LU4 to LU1 in pit GE-I were
deposited between 112 + 7 ka and 80 + 5 ka, while LU2 to LU1 in GE-II
were deposited between 79 + 5 and 70 + 5 ka (Demuro et al., 2019).
ESR/U-series dating of mammal teeth (Moreno et al., 2022) has resulted
in slightly more variable ages (i.e., a younger age of 92 + 6 ka for the
base of GE-I and an older age of 115 + 18 ka for the base of GE-II), but
overall, both studies indicate that the internal sediment sequence at
Galeria de las Estatuas was deposited during MIS 5 and the beginning of
MIS 4.
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3. Methodology
3.1. Optically stimulated luminescence (OSL) dating

Five single-grain OSL dating samples were collected in excavation pit
GE-II of Galeria de las Estatuas: one sample (GE18-1) from LU1, three
samples (GE18-2, GE18-3 and GE22-3) from LU2, and one sample
(GE22-2) from LU3 (Fig. S1). All samples were collected from cleaned
exposure faces using opaque PVC tubes or by carefully scraping sedi-
ment into an opaque bag under subdued red LED illumination. After
collection, samples were immediately sealed with light-proof plastic.
Additional bulk sediment (approximately 500 g) was also collected from
material directly surrounding each single-grain OSL sample for dosim-
etry and water content assessments.

Full details of the luminescence dating procedures employed in this
study, including sample preparation, instrumentation, dose rate esti-
mation, single-grain rejection criteria, and D, measurement procedures,
are provided in the Supplementary Information (S.1.). For consistency,
we have adopted the same experimental conditions as those used in the
original quartz single-grain OSL dating study of the site (Demuro et al.,
2019). Unfortunately, the limited yields of coarse-grained K-feldspar in
the Galeria de las Estatuas deposits precludes undertaking comple-
mentary single-grain post-infrared infrared stimulated luminescence
(pIR-IRSL) analyses for the samples considered here. Quartz grains were
extracted under safe light conditions (600 or 630 nm LEDs, <0.15
pW/cm? power density at sample position) at the University of Adelaide
using standard preparation procedures (e.g., Murray et al., 2021),
including a 48% hydrofluoric acid etch (40 min) to remove the
alpha-irradiated outer layers of the quartz extracts. Purified 212-250 pm
quartz grains were manually loaded onto aluminium discs drilled with
an array of 300 x 300 pm holes to ensure true single-grain resolution
during equivalent dose (D) evaluation (Arnold et al., 2012a).

Individual D, values were determined using the single-aliquot
regenerative-dose (SAR) procedure (Murray and Wintle, 2000) shown
in Table S2, which has yielded suitable multiple-grain aliquot and
single-grain dose-recovery test results for sample GE18-3 (see Supple-
mentary Information) and a closely related Galeria de las Estatuas
sample (GE16-1; see Supplementary Information of Demuro et al.,
2019). Between 2000 and 3300 single-grain OSL D, measurements were
made for each sample (Table 1). Individual D, values were excluded
from the final age calculation if they did not satisfy a series of standard
and widely tested quality-assurance criteria, as detailed in the Supple-
mentary Information. Sensitivity-corrected dose-response curves were
constructed using the first 0.09 s of each OSL stimulation after sub-
tracting a mean background count obtained from the last 0.25 s of the
signal (Fig. S2).

The environmental dose rates were estimated using a combination of
in situ field gamma spectrometry and low-level beta counting, as
described in Demuro et al. (2019), together with cosmic ray contribu-
tions (Prescott and Hutton, 1994), an assumed minor internal alpha dose
rate (Bowler et al., 2003), beta-dose attenuation (Mejdahl, 1979;
Brennan, 2003) and long-term water content (Aitken, 1985), as detailed
in Table 1 and the S.I.

3.2. Study of the small mammal fossil remains

This study examines remains from all the lithostratigraphic units. We
have analysed a total of 189 samples from both pits and different levels
as shown in Table 2. In addition to the morphological characteristics a
study by geometric morphometrics, described in the S.I., has been per-
formed to improve the separation of M. arvalis from M. agrestis, as well as
T. lusitanicus from T. pyrenaicus.

