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New dating of the Matalascañas 
footprints provides new evidence 
of the Middle Pleistocene (MIS 9‑8) 
hominin paleoecology in southern 
Europe
Eduardo Mayoral1,2*, Jérémy Duveau3,4, Ana Santos5, Antonio Rodríguez Ramírez1,2, 
Juan A. Morales1,2, Ricardo Díaz‑Delgado6, Jorge Rivera‑Silva7, Asier Gómez‑Olivencia8,9,10 & 
Ignacio Díaz‑Martínez11,12

Hominin footprints were recently discovered at Matalascañas (Huelva; South of Iberian Peninsula). 
They were dated thanks to a previous study in deposits of the Asperillo cliff to 106 ± 19 ka, Upper 
Pleistocene, making Neandertals the most likely track-makers. In this paper, we report new 
Optically Stimulated Luminescence dating that places the hominin footprints surface in the range 
of 295.8 ± 17 ka (MIS 9-MIS 8 transition, Middle Pleistocene). This new age implies that the possible 
track-makers are individuals more likely from the Neandertal evolutionary lineage. Regardless of 
the taxon attributed to the Matalascañas footprints, they supplement the existing partial fossil 
record for the European Middle Pleistocene Hominins being notably the first palaeoanthropological 
evidence (hominin skeleton or footprints) from the MIS 9 and MIS 8 transition discovered in the Iberian 
Peninsula, a moment of climatic evolution from warm to cool. Thus, the Matalascañas footprints 
represent a crucial record for understanding human occupations in Europe in the Pleistocene.

The recently published discoveries and re-studies of Pleistocene hominin footprints in UK1, France2,3, Italy4, 
Spain5,6, and Greece7 have highlighted the crucial importance of the ichnological record in discussing Europe’s 
palaeoanthropological scenario.

While its use is common when studying fossil animal tracks, particularly dinosaurs, ichnotaxonomy, 
which refers to the definition of taxa based on the morphological features of tracks8, is rarely used for hominin 
footprints9. Only two ichnospecies have been defined from hominin footprints: Praehominipes laetoliensis10, for 
the famous Laetoli footprints, and Hominipes modernus9 defined from Homo sapiens footprints whose diagnostic 
characteristics (short digit impressions; a hallux impression about twice as long and wide as the other toes; the 
heel, lateral margin, ball and hallux impressions are the most strongly impressed) include all known footprints 
attributed to the genus Homo. Hominin footprints are in most cases attributed to taxa defined based on anatomi-
cal characteristics, which from a palaeoanthropological point of view allow a more precise classification than 
can be obtained through ichnotaxonomy. Attributing of hominin footprints to a particular taxon is generally 
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done from indirect evidence. The association of footprints with archaeological11,12 or skeletal12 assemblages can 
reinforce a taxonomic assignation, although this occurs only in exceptional cases. Nevertheless, in most cases, 
the attribution is solely based on the chronological context (e.g.,9). This fact has highlighted the importance of 
using reliable dating tools to constrain this kind of hominin fossil remains chronologically.

Recently, a new track site with hominin footprints6 and tracks ascribed to the auroch Bos primigenius?, the red 
deer Cervus elaphus, the wild boar Sus scrofa, as well as Elephantidae (Palaeoloxodon antiquus), Canidae (Canis 
lupus), and waterbirds (geese, Anserinae, and waders, Charadrii)13–15 was studied in the Asperillo Cliff, close 
to Matalascañas (Doñana Shoreline, Spain, Fig. 1). An earlier dating of the aeolian unit located just above the 
palaeosol that preserves the footprints suggested an age before the date 106 ± 19 ka16. This chronological context 
made it possible to propose Neandertals as the possible producers of the hominin footprints. It also enabled a 
discussion of this palaeocommunity’s ecological role and evolutionary context in a favourable climatic moment 

Figure 1.   The Matalascañas site (El Pichilín Ranch area). (A) Geographical location and geological setting. 
(B) Mapping for the hominin footprints (HTS) and animal tracks (MTS) A and B from 6. (C) Aerial view of 
the drone flight. (D–I) Some relevant footprints from the outcrop. All scale bar: 5 cm. (D) M2020-02. (E) 
M2020-06. (F) M2020-05. (G) M2020-11. (H) M2020-74. (I) M2020-35. The map in (B) was created using 
Adobe Photoshop Versión: 9.0 (https://​adobe-​photo​shop-9-​cs2.​en.​lo4d.​com/) based on the photogrammetric 
orthomosaic (C) produced using Pix4DMapper© (versión PIX 4D Cloud, https://​www.​pix4d.​com/). (C) was 
obtained by a low-altitude programmed flight using an Unmanned Aerial Vehicle (UAV) on June the 6th, 2020, 
12 AM UTC. A multirotor DJI Phantom 4 + with a 4 k 20 Mpix RGB CMOS camera was collected at an average 
height of 7 m above the ground photographs over the study area (564 m2).

https://adobe-photoshop-9-cs2.en.lo4d.com/
https://www.pix4d.com/
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such as the marine stage MIS 56,13,14. However, in the development of our subsequent research and taking into 
account the importance of chronological data in palaeoanthropological studies, and with the aim of verifying 
and confirming the current dating, a new sampling was carried out in the Asperillo Cliff area, making particular 
emphasis on the levels of palaeosol and dunes directly related to the preservation of hominin tracks.

In this context, the objective of this work is multiple: (1) to provide a new chronology of the Matalascañas 
tracksite based on optically stimulated luminescence (OSL); (2) to highlight the palaeoanthropological impor-
tance of this record; and (3) to delve into the palaeoenvironmental and palaeogeographical scenario in which 
the footprints were impressed.

Methods
Grain size analysis.  Grain-size analysis was developed in previously desiccated sediment samples by siev-
ing, using a normalised base 2 logarithmic Udden-Wentworth scale. The percentage of each fraction of the sedi-
ment by weight was calculated for the total weight of the dry sample.