The morphological differentiation and taxonomic identifications of
the Arvicolinae species have been carried out following the works of
Chaline (1972), van der Meulen (1973), Brunet-Lecomte (1990) and
Cuenca-Bescos and Morcillo-Amo (2022). In addition, we have used the
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Table 1
Dose rate data, single-grain OSL equivalent doses and ages for the Galeria de las Estatuas samples from pit GE-II.
Sample  Unit Grain size Water Environmental dose rate (Gy/ka) Equivalent dose (D.) data Age
f,j
(um) E;S(t\em Beta Gamma Cosmic Internal Total No. of Overdis- Age D. (Gy) (ka)
dose dose rate ©  dose rate dose rate © dose grains ® persion (%)  Model ! !
rate” d rate © b
GE18- LUl 212-250 25.6 1.27 £ 0.42 + 0.02 + 0.03 + 1.75 £ 157/ 24+3 CAM 121.7 69.7
1 0.06 0.02 0.01 0.01 0.09 2000 + 3.4 + 4.3
GE18- LU2 212-250 13.9 1.02 £ 0.48 + 0.02 + 0.03 + 1.56 + 186/ 34+3 MAM-3 128.8 82.8
2 upper 0.05 0.02 0.01 0.01 0.07 3000 +12.3 +9.0
GE18- Lu2 212-250 28.6 1.03 + 0.50 £ 0.02 £ 0.03 £ 1.57 + 208/ 28 + 2 CAM 135.9 86.4
3 middle 0.05 0.02 0.01 0.01 0.08 2100 +35 +5.3
GE22- Lu2 212-250 12.6 1.35 + 0.50 + 0.02 + 0.03 + 1.90 + 174/ 27 +3 CAM 174.2 91.8
3 lower 0.07 0.02 0.01 0.01 0.10 3300 +5.1 +5.8
GE22- LU3 212-250 18.6 1.12 + 0.59 + 0.02 £ 0.03 £ 1.76 £ 156/ 27 +£3 CAM 166.8 95.0
2 0.06 0.02 0.01 0.01 0.09 2400 +4.9 +5.7

@ Present-day water content expressed as % of dry mass of mineral fraction, with an assigned 16 uncertainty of +£10%. For sample GE22-3 the water content used for
calculation of the gamma dose rate was the same as sample GE18-3 (see footnote c).

b Beta dose rates were calculated using a Risgp GM-25-5 low-level beta counter (Bgtter-Jensen and Mejdahl, 1988), after making allowance for beta dose attenuation
due to grain-size effects and HF etching (Mejdahl, 1979; Brennan, 2003). Radionuclide concentrations and specific activities of beta counting standards have been
converted to dose rates using the conversion factors given in Guérin et al. (2011).

¢ Gamma dose rates were calculated from in situ measurements made at each sample position with a Nal: T detector using the ‘energy windows’ method detailed in
Arnold et al. (2012b) and Duval and Arnold (2013). Radionuclide concentrations and specific activities of gamma spectrometry calibration materials, and K, U, Th
concentrations determined from the field gamma-ray spectra have been converted to dose rates using the conversion factors given in Guérin et al. (2011). The in situ
gamma dose rate of sample GE22-3 was as measured for sample GE18-3 given the very close proximity of these two samples (sample GE18-3 was located 7 cm above
GE22-3; See Fig. S1).

4 Cosmic-ray dose rates were calculated according to Prescott and Hutton (1994) and assigned a relative 16 uncertainty of 10%.

¢ The assumed internal alpha + beta dose rate for quartz, with an assigned relative 16 uncertainty of £30%, is based on intrinsic?**U and®*?Th contents published by
Mejdahl (1987), Bowler et al. (2003) Jacobs et al. (2006), Pawley et al. (2008) and Lewis et al. (2020), and an a-value of 0.04 + 0.01 (Rees-Jones, 1995; Rees-Jones and
Tite, 1997). Intrinsic radionuclide concentrations and specific activities have been converted to dose rates using the conversion factors given in Guérin et al. (2011),
making allowance for beta dose attenuation due to grain-size effects (Mejdahl, 1979).

f Mean + total uncertainty (68% confidence interval), calculated as the quadratic sum of the random and systematic uncertainties.

& Number of D, measurements that passed the SAR rejection criteria and were used for D, determination/total number of D, values analysed.

b The relative spread in the D, dataset beyond that associated with the measurement uncertainties for individual D values.

1 CAM = central age model; MAM-3 = 3-parameter minimum age model (Galbraith et al., 1999).

J Total uncertainty includes a systematic component of +2% associated with laboratory beta-source calibration.

Table 2
Distribution of the studied species by lithostratigraphic unit (LU), and diversity in species (S) for pits GE-I and GE-1I at Galeria de las Estatuas.
GE-1 Arvicola Microtus Microtus Microtus arvalis/ Terricola Terricola Pliomys Iberomys Species Samples
sapidus arvalis agrestis agrestis lusitanicus pyrenaicus lenki cabrerae S)

LU1 - 2 3 - - - - 2 3

LU1/2 - 19 21 1 - - 2 — 3 12

LU2 6 21 30 10 1 - 2 - 5 17

LU2/3 - 21 33 11 3 - - - 3 10

LU3 4 128 156 34 17 3 3 - 6 47

LU3/4 - 4 4 - 2 1 1 - 5 3

LU4 2 11 10 15 3 2 - - 5 6

LU4/5 - 1 3 - 1 - - - 3 1

LUS - 1 1 - - - 1 - 3 2

Total 12 208 261 71 27 6 9 - 101
GE-I

GE-II

LU1 1 51 32 14 - - 4 - 4 11

LU1/2 - 7 4 1 - - - - 2 4

LU2 3 193 165 51 17 3 10 1 7 63

LU2/3 - - 1 - - - - - 1 1

LU3 5 16 16 10 3 - - - 4 9

Total 9 267 218 76 20 3 14 1 88
GE-II

nomenclature indicated by Abramson and Lissovsky (2012) and Petrova
et al. (2014). In these papers, the subgenera of the genus Microtus are
elevated to the genus systematic level: Alexandromys, Terricola and
Iberomys. We have not adopted the classification of Agricola as a genus
when referring to M. agrestis because we have not been able to verify if
the specimens indicated by the authors correspond to the same species
found GE.

We have studied the Arvicolinae species present in GE. According to

Arsuaga et al. (2017) these genera are: Microtus (M. arvalis and
M. agrestis), Alexandromys (A. oeconomus), Iberomys (I. cabrerae), Terri-
cola (T. lusitanicus and T. pyrenaicus), traditionally included in Microtus
sensu lato (Microtus s.L), Arvicola sapidus and Pliomys (P. lenki). The
paleontological systematics of this species can be found in the S.I.

The studied Galeria de las Estatuas samples are from sediments
collected during the 2008-2019 excavation seasons, which were washed
and sieved following the small mammal study common methodology
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(Cuenca-Bescos and Morcillo-Amo, 2022). Taxonomic classification was
performed on the lower first molars (m1) of the Arvicolinae species.
These anatomical elements are used in paleontological systematics for
the diagnosis of the fossils of Arvicolinae species because they are one of
the most diagnostic, abundant and well-preserved fossils remains.
Following identification, the Arvicolinae species have been used to
infer environmental and climatic, as well as temperature, variations
through the deposit of GE. For temperature reconstruction we have used
the methodology of Montuire et al. (1997), who correlate the
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temperature of different present-day areas with the number of Arvico-
linae species present. Apart from P. lenki, all of the studied species have
extant representatives, thus allowing us to make an approximation of the
habitat and climate of the past. For this reason, we have used the in-
formation provided by Palomo et al. (2007) on the present characteristic
habitats of these small mammals in the Iberian Peninsula. Only P. lenki is
extinct, though it could be related to the extant species Dinaromys bog-
danovy (Chaline et al., 1999), and may be associated with a similar
habitat of the living Martino or Balkans vole.
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Fig. 2. Radial plots showing the single-grain OSL D distributions obtained for samples (A) GE18-1, (B) GE18-2, (C) GE18-3, (D) GE22-3 and (E) GE22-2 (D, errors
are shown at 16). For each sample, the grey band is centred on the central or minimum age model D, value used to calculate the mean burial dose. Corresponding

Abanico plots are shown in Fig. S3.
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4. Results
4.1. Optically stimulated luminescence (OSL) dating

A summary of the environmental dose rates, single-grain D, values
and final ages obtained for the five OSL dating samples from GE pit GE-II
is shown in Table 1. Between 5 and 10% of measured grains were
considered suitable for OSL dating purposes after application of the SAR
quality assurance criteria, with the majority of measured quartz grains
(60-67%) rejected from final age estimations because they exhibited
weak or no OSL signals (Table S3). Representative OSL dose-response
and decay curve for grains that passed the quality assurance criteria
are shown in Fig. S2. Consistent with the findings of Demuro et al.
(2019), the apparent characteristic saturation dose (apparent Dy) values
of these accepted grains (calculated using a single saturating exponential
dose-response curve fit) are high enough to enable finite D. determi-
nation over the observed burial dose ranges for these samples; hence the
single-grain burial dose estimates are not considered to have been
negatively affected by dose saturation. This is reinforced by the
dose-recovery test results for sample GE18-3 (see Supplementary In-
formation for details), which confirms the suitability of the SAR pro-
cedure for reliably measuring mean doses of 170 Gy. i.e., equivalent to
the highest mean natural dose range encountered in this study.