Luminescence dating technique.  Certain minerals, once buried, can store the charge released due to 
their exposure to ionizing radiation. This charge is stored in the crystal lattice. The luminescence dating tech-
nique is based on the measurement of the signal produced by quartz and feldspar minerals mainly, which can be 
obtained by thermal or by optical stimulation. In the first case, we consider the thermoluminescence technique, 
TL, while in the latter, we consider the optically stimulated luminescence, OSL. In both cases, the luminescence 
technique is used to determine the burial period (i.e. when the sediment was exposed to sunlight)17,18.

A charge is stored thanks to the impurities and missing atoms in the crystal lattice, which act as traps at certain 
energy levels in the forbidden bandgap (located between the valence band and the conduction band)17,18. Ion-
izing radiation produces a redistribution of charge, and a portion of free electrons are trapped in the impurities 
of the crystal lattice17,18.

The time the crystal has received radiation after being buried makes a unique determination of the amount 
of trapped charge. Luminescence can result from the stimulation of specific energy. Electrons escape into the 
conduction band when energy greater than the energy gap between the trap and the band is applied. Some of the 
electrons could become trapped again, and a small percentage of the remaining electrons in the RC recombina-
tion centres would recombine with the trapped holes. These recombination reactions can be radiative, causing 
luminescence in some cases17,18. These metastable energy levels can be depleted by daylight, so the crystal only 
accumulates the trapped charge created by ionizing radiation when it is buried and protected from light. Using 
an appropriate optical stimulation wavelength, the OSL signal can be measured in the laboratory. Blue (470 nm) 
or green (530 nm) stimulation is used for quartz stimulation. After this stimulation, the natural luminescence 
signal of a sample, corresponding to the dose received by the sample during its burial time, is evaluated, and the 
equivalent dose is calculated18,19.

The dose per unit time that a mineral receives in nature (known as dose rate) incorporates all the ionizing 
radiation from all sources, including cosmic rays, which have been corrected for burial depth, and the disinte-
gration of radioactive nuclides found nearby. The final dose rate received is also influenced by the water content 
of the environment, in which water attenuates radiation18,19.

The age of a particular material can then be estimated from the expression.

where Gy denotes the unit of dose, Gray, equivalent to 1 Joule of absorbed energy per kg of matter, and ka is 
one thousand years17.

Sampling method.  Four samples for grain-size analysis were obtained from the clean outcrop surface 
using a small plastic spade. These samples were conserved in plastic bags identified with their acronyms.

The sampling for OSL chronology was carried out by obtaining manual cores by pounding in an opaque 
PVC pipe of 60mm diameter and a wall of 3 mm. After the core extraction, the ends were occluded using outer 
plugs, opaque, and fixed using duct tape. Each core was labelled on the PVC pipe with its acronyms and polarity.

Luminescence dating.  A total of four sedimentary units from the Asperillo cliff were selected for opti-
cally stimulated luminescence (OSL) dating (Fig. 2). They were all collected using opaque tubes, avoiding the 
exposure of the sediment to daylight and were then treated in the laboratory under controlled light conditions. 
Quartz grains of sizes 180–250 µm were extracted from each sample using standard procedures20.

Sample preparation procedure.  Samples were wet sieved to obtain fractions of 90–180 μm and 180‐250 
μm. The latter fraction (180–250 μm) was used in this study. These fractions were chemically treated to isolate 
quartz grains. First, samples were treated with 10% HCl until carbonates were dissolved, and H2O2 was used 
to eliminate the organic matter. Next, two density separations were performed using sodium polytungstate to 
isolate quartz from feldspar and heavier minerals. A solution of 40% HF was then used to eliminate feldspar 
residuals and etch the quartz outer layer, which would have been affected by alpha radiation. Finally, the result-
ing quartz grains were dried and sieved, and the fractions of 180‐250 μm were chosen to carry out the measure-
ments.

Age (ka) =
Equivalent Dose(Gy)

Dose rate(
Gy
ka )
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SAR procedure.  Samples were measured using the SAR procedure21. In the SAR procedure (Single Aliquot 
Regenerative dose), the sample is divided into aliquots which are measured individually. SAR includes several 
measurement cycles. In the first cycle, the native OSL signal obtained from the sample (LN) is measured (natural 
dose). In the following cycles, the sample is irradiated with known doses, provided with a calibrated radiation 
source, and measured by the obtained OSL signals (L1, L2,…). Before carrying out the measurement, the aliquot 
is preheated to a specific temperature to eliminate the electrons from the most superficial traps so that the OSL 
signal obtained is more stable and truly corresponds to the burial period.

To determine the pre-heat temperature, a previous study was carried out with bleached aliquots, subsequently 
irradiated with a known dose, similar to the natural dose. Then, the given/recovered dose relationship is deter-
mined for each temperature. Finally, the temperature for which the best value is obtained (closest to the unit 
with the least uncertainty) is chosen as the pre-heat temperature for the study. In our case, pre-heat temperatures 
between 220 °C and 240 °C have been considered.

To determine the sensitivity of quartz grains, the sample is irradiated with a constant reference dose, called the 
test dose. The test dose signal is measured at each cycle (TN, T1, T2,…) to correct possible luminescence changes 
in the measurement cycle, mainly due to pre-heat treatment.

From the measurements made, the equivalent dose De is obtained. De is equivalent to the total dose that the 
sample has received during the burial period. To determine De, a curve is interpolated. In this curve, the signals 
obtained in each measurement cycle are divided by the test doses (LN/TN, T1/T1, L2/T2, ...) to correct the quartz 
sensitivity effect. The SAR protocol has been accepted to provide the most accurate De estimates because it is 
designed to correct for such changes in quartz sensitivity.

OSL measurement and analysis.  OSL has been measured using Risø OSL/TL readers (TL-DA 20) with 
a calibrated 90Sr/90Y beta source delivering ~0.10 Gy/s at the sample disc location. The OSL signal from 30 to 60 
small quartz multi-grain aliquots (1 and 2 mm diameter) was measured from each aliquot. Thirty aliquots were 
measured by default. Measurements were extended to 60 aliquots in cases where the overdispersion was higher 
than 35%.

Preheat dose recovery test.  A pre-heat temperature of 220 °C was considered for the OSL measurements. A 
pre-heat dose recovery test was carried out for sample M1 to determine this temperature. Fifteen aliquots were 
bleached using a daylight simulator for 5 hours and subsequently irradiated with 200.2 Gy, previously deter-
mined by a dose range test. Five sets of 3 aliquots each were preheated at 5 different temperatures (180  °C, 

Figure 2.   Sedimentary log of the footprints site in Matalascañas. The samples were obtained for dating (M1 
to M3) and sediment grain-size histograms for the analysed samples. Units according to16. MTS: Matalascañas 
Trampled Surface13. HTS: Hominin Trampled Surface6.
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200 °C, 220 °C, 240 °C and 260 °C). Then, the given/recovered dose ratio was determined for each preheat tem-
perature. The best averaged given/recovered dose ratio was obtained for 220 °C (Fig. 3).

OSL measurements.  Table 1 shows the SAR protocol used in this study. The OSL signal was measured for 40 
s at 0.1 s per data point, giving 400 data points (Fig. 4). OSL signal was measured using a blue LED as the light 
source. The reading temperature for OSL was 125 °C. The fast component dominated the signal, and the first 
5 data points (0.5 s) were considered for measurement. The background was calculated from the final part of 
the spectrum, taking 50 data points, and subtracted from the measured signal. Feldspar contamination was 
also tested using IR simulation. No detectable IRSL signal was observed. Figures 5 and 6 have been chosen as 
representatives of the OSL measurement process. They show the OSL decay and dose-response curves, obtained 
from sample M1. Supplementary material (Annex S1, S2, S3, S4) contains examples of these curves for all the 
samples measured.

Derived dose distributions have been reduced by removing individual outliers, identified as those values 
out of 1.5 times the interquartile range. The resulting populations are normally distributed with overdispersion 
values <25% (Fig. 4). The Central Age Model (CAM22) has been applied to calculate the equivalent dose (i.e. 
the accumulated dose due to the ionising radiation received by the quartz grains over the period they have been 
buried) of each sample.

Dose rate calculations.  Total dose rates have been calculated from the activity concentrations of 40K, 
T232Th and 238U, measured by high-resolution low-level gamma spectrometry (Table 2). These measurements 
were made using high-purity Germanium semiconductor detectors, HPGe, cryogenic cooled and surrounded 
by passive and active shielding to avoid external influence. The contribution of the cosmic radiation to the total 
dose rate has been calculated as a function of the latitude, altitude, burial depth and the average overburden 
density, based on23.

Dose rate calculations have been determined using the Dose Rate and Age Calculator (DRAC)24. DRAC is 
a web-based program developed for environmental radiation dose rate calculation for trapped charge dating 
applications. The program enables published attenuation and conversion factors to make accurate and repro-
ducible dose rate calculations. Water content (Table 2) has been considered representative of the burial period. 

Figure 3.   Preheat dose recovery test results for sample M1.

Table 1.   SAR protocol.

Step Treatment Measurement

1 Give regenerative dose –

2 Preheat (220 °C, 10 s) –

3 OSL (Blue at 125 °C, 40 s) Lx

4 Give test dose –

5 Cutheat (200 °C, 10 s) –

6 OSL (Blue at 125 °C, 40 s) Tx

7 Cleanout (280 °C, 100 s) –

8 Return to step 1 –
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Conversion factors have been used according to25. The contribution of the cosmic radiation to the total dose 
rate has been calculated as a function of the latitude, altitude, burial depth and the average overburden density, 
based on23 (Table 2). Alpha grain-size attenuation was determined according to26. According to25, Beta grain-size 
attenuation was determined. The minimum and maximum etch depths were 8 and 10 microns, respectively. Beta 
etch depth attenuation factor was used according to27.

Results and discussion
Sedimentology and geochronology.  The stratigraphic sequence of El Asperillo Cliff was previously 
defined by previous authors16 and consists of a series of Pleistocene units interpreted by these authors as aeolian 
bodies. These units are named starting at the base: U1, U2 and U3. Each unit is separated from the others by 

Figure 4.   Dose distributions derived from OSL measurements. The normalised OSL signal is plotted as a 
function of the individual dose values.
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bioturbated fine-grained beds, interpreted as pedogenic levels, paleosols or lacustrine beds. These palaeosols are 
ussually rich in clays and organic matter, but can also have a ferruginous composition. The lowermost pedogenic 
level PS128, located immediately under U1, is characterised by yellowish-reddish mottled colours and an exten-
sive network of polygonal mats of at least 300 m in length, which is the maximum surface area exposed so far 
(Fig. 7) which preserves both hominin fossil footprints6 and other associated vertebrate tracks13–15. Medium-fine 
sands form PS1 with a silty matrix (sample PS-2/0.3 m) displaying a strong vertically elongated arrangement of 
mottling, suggesting a genetic relationship with plant-root activity28. The top of this level presents a significant 
irregular surface with a millimetre-scale ferruginous crust which imprints the tracks. This surface slightly slopes 
to the SW. PS1 was OSL-dated (Sample M1) and yielded an age of 295.8 ± 17.8 ka (Table 2).

Figure 5.   Dose–response curve representative of the measurements performed.