Fig. 2 shows the single-grain OSL D, distributions of grains that
passed the SAR quality assurance criteria. Samples GE18-1, GE18-3,
GE22-3 and GE22-2 exhibit similar D, distributions characterised by
relatively low scatter, with overdispersion values between 24 + 3% and
28 + 2%. These D, distributions are not considered to be significantly
positively skewed according to the criterion outlined by Arnold and
Roberts (2009) (see Table S4) and the scatter observed is closely
distributed around the average D, value (Fig. 2; Table S4). In accordance
with these favourable D, characteristics, the final ages of GE18-1 and
GE18-3 have been calculated using their weighted mean D. values,
which have been determined using the central age model (CAM)
(Table 1). The application of the 3-parameter and 4-parameter minimum
age models (MAM-3 and MAM-4) did not result in a significantly better
fit than the CAM (according to the maximum log likelihood (Lpax) scores
shown in Table S4), which supports our age model selection for these
four samples.

In contrast, the D, distribution of sample GE18-2 is characterised by
moderate-to-high dose dispersion (i.e., a distinct proportion of D, values
lying outside of the weighted mean (CAM) burial dose 2¢ ranges), a
prominent D, cluster around ~130 Gy, and a tail of higher D, values
reaching up to ~430 Gy (Fig. 2B). The overdispersion value for this
sample (34 £+ 3%) is higher than that reported previously for well-
bleached and unmixed single-grain OSL D, datasets from Galeria de
las Estatuas (average = 24 + 1%; n = 7 samples; see Table 1 of Demuro
et al., 2019), as well as the average overdispersion of 20 + 1% reported
for ideal samples by Arnold and Roberts (2009). This overdispersion
value is also significantly higher than the overdispersion value of 10 +
5% obtained for the single-grain dose recovery test of sample GE16-1
(Supplementary Information of Demuro et al., 2019). Though the dis-
tribution is only moderately positively skewed (i.e., not statistically
significant at the 95% C.I.; Table S4), application of the maximum log
likelihood (Lpayx) test (Arnold et al., 2009) indicates that the MAM-3 of
Galbraith et al. (1999) is statistically favoured over the CAM for this D,
dataset (Table S4). These various D, characteristics suggest that dose
dispersion originating from field-related sources has exerted a minor to
moderate influence on sample GE18-2. Given the potentially complex
transportation and depositional processes that can take place within
shallow karst cavities (e.g., Arnold et al., 2022; Jankowski et al., 2016;
Prideaux et al., 2010; Priya et al., 2022), we consider the enhanced D,
scatter for GE18 as most likely originating from insufficient resetting of
OSL signals for the high tail grain populations, or syn-depositional
mixing of pre-existing cave sediments with predominantly
well-bleached, externally derived quartz grains during their initial
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transportation within the cave system. Consequently, the final D, value
of GE18-2 has been calculated using the MAM-3, which has been shown
to be suitable for isolating the most recently and completely
sub-populations of grains in partially bleached or syn-depositionally
mixed karst samples (e.g. Arnold et al., 2019; Benito-Calvo et al.,
2020; Zilhao et al., 2020; Daura et al., 2021; David et al., 2021; Ruiz
et al., 2021).

The final ages obtained for the Galeria de las Estatuas samples are
shown in Table 1. The uppermost sample, GE18-1, collected from LU1 of
pit GEII, produces an age of 69.7 + 4.3 ka, while the two samples from
upper LU2 and middle LU2 (GE18-2 and GE18-3, respectively) yield
corresponding ages of 82.8 + 9.0 ka and 86.4 + 5.3 ka. These ages are in
agreement with those obtained by Demuro et al. (2019) for the same
levels, though in the former study the samples were collected from the
opposing face of the GE-II excavation. For samples GE22-3 and GE22-2,
which were collected from lower LU2 and LU3, respectively, the cor-
responding single-grain OSL ages are 91.8 + 5.8 ka and 95.0 + 5.7 ka.
The combined set of ages confirm that LU1 and LU2 of GE-II were most
likely deposited within late MIS 5, but the depositional sequence may
have extended into early MIS 4 when taking into consideration the OSL
dating 26 uncertainty ranges.