Figure 6.   OSL decay curve representative of the measurements performed.
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Unit U1 consists of three different sandy bodies (Fig. 2). The lowest is composed of moderately-sorted fine 
sands (sample U-1/0.7 m, dating sample M2-3, age 274.0 ± 15.8 ka, Table 2). The internal ordering of this body 
presents a base constituted by sets of hummocky cross lamination that evolve to parallel lamination slightly tilted 
to the NE. This first body results from strong water currents as indicated by the presence of hummocky cross-
bedding. The second body of U1, constituted by moderately poorly-sorted medium sands (Sample U1/1.5m, 
dating sample M2-2, age 232.8 ± 13.1 ka, Table 2), presents an erosive base that cuts the lower body neatly and a 
clear planar crossbedding tilted with a NE vergence. A new erosive and bioturbated surface cuts the top of this 
crossbedded set. This second body was deposited under landward flows. The presence of land-inclined metric 
planar cross-bedding suggests being originated from a migrating aeolian dune. The third body of U1 is a metric 
level of parallel laminated well-sorted medium sands. This level is the top of U1 and could represent a set of 
parallel lamination similar to the deposited in an aeolian plane sheet. The entire sequence of U1 is similar to the 
typically developed in a dune field. At the top of the sequence of U1, a new pedogenic level with less entity than 
PS1 is present. This is a 10 cm sandy mud level with traces of plant bioturbation. The interpretation of U1 agrees 
with the vision of previous authors16, who suggest a dune origin for these facies.

From unit U2, only the base was analysed in this study. This basal body consists of a metric set of convolute 
laminated fine sands with significant amounts of very fine sands and silts (Sample U2/3.5m, dating sample M3, 
age 203.8 ± 12.7 ka, Table 2). The top of this body presents an irregular surface, including flame and charge 
structures, indicating fluidised sediments injection into the sandy upper body. The presence of these structures 
indicates an apparent water saturation of sediments during an earthquake. The upper bodies of U2 were not 
analysed, but they are described in the previous papers6 as well-sorted fine sands with complex curved-base 
cross-stratification. These upper bodies of U2 appear to be aeolian dunes as interpreted by the previous authors16.

Palaeoenvironmental framework.  The new chronology allows us to place the surface with hominin 
and other vertebrate footprints in the transition between MIS 9 and MIS 8 (295.8 ± 17.8 ka). Since then and 
until the Holocene, several stadials and interstadial periods have followed one another. Cold and dry climates 
characterise these stadials in the centre of the Iberian Peninsula and especially in northern Europe. However, the 
coastal areas of the Gulf of Cadiz served as reservoirs of thermophilic plant communities in these cold periods, 
favouring the settlement of human populations29. This would indicate a more temperate and humid climate, with 
high phreatic levels, abundant vegetation and edaphic and/or lagoon development. This new scenario contrasts 
with the previous geodynamic and chronological paradigm established16,28, which determines a wetter landscape 
in the interstadial periods, with edaphic development, and a drier landscape in the stadial periods, where dune 
dynamics dominate. This does not agree with the sedimentary record studied and the new chronology proposed 
in the present paper.

The sedimentary sequence outcropping at the Asperillo cliff shows a succession of beach-dune episodes and 
edaphic and/or pond surfaces, with sedimentary facies associated with the dynamics of the pond and tributary 
streams when aeolian activity ceased. The series above the Hominin Trampled Surface (HTS) starts with a dune 
deposit during MIS 8, with a direction of advance towards the E and ESE. During the last phases of MIS 9 in 
transit to MIS 8, the sea level would be, according to the composite sea-level curve for the Pleistocene epoch30, 
about 60 m below the present sea level, which would imply a shoreline position 20–25 km away from the present 
position. In this scenario, a very extensive coastal plain would develop with large flooded areas in shallow and 
hypersaline lacustrine environments. In this sense28, believe that from a stratigraphic point of view, the palaeosol 
PS1 represents the surface of an ancient fluvio-deltaic coastal plain so that the exposed palaeosols correspond 
to the same pedogenic cycle, which would have acted in the zone prior to c. 100 ka BP during the Middle-Late 
Pleistocene transition. This environment could be covered by water during humid seasons and totally or partially 
exposed during dry seasons. As a result, polygonal mats characterized by wide cracks with upturned margins 
producing individual saucer-shaped polygons were formed (Fig. 7A–C) and trampled, both by hominins and 
the rest of the vertebrate faunas (Fig. 7D,E). Currently, such networks of polygonal mats are found in extensive 
areas of tidal flats in both hot desert climates31,32 and tropical33 climates.

In the non-flooded areas of this broad coastal plain hydromorphic processes related to root activity developed, 
constituting more or less extensive vegetated zones. The pedofeatures of the PS1 indicate, according to28, a long 
period of soil development related to a well-developed plant cover living on mature soils. Around these areas 
would expand a significant development of dune systems moving landward from the coast, similar to during 

Table 2.   Summary of the results and parameters used for OSL dating. Lab codes from the Centro Nacional de 
Investigación sobre la Evolución Humana—CENIEH (LM) and University of Seville (RDI) laboratories are also 
indicated.

Sample Lab code

No. of 
aliquots 
measured 
(selected in 
brackets)

Altitude 
(m)

Overburden 
density (g/
cm3)

Depth 
(m)

Water 
content 
(%)

40K (Bq/
kg)

232Th (Bq/
kg)

238U (Bq/
kg) 40K (%)

232Th 
(ppm)

238U 
(ppm)

Water 
corrected 
beta dose 
rate (Gy/
ka)

Water 
corrected 
gamma 
dose rate 
(Gy/ka)

Cosmic 
dose rate 
(Gy/ka)

Overdispersion 
(%)

Dose rate 
(Gy/ka)

Burial 
dose 
(Gy) Age (ka)

M3 LM20139-
07 48 (30) 3.5 1.8 5.9 15 ± 5 231 ± 10 5.11 ± 0.38 3.8 ± 1.2 0.682 ± 0.059 1.26 ± 0.19 0.29 ± 0.19 0.64 ± 0.04 0.22 ± 0.02 0.104 ± 0.010 19 0.97 ± 0.05 197.3 ± 7.6 203.8 ± 12.7

M2-2 LM20139-
05 68 (52) 0.7 1.8 6.5 20 ± 5 263 ± 12 8.07 ± 0.38 5.6 ± 1.3 0.776 ± 0.071 1.99 ± 0.19 0.43 ± 0.20 0.54 ± 0.03 0.28 ± 0.02 0.098 ± 0.010 24 0.91 ± 0.04 211.2 ± 7.4 232.8 ± 13.1

M2-3 LM20139-
06 24 (18) 0.7 1.8 7.7 25 ± 5 239 ± 11 6.88 ± 0.48 4.7 ± 1.5 0.705 ± 0.032 1.70 ± 0.24 0.36 ± 0.23 0.63 ± 0.04 0.23 ± 0.02 0.087 ± 0.009 28 0.95 ± 0.04 259.3 ± 8.8 274.0 ± 15.8

M1 RDI-4233 48 (27) 0.3 1.8 7.9 25 ± 5 259 ± 5 11.9 ± 0.35 6.8 ± 0.7 0.764 ± 0.016 2.93 ± 0.09 0.53 ± 0.06 0.53 ± 0.03 0.30 ± 0.02 0.085 ± 0.008 25 0.91 ± 0.03 269.9 ± 13 295.8 ± 17.8
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Figure 7.   Current intertidal zone in the area surrounding El Pichilín, Castilla beach, Matalascañas. (A) General view of the cut-wave 
platform. Scale bar: 50 m. The polygonal mats with upturned margins of individual polygons show an extensive open cracks network 
resulting in the saucer-shaped polygons. Locally, subcircular openings with upturned and curled margins of the thin mat can also be 
seen. (B) Detail of the NW sector. Scale bar: 2 m. (C) Detail of the SE sector. Scale bar: 1 m. (D) Cervipeda and undetermined tracks 
were preserving remains of the microbial mat trapped under their footprints. Scale bar: 8 cm. (E) Hominin footprints preserved on the 
polygonal mats. Scale bar: 20 cm. The photogrammetric orthomosaic (A) was produced using Pix4DMapper© (versión PIX 4D Cloud, 
https://​www.​pix4d.​com/). (A) was obtained by a low-altitude programmed flight using an Unmanned Aerial Vehicle (UAV) on June 
the 12ht, 2020, 12 AM UTC. Photograph was collected by a multirotor DJI Phantom 4 + with a 4 k 20 Mpix RGB CMOS camera at an 
average height of 50 m above the ground.

https://www.pix4d.com/
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the Holocene climatic optimum16. High sea positions and interstadial periods would favour this development 
of dune systems (Fig. 8).

As the sea retreated during MIS 8, the coastal plain would continue to expand by several tens of kilometres. 
The most active dune sequence would accompany this marine retreat, confining itself to the outermost coastal 
area. In a cooler and wetter climatic context, the former MIS 9 dunes would remain inland and progressively 
colonised by vegetation. The wind systems would be stabilised by vegetation, with edaphic development and 
pond proliferation in the topographically lower areas, with associated sedimentary facies due to surface water 
dynamics. We must not forget the hydrogeological conditions of the sandy substratum favouring the contribu-
tion of phreatic water to the wetland mosaic.

The series above the Hominin Trampled Surface (HTS) starts with a stream deposit during MIS 8. The sand 
bodies display a direction of advance towards the E and ESE. During MIS 7, the new sea rise would result in a 
further beach-dune advance landward, fossilising the soil and lagoon surfaces, in the context of a more significant 
aeolian activity, which would be interrupted by the wetter episode of MIS 7d and the subsequent drop in sea level. 
After that, the warmer phase of MIS 7a, b and c and the consequent rise in sea level would be accompanied by 
a new episode of aeolian activity, which ended during MIS 6.

In the El Asperillo Cliff area, the study of pollen levels corresponding to the cold periods of the Pleistocene 
would indicate a wetter and colder climate than the current one, with the presence of palaeochannels freshwater 
environments34. The pollen record from El Asperillo in the initial phases of the last glaciation reinforces the 
refugial character of these areas for Euro-Siberian and Atlantic taxa during the cold stages34,35. Similarly, in other 
areas of the eastern Iberian Peninsula, the influence of the Mediterranean Sea may have played an important 
role in attenuating the extent of this climatic deterioration compared to other inland regions of the Iberian 
Peninsula36. Thus, coastal areas must have reflected a landscape that offered a broad and constant spectrum of 
possibilities for past human populations.

Taxonomic and palaeoanthropological implications.  The new chronology at Matalascañas indicates 
that the human footprints would have been made nearly 200,000 years prior to the time established in their 
initial study6. This chronological shift places these new footprints during the Middle Pleistocene, specifically at 
the transition between MIS 9 and MIS 8. This new context is relevant since it provides information about the 
Middle Pleistocene fossils, a fragmentary and geographically heterogeneous record (Fig. 9), attributed to taxa 
belonging to the Neandertal lineage (i.e. to Homo neanderthalensis or Homo heidelbergensis s.l.). Footprints are 
even more scarce than skeletal remains in the entire European Middle Pleistocene since only four sites have 
delivered footprints from this period: Terra Amata37 and Roccamonfina4, dated to 380,000 and 345,000 years 
ago, whose footprints were attributed to Homo heidelbergensis, and the sites of Biache-Vaast12 and Theopetra7, 
dated to 236,000 and 130,000 years ago, whose footprints were attributed to Homo neanderthalensis. The dimen-
sions of these Middle Pleistocene footprints are known except for the one from Biache-Saint-Vaast. The length 
ranges of the Matalascañas footprints (14–29 cm6 include those of the other sites. The two footprints measured 
at Theopetra (14–15 cm7 are close to the shortest Matalascañas footprints in contrast to the footprints from the 
Roccamonfina trackways (24–27 cm4 and the Terra Amata footprint (24 cm37). In particular, evidence of human 
occurrences dating to MIS 9 and MIS 8 is extremely rare38. They are mainly known from archaeological material 
(e.g. lithic industry, hearths, faunal remains), including some occurrences in the Iberian Peninsula39, such as at 
Bolomor Cave40 or Loma de los Huesos41 (Supplementary Table S1 online). European palaeoanthropological 
record (hominin skeletons and footprints) from these stages is much more scarce than archaeological material. 