4.2. Microfaunal analyses

4.2.1. Identification of the species

A total of 1201 specimens were identified from the 189 samples
studied, and these were classified into seven species: A. sapidus, M.
arvalis, M. agrestis, T. lusitanicus, T. pyrenaicus, P. lenki and I cabrerae.
(Fig. 3). Arsuaga et al. (2017) identified Alexandromys oeconomus,
though in this study we see that it is absent. The identified specimen is in
fact a poorly preserved m1 of M. agrestis with a broken AC, thus making
accurate classification difficult.

4.2.2. Distribution of species in the Galeria de las Estatuas sequence

Both LU3 in GE-I and LU2 in GE-II display a significant increase in
the number of individuals per species compared to the underlying units,
accounting for more than 50% of the identified m1s (>70% in GE-II) and
number of species (Table 2 and Fig. 4). However, the upper part of LU2
in GE-II exhibits a decrease in the number of species and identified m1s.
These two LUs also have a higher frequency of Terricola in their middle
and lower parts. In both pits, M. arvalis and M. agrestis are the only
Arvicolinae that appear constantly through the sequence. A. sapidus is
also observed in almost all the LUs, only absent in LU5 of GE-I and LU1
of GE-II probably due to the small amount of sample studied from these
levels, and not necessarily related to the climatic conditions at the time
of deposition.

In GE-I we observe a progressive increase in the total number of
individuals from LU4 at the base to the upper half of LU3, followed by a
progressive decrease during LU2. P. lenki is present in all levels of the pit.
In contrast, the Terricola species are only observed up until the lower
half of LU2, except for T. pyrenaicus, which is only present in LU3 and
LU4 of this pit. In the GE-II sequence we observe a similar progressive
increase in the number of individuals and biodiversity from LU3 to LU2.
P. lenki is only observed in LUl and LU2. The only individual of
L cabrerae at this site is found in LU2, along with both species of the
genus Terricola. The last appearance of T. pyrenaicus in this pit occurs
just below the appearance of I cabrerae (Fig. 4).

4.2.3. Climatic interpretations

Examination of the quantitative distribution of Arvicolinae species
through the stratigraphic sequence of Galeria de las Estatuas allows us to
infer the climatic variations that took place during sediment deposition.
We have deduced the mean temperature corresponding with each
stratigraphic level following the approach outlined in Montuire et al.
(1997) (Table 2). In GE-I there was a general increase in the mean
temperature from LU4 (1 °Cto 15 °C) to LU1 (9 °C to 20 °C), but with the
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Fig. 3. Illustrations of the m1 of the Arvicolinae species from Galeria de las Estatuas site. A: Arvicola sapidus (GE-I, square: N21, z: 260-270, LU3); B: Pliomys lenki
(GE-11, square: E31, z: 180-190, LU2); C: Iberomys cabrerae (GE-1I, square: D34, z: 160-170, LU2); D: Microtus agrestis (GE-I, square: N29, z:?, LU1); E: Microtus arvalis
(GE-L, square: N31, z: 250-260, LU3); F Terricola lusitanicus (GE-II, square: D34, z: 130-144, LU2); G: Terricola pyrenaicus (GE-I, square: M31, z: 300-310, LU4). Grey
areas are the cement of the entrant angles; black lines the enamel wall, and the white fields, surrounded by the enamel, the dentine of the first lower molars, m1.

Observe the lack of cement in the entrants of Pliomys lenki.

lowest temperatures estimated to occur in LU3 (-4 °C to 11 °C). We infer
a similar pattern for GE-II, though note that LU3 of this pit is still under
excavation. A similar mean temperature range is inferred for LU3 and
LU1 in GE-II (5 °C to 18 °C), while LU2 displays the lowest mean tem-
peratures from the site (-8 °C to 7 °C). It should be noted that the latter
temperature range would only be valid for the middle to lower part of
LU2 in GE-II as the decrease in number of species observed for the upper
part of LU2 indicates higher temperatures that are in closer agreement
with those observed in LU1.