Figure 8.   Proposed palaeoenvironmental context of Matalascañas and the evolution of the dune deposits about 
the rise and fall of sea level are presented.
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Except for the Matalascañas footprints, no other hominin footprints from MIS 9-MIS 8 are known (Supplemen-
tary Table S2 online).

On the other hand, the number of paleoanthropological remains is reduced for the MIS 8 (Supplementary 
Table S1 online). Within the Iberian Peninsula, the footprints from Matalascañas are, to our knowledge, the only 
palaeoanthropological remains dating from MIS 9 or MIS 8 that have been published.

The taxonomic attribution of the Matalascañas footprints has to be discussed in light of the new dating. 
Indeed, in their initial study, they were attributed to Neandertals based on the first dating estimated at 106 ± 
19 ka by16 in6.

This method of taxonomic attribution based on chronological context is common for hominin footprints. 
Indeed, ichnotaxonomy, usually used in the study of dinosaur tracks, is very little for hominin footprints. The 
ichnotaxon Hominipes modernus9 can include all known footprints attributed to the genus Homo by its diagnostic 
characteristics: from Ileret footprints potentially made by Homo ergaster or Homo erectus l.s.42 to the most recent 
Homo sapiens footprints. This inability to differentiate between human species constitutes one of the limitations 
of ichnotaxonomy in palaeoanthropology, at least for the most recent species that are best known from skeletal 
remains.

Furthermore, the taxonomic attribution of hominin footprints can be supported by geometric morphometry 
studies highlighting the anatomical features of the track-maker foot2,43. For instance, the attribution of footprints 
discovered at Le Rozel (80 ka, France) to Neandertals was supported by morphological differences between these 
footprints and those made by H. sapiens. The Le Rozel footprints were wider, especially at the midfoot level, 
reflecting a more robust foot and a less pronounced longitudinal arch2, anatomical characteristics known in the 
Neandertals fossil record44,45. However, such anatomical inferences are a challenging task, as the morphology 

Figure 9.   Geographical distribution of the main palaeoanthropological sites for the European Middle 
Pleistocene. Only those containing skeletal and ichnological assemblages are represented. The map was created 
from a free template (https://​commo​ns.​wikim​edia.​org/​wiki/​File:​Europe_​satel​lite_​image_​locat​ion_​map.​jpg). The 
legends were added using Inkscape (v.1.0.2, https://​inksc​ape.​org/).

https://commons.wikimedia.org/wiki/File:Europe_satellite_image_location_map.jpg
https://inkscape.org/
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of the footprint does not only result from the anatomy of the foot but also other factors such as biomechanical 
characteristics, the type of substrate or taphonomy. Therefore, the studied footprints must be well preserved and 
reflect several anatomical features (toe impression arch), which is rarely the case in loose substrates, such as the 
Matalascañas, where morphological variation is very important46.

If anatomical features can be obtained from the Matalascañas footprints, it will be necessary to compare them 
to the known Middle Pleistocene skeletal record to support a taxonomic assignment. Unfortunately, this record is 
scarce and heterogeneously distributed, spatially and temporally (Supplementary Table S1 and S2 online). Almost 
all of the known foot fossils for that period are from the Sima de Los Huesos site (SH, Spain) and are associated 
with Neandertal-related individuals47–50. Nearly 500-foot bones have been discovered at SH. The foot fossils 
show a robust overall morphology with large facet joints, recalling those of the Late Pleistocene Neandertals51. 
However, still, they show some differences from Late Pleistocene Homo species, such as a particularly projected 
sustentaculum tali for calcanei, a vertically short body, broad fibular facets, and a mediolaterally broad talar 
head for tali that make this a distinct morphology for this Middle Pleistocene population50,51. However, these 
features are probably too tenuous to discern from the morphology of footprints compared to Late Pleistocene 
Neandertal populations.

On the contrary, the base of the Sima de los Huesos metatarsals is wider than that of the Neandertals, indicat-
ing a wider midfoot50. Such a difference might be detectable from the footprints. If the individuals who made 
the Matalascañas footprints were morphologically close to those of SH, their best-preserved footprints could be 
wider than Neandertal and Homo sapiens footprints left in similar substrate conditions.

The foot fossil record of other Middle Pleistocene European with chronologies similar to SH is not abundant. 
It is restricted to the fragmentary second metatarsal discovered in Arago (France) within abundant skeletal 
material associated with Homo heidelbergensis or Homo erectus tautavelensis52. This isolated second metatarsal 
described as not very robust53 does not allow for inference of the foot’s morphology and, therefore, the resulting 
footprints. More recent (MIS 10-6) published remains comprise the second metatarsal from Sedia del Diavolo 
(MIS 854) and a talus from Grotta del Poggio (MIS 7-655), which are insufficient to ascertain the potential mor-
phology of the footprint of the hominins of these chronologies.

Therefore, the results from50,51 show slight differences in the foot morphology within the Neandertal lineage. 
However, the scarce Middle Pleistocene fossil record for this anatomical region currently does not allow us to 
know when the “SH foot” became a Late Pleistocene “Neandertal foot” and whether these slight morphological 
differences would result in ichnological differences is still to be proven.