The arvicolines from Galeria de las Estatuas are associated with open
meadows, with differences regarding their climate regime, mean tem-
peratures, and environmental stability. Dinaromys bogdanovi is present
in habitats from mountain areas, with a rocky stable substrate, and
require climatic conditions to be stable over longer periods of times
(Krystufek, 2018), thus, this is the inferred habitat for Pliomys lenki.
Fossils of P. lenki are present in open environments, and their numbers
decrease when there is a predominance of forest (Marquet, 1988;
Cuenca-Bescos et al., 2010). A. sapidus occupy areas near permanent
water bodies, like riverbanks with abundant riverine vegetation. The
two described Microtus species, M. arvalis and M. agrestis, currently
inhabit a wide variety of habitats, and thus exhibit opportunistic be-
haviours. Both are typical of open and humid landscapes, with an
Atlantic type climatic regime, and constant herbaceous cover, as well as
near young forest areas. The two species of the genus Terricola inhabit
open and humid environments and are indicative of more stable and

warmer climatic conditions. T. lusitanicus specifically is characteristic of
areas with an Atlantic type of climatic regime. Meanwhile, T. pyrenaicus,
is observed in mountain areas where the mean annual temperatures are
around 15/16 °C. Lastly, I. cabrerae is only present in zones with a
Mediterranean-type climatic regime characterised by warm and humid
conditions, high ground water levels and constant herbaceous cover.

5. Discussion
5.1. Climate reconstructions for the Galeria de las Estatuas sequence

Arsuaga et al. (2017) presented the first palynological study and
approximation of the small mammal association of the Galeria de las
Estatuas reconstructing the climatic conditions prevailing during the
formation of the sedimentary sequence. The climatic changes observed
by the authors are generally in concordance with the distribution of
Arvicolinae species identified throughout the sequence. Our new study
includes data from LU5 of GE-I and LU3 of GE-II

The site is chronologically constrained to MIS 5, with GE-II also
spanning the beginning of MIS 4 (Demuro et al., 2019; Moreno et al.,
2022). Specifically, LU3 and LU4 of GE-I most likely corresponds to MIS
5.4, a cold sub-stadial of the MIS 5, while the upper half of LU2 in GE-I
most likely corresponds to MIS 5.1, a warm sub-stadial (Demuro et al.,
2019). The new OSL ages presented here suggests that LU3 of GE-II
likely accumulated during MIS 5.3, LU2 accumulated during MIS
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5.2-5.1, and LU1 during MIS 5.1 to possibly the beginning of MIS 4, thus
confirming the previous OSL dating results obtained for the GE-II upper
levels (Demuro et al., 2019).

What follows is an account of our interpretations regarding the cli-
matic conditions at Galeria de las Estatuas reached using the data from
small mammals and palynological associations from Arsuaga et al.
(2017), the chronological data from Demuro et al. (2019) and the new
data presented of this study.

In the GE-I sequence, our results point to a change in climate con-
ditions from LU4 to LU2. These observations are in general accordance
with the palynological study, although there are some discrepancies in
LU2 and LU3 regarding the predominance of forested areas. In partic-
ular, the palynological data identified a larger proportion of arboreal
pollen, in which Pinus is predominant though it does not reach the
threshold to be considered a closed forest during LU2, which prevailed
from the base of LUl. However, the small mammal association is
inconsistent with the predominance of forest zones during LU2 because

Terricola and Microtus species, as well as the bat taxa Myotis myotis/
blythii) are associated with open landscapes, whilst species typical of
forest environments are absent. There is a significant development of
forest areas in LU3, with higher biodiversity and presence of typical
inhabitants of forest areas such as Eliomys quercinus and Apodemus sp.
pointing to better environmental conditions than in other levels.

The abundance of open habitat species in LU2 of GE-I indicates the
predominance of herbaceous and shrub meadows. The presence of P.
lenki in LU2 and LU3 is remarkable because it is not compatible with
widespread development of forested areas. LU3 and LU4 contain species
that are associated with both warm temperatures, T. lusitanicus, Hystrix
vinogradovi, and colder temperate climatic conditions, T. pyrenaicus,
Marmota marmota, which is in accordance with its dating to MIS 5.4
(Fig. 4), one of the cold sub-stadial of the MIS 5. Between LU3 and LU4,
Vernot et al. (2021) observed genetic differences between the Nean-
dertal populations that inhabited Galeria de las Estatuas by analysing
aDNA recovered from sediments. These differences were interpreted as a



M.P. Alfaro-Ibanez et al.

population replacement occurring roughly 100 ka ago. Whether this
replacement was intrinsic (i.e., due to stochastic population dynamics)
or extrinsic (climate change) is currently unknown. Differences in the
proportion of mesophilous taxa has been detected between LU4 and LU3
in the Galeria de las Estatuas sequence (Arsuaga et al., 2017) but the
small mammal faunal assemblages are very similar between the end of
LU4 and the start of LU3.