Therefore, taxonomic attribution is based only on chronological context, as is the case for most hominin 
footprints. The Middle Pleistocene European hominin fossils belong to the Neandertal lineage, either Neandertals 
or Homo heidelbergensis s.l. Therefore, the most likely taxonomic assignment for the Matalascañas footprints 
would be one of the taxa within this lineage. However, a more precise attribution seems complicated as there are 
many debates about the evolution of this lineage but also about the taxonomic definition of Homo heidelbergensis. 
Different models have been proposed for the evolution of the Neandertal lineage (e.g.,56 and references therein). 
This matter is still far from being solved, given the paucity of the fossil record and the new, more complicated 
evolutionary picture provided by the latest ancient DNA studies (e.g.,49). Based on the craniodental features, 
the pre-MIS 10 fossil record shows a great hominin morphological diversity with some demes (such as SH) 
morphologically and genetically linked to Neandertals47–49, while others (such as Aroeira, Ceprano or Mauer) 
show more primitive features38,57,58.

Additionally, it is possible to ascertain that not all anatomical features evolved at the same rate and that the 
Middle Pleistocene fossil record probably showed polymorphisms in different features with different percentages 
of appearance47,48,59. For example, despite its small size, the SH dentition is very Neandertal like60,61, but this deme 
shows a primitive occipital morphology and different morphotypes in the maxillary and radial morphology. The 
post-MIS 10 European fossil record shows, in general, an increasingly more “classic Neandertal” like morphology 
(e.g., Biache-Saint-Vaast62 but see63). Some of the MIS 7 fossil remains (such as Ehringsdorf) are regularly referred 
to as old Neandertals, but some fossil remains, such as the Montmaurin mandible64 and the Payre mandible65, 
document the persistence of plesiomorphic features even for these more recent periods. The latter could also 
reflect the aforementioned mosaic pattern of evolution in which some anatomical regions evolve at different rates.

In summary, based on the current knowledge of the human fossil record in Western Europe and the Iberian 
Peninsula in particular, and the new dating for the site, we consider the attribution of the Matalascañas footprints 
to individuals from the Neandertal lineage to be the most parsimonious decision. However, better-preserved 
footprints, in which Neandertal features such as a relatively wide foot, were noticeable would be necessary to test 
this hypothesis. On the other hand, studying the footprints can provide important palaeobiological information. 
Indeed, the first study of these footprints revealed that they were made by at least three individuals, including one 
child aged 6–8 years, probably seeking or bringing back resources, the orientation of these footprints towards 
animal tracks could indicate hunting behaviour6 a communal activity also detected in level TD10 of Gran Dolina, 
Atapuerca66. Furthermore, a child’s participation in subsistence strategies could provide unique information 
about the distribution of activities within hominin groups and the cognitive learning of these activities. Indeed, 
although more and more archaeological discoveries have documented the complexity of subsistence strate-
gies during the EMPH67,68, younger individuals’ roles (learning, active participation) are currently unknown. 
Knowledge of these roles would provide unique information about these Middle Pleistocene hominins’ cultural 
and social behavior.
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Conclusions
Optically stimulated luminescence dating of four sedimentary levels at El Asperillo Clift establishes the age of 
the palaeosol PS1, which preserves hominin footprints, in 295.8 ± 17.8 ka (Middle Pleistocene). This new age is 
~200 ka older than that established in a previous study for the aeolian unit U1 (106 ± 19 ka) located just above 
the PS1. Unit U1 is also analysed in this work with two samples from different sedimentary bodies yielding 274.0 
± 15.8 ka and 232.8 ± 13.1 ka. The youngest level studied is located at the base of the aeolian unit U2, with an age 
of 203.8 ± 12.7 ka. This new chronological framework implies changes in the palaeoenvironmental framework 
and a taxonomic reconsideration of these footprints. They were impressed in the last phases of MIS 9 in transi-
tion to MIS 8, a period of variations in the landscape characterised by an extensive coastal plain with large dune 
systems in an interglacial progressively extended by several tens of kilometres due to a sea retreated during the 
glacial period. We hypothesise that the hominin footprints were probably impressed by individuals from the 
Neandertal lineage, but better-preserved footprints with clear features related to the Neandertal lineage, such as 
a wide foot, would be necessary to prove this hypothesis. Nonetheless, the Matalascañas footprints complete a 
very partial hominin fossil record for the European Middle Pleistocene, especially concerning the small number 
of sites that have yielded hominin footprints.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary 
information files].

Received: 16 June 2022; Accepted: 17 October 2022

References
	 1.	 Ashton, N. et al. Hominin footprints from early pleistocene deposits at Happisburgh, UK. PLoS ONE 9, e88329 (2014).
	 2.	 Duveau, J., Berillon, G., Verna, C., Laisné, G. & Cliquet, D. The composition of a Neandertal social group revealed by the hominin 

footprints at Le Rozel (Normandy, France). PNAS 116, 19409–19414 (2019).
	 3.	 Duveau, J. The Le Rozel footprints: Snapshots of Neandertal groups in the Late Pleistocene. A combined morphometric and 

experimental approach. Bull. Mem. Soc. Anthropol. Paris 33(2), 1 (2021).
	 4.	 Panarello, A. et al. On the devil’s tracks: unexpected news from the Foresta ichnosite (Roccamonfina volcano, central Italy). J. 

Quat. Sci. 35, 444–456 (2020).
	 5.	 Muñiz, F. et al. Following the last Neanderthals: Mammal tracks in Late Pleistocene coastal dunes of Gibraltar (S Iberian Peninsula). 

Quat. Sci. Rev. 217, 297–309 (2019).
	 6.	 Mayoral, E. et al. Tracking late Pleistocene Neandertals on the Iberian coast. Sci. Rep. 11, 4103 (2021).
	 7.	 Kyparissi-Apostolika, N. & Manolis, S. K. Reconsideration of the antiquity of the middle palaeolithic footprints from Theopetra 

Cave (Thessaly, Greece). In Reading prehistoric human tracks (eds Pastoors, A. & Lenssen-Er, T.) 169–182 (Springer International 
Publishing, 2021).

	 8.	 Díaz-Martínez, I., Pereda-Suberbiola, X., Pérez-Lorente, F. & Canudo, J. I. Ichnotaxonomic Review of Large Ornithopod Dinosaur 
Tracks: Temporal and Geographic Implications. PLoS ONE 10, e0115477 (2015).