The absence of A. oeconomus does not modify the initial palae-
oecological interpretations that LU3 is characterised by high humidity
and the presence of water bodies nearby, because there is a record of
other species that are attributable to this type of environment, such as
A. sapidus. The disappearance of cold climate species in the upper levels
is indicative of an increase in mean temperatures. This interpretation
would also be in concordance with the dating of the upper part of LU2 in
GE-I to MIS 5.1, which also follows a sedimentary hiatus, as indicated by
the OSL dating of Demuro et al. (2019). The high number of Terricola
individuals at the bottom of LU2 in GE-I, and the similarities in the
biodiversity between LU2 and LU3, support with the OSL age obtained
for the bottom of LU2 (113 =+ 8 ka), which is in better agreement with
the age obtained for underlying LU3 (107 =+ 8 ka) than with the upper
part of LU2 (83 + 5 ka). After the hiatus in LU2, T. lusitanicus disappear
in the upper part of this level, and no further important changes are
observed in the other Arvicolinae. The absence of Terricola during LU1
could indicate a deterioration of climatic conditions in this level, with
increased development of open landscapes. However, the small number
of samples from this level could equally be attributable to geological
factors, such as the progressive closing of the cave entrance, rather than
being a genuine indicator of changing palaeoecological conditions.

In GE-II there is a progressive improvement in climatic conditions,
persisting during the lower part of LU2, where more than the 70% of the
Terricola individuals from this pit are identified. Moreover, LU2 is the
only level of GE-II that preserves T. pyrenaicus and contains the only
individual of I. cabrerae identified at the site thus far (Fig. 4). L. cabrerae
is located at the lower-middle part of LU2, after the last appearance of
T. pyrenaicus. The presence of the Cabrera vole is indicative of a marked
Mediterranean type of climatic regime, which is in contrast with the
presence of T. pyrenaicus, typical of an Atlantic climatic regime and
lower temperatures. The new OSL dating results for sample GE18-3
indicate that the lower-middle part of LU2, where we observe
I. cabrerae, could correspond within MIS 5.1, thus being consistent with
the warmer climatic conditions. On the other hand, the other OSL age
obtained for the bottom half of this level (GE22-3), where T. pyrenaicus is
present, may correlate to MIS 5.2, a cold substage. Note that these
correlations are tentative given the relatively large uncertainties
(~6.5%) associated with the OSL ages.

Furthermore, LU2 has species that reflect higher humidity and the
presence of water bodies near the cave (A. sapidus and C. fiber). There-
fore, LU2 could be characterised as representing a period of significant
climatic variations. In addition, there are forested areas nearby in LU2,
based on the presence of Apodemus sp. and Eliomys quercinus. However,
the predominance of species more characteristic of open landscapes (e.
g., Microtus, Terricola, I. cabrerae, Myotis myotis and P. lenki) in the lower
half of LU2 could indicate that forests were a relatively minor habitat
component throughout most of this level and were perhaps restricted to
small patches. The absence of Mediterranean species in LU1, and the
presence of other species such as P. lenki, M. arvalis and M. agrestis, could
mark a deterioration of climatic conditions, characterised by the
dominance of open meadows and an Atlantic control regime, which
could correspond with the beginning of MIS 4.

5.2. Comparison between the GE-I and GE-II pits

Arsuaga et al. (2017) observed climatic and palynological similar-
ities between LU2s of both pits, whereas the OSL dating results of
Demuro et al. (2019) suggest closer temporal correlations between LU2
and the bottom of LU1 of GE-I with the upper part of LU2 of GE-IIL. Our
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palaeoecological results shows that the bottom part of LU2 at GE-II is
more similar, in terms of climatic conditions and biodiversity, to LU3 of
GE-L This similarity is most remarkable over the uppermost few centi-
metres of LU3 in GE-I and the lowermost few centimetres of LU2 in GE-II
(Table 2). In addition, both levels also record the presence of
T. pyrenaicus, absent in the overlying levels of both pits. The OSL dating
studies thus far (i.e., Demuro et al., 2019 and this study) have not tar-
geted the base of LU2 in GE-II. However, the age of 95.0 + 5.7 ka for the
underlying LU3 in GE-II indicates that both LU3 and the base of LU2 in
GE-II were likely formed after the deposition of LU3 and lower part of
LU2 in GE-I, which are dated to 107.0 + 8.0 ka and 113 + 8.0 ka,
respectively (Demuro et al., 2019, Fig. 4). Again, there are some caveats
with these temporal correlations across the two pits because the asso-
ciated uncertainty ranges of the OSL ages preclude precise comparisons.

The lower half of the GE-I sequence (levels LU4, LU3 and the bottom
of LU2) have been OSL dated to MIS 5.4, which is consistent with the
climatic conditions of these levels being colder than those of the over-
lying levels of the sequence. The age obtained for the bottom half of LU2
in GE-II (91.8 + 5.8 ka) could correspond with MIS 5.2, making these
deposits younger than the corresponding LU2 levels of GE-I, but with
similar climatic conditions; thus, both sets of sequences could represent
two cold sub-stages within MIS 5. In contrast, the upper part of the LU2
deposits in GE-I and GE-II exhibit similarities in their climatic conditions
inferred from the small mammal associations, their species biodiversity,
and their corresponding OSL dating results (both those presented here
and in Demuro et al., 2019), which indicate the upper LU2 deposits
likely formed within MIS 5.1.

Taking into consideration previous studies of GE, and the distribu-
tion of species obtained in the current study, it is also probable that the
bottom of LU1 in GE-I experienced similar climatic conditions to that of
the upper part of LU2 in both pits. When comparing both LU1 deposits,
we observe the presence of P. lenki in LU1 of GE-II, which could indicate
more restricted development of forest areas in comparison with LU1 of
GE-I, where this species was not observed (Fig. 4). However, the absence
of this species in LU1 of GE-I could be a consequence of the smaller
number of samples studied.

There are currently no dating results available for the lowermost
level described in pit GE-I (LU5), so the chronological interpretations of
these deposits remain limited. The Arvicolinae assemblage observed for
LUS5 is composed by P. lenki, M. arvalis and M. agrestis (Table 2). Inter-
estingly, this association of species is not observed elsewhere at GE,
though this could be due to the smaller number of samples studied from
LUS.

6. Conclusions

The detailed examination of the Arvicolinae record at the Galeria de
las Estatuas, and comparison with available chronological data and
previous palynological climatic reconstructions, have enabled insights
into the climatic changes, at the level of identified sub-stadial changes
that took place during the formation of GE, and the period of its Nean-
dertal occupation.

GE experienced a shift from somewhat unfavourable climate condi-
tions at the start of LU4 (GE-I), characterised by more arid and colder
temperate conditions, with an Atlantic type of climate regime, towards
warmer, humid, and more stable climatic conditions (albeit retaining
relatively cool temperatures) during LU4 of GE-I and LU3 of GE-II. The
surroundings of the cave would have been dominated by open meadows,
as indicated by the presence of M. agrestis, M. arvalis, Terricola and
P. lenki. The apex of these more favourable climatic conditions is
observed from LU3 to the base or lower half of LU2 in GE-I, as well as at
the base of LU2 in GE-II. The association of these small mammal faunas
are indicative of cold to temperate conditions and the OSL dating results
suggest these units were most likely deposited during MIS 5.4 or MIS 5.2
(for GE-I and GE-II, respectively). The presence of I cabrerae in the
lower-middle part of LU2 (GE-II) indicates a transition to warmer and
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more humid climatic conditions, potentially corresponding with MIS
5.1. The upper parts of the LU2 (within MIS 5.1) deposits in both pits and
the disappearance of I cabrerae and Terricola, indicate a slightly
decrease in environmental stability. The uppermost deposits of both
sequences (LU1s) record a significant worsening of climatic conditions,
characterised by drier environments, stronger Atlantic influences and
the predominance of open landscapes, most likely corresponding to the
start of MIS 4. We conclude that at least two marked climatic changes
can be identified at each pit of Galeria de las Estatuas, from MIS 5.4
through to the beginning of MIS 4.
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