	 9.	 Kim, J. Y., Kim, K. S., Lockley, M. G. & Matthews, N. Hominid ichnotaxonomy: An exploration of a neglected discipline. Ichnos 
15, 126–139 (2008).

	10.	 Meldrum, D. J., Lockley, M. G., Lucas, S. G. & Musiba, C. Ichnotaxonomy of the Laetoli trackways: The earliest hominin footprints. 
J. Afr. Earth Sci. 60, 1–12 (2011).

	11.	 Altamura, F. et al. Archaeology and ichnology at Gombore II-2, Melka Kunture, Ethiopia: Everyday life of a mixed-age hominin 
group 700,000 years ago. Sci. Rep. 8, 2815 (2018).

	12.	 Tuffreau, A. Les habitats du Paléolithique inférieur et moyen dans le Nord de la France (Nord, Pas-de-Calais, Somme). Rev. Archeol. 
Picardie 1, 91–104 (1988).

	13.	 Neto de Carvalho, C. et al. First vertebrate tracks and palaeoenvironment in a MIS-5 context in the Doñana National Park (Huelva, 
SW Spain). Quat. Sci. Rev. 243, 106508 (2020).

	14.	 Neto de Carvalho, C. et al. Paleoecological implications of large-sized wild boar tracks recorded during the last interglacial (Mis 
5) at Huelva (SW Spain). Palaios 35, 512–523 (2020).

	15.	 Neto de Carvalho, C. et al. First tracks of newborn straight-tusked elephants (Palaeoloxodon antiquus). Sci. Rep. 11, 1–16 (2021).
	16.	 Zazo, C. et al. Landscape evolution and geodynamic controls in the Gulf of Cadiz (Huelva coast, SW Spain) during the Late Qua-

ternary. Geomorphology 68, 269–290 (2005).
	17.	 Aitken, M. J. An Introduction to Optical Dating (Oxford University Press, 1998).
	18.	 Medialdea Utande, A. Towards the reconstruction of flood histories: luminescence dating of paleoflood deposits. Doctoral thesis. 

Universidad Autónoma de Madrid, 181 pp. (2013).
	19.	 Duller, G. A. T. Luminescence Dating. English Heritage (2008).
	20.	 Wintle, A. G. Luminescence dating: Laboratory procedures and protocols. Radiat. Meas. 27, 769–817 (1997).
	21.	 Murray, A. S. & Wintle, A. G. Luminescence dating of quartz using an improved single-aliquot regenerative-dose protocol. Radiat. 

Meas. 32, 57–73 (2000).
	22.	 Galbraith, R. F., Roberts, R. G., Laslett, G. M., Yoshida, H. & Olley, J. M. Optical dating of single and multiple grains of quartz from 

Jinmium rock shelter, northern Australia: Part I, experimental design and statistical models. Archaeometry 41, 339–364 (1999).
	23.	 Prescott, J. R. & Hutton, J. T. Cosmic ray contributions to dose rates for luminescence and ESR dating: large depths and long-term 

time variations. Radiat. Meas. 23, 497–500 (1994).
	24.	 Durcan, J. A., King, G. E. & Duller, G. A. T. DRAC: Dose rate and age calculator for trapped charge dating. Quat. Geochronology 

28, 54–61 (2015).
	25.	 Guérin, G., Mercier, N. & Adamiec, G. Dose-rate conversion factors: Update. Ancient TL 29, 5–8 (2011).
	26.	 Brennan, B. J., Lyons, R. G. & Phillips, S. W. Attenuation of alpha particle track dose for spherical grains. Int. J. Rad. Appl. Instrum. 

D. 18, 249–253 (1991).
	27.	 Bell, W. T. Attenuation factors for the absorbed radiation dose in quartz inclusions for thermoluminescence dating. Ancient TL 8, 

1–12 (1979).
	28.	 Roquero, E. et al. Micromorphology of hydromorphic soils developed in fluvio-marine sediments during the Middle-Late Pleis-

tocene transit in the Gulf of Cadiz (Atlantic South Spain). Spanish J. Soil Sci. 3, 184–200 (2013).
	29.	 Carrión, J. S. et al. Last Neanderthals in the warmest refugium of Europe: Palynological data from Vanguard Cave. Rev. Palaeob. 

Palynolo. 259, 63–80 (2018).



14

Vol:.(1234567890)

Scientific Reports |        (2022) 12:17505  | https://doi.org/10.1038/s41598-022-22524-2

www.nature.com/scientificreports/

	30.	 Waelbroeck, C. et al. Sea-level and deep water temperature changes derived from benthic foraminifera isotopic records. Quat. Sci. 
Rev. 21, 10 (2002).

	31.	 Gerdes, G. What Are Microbial Mats?, in Microbial Mats. Modern and Ancient Microorganisms in Stratified Systems. (eds. Seck-
bach, J. & Oren, A.) 3–25 (Springer Dordrecht, 2010).

	32.	 Kendall, C. G. S. C. & Skipwith P. A. d’E. Geomorphology of a recent shallow-water carbonate province, Khor Al Bazam, Trucial 
Coast, Southwest Persian Gulf. Geol. Soc. Am. Bull. 80, 865–892 (1969).

	33.	 Noffke, N., Hagadorn, J. & Bartlett, S. Microbial structures and dinosaur trackways from a Cretaceous coastal environment (Dakota 
Group, Colorado, U.S.A.). J. Sediment. Res. 89, 1096–1108 (2019).

	34.	 Morales-Molino, C., Postigo-Mijarra, J. M., García-Antón, M. & Zazo, C. Vegetation and environmental conditions in the Doñana 
Natural Park coastal area (SW Iberia) at the beginning of the last glacial cycle. Quat. Res. 75, 205–212 (2011).

	35.	 Roucoux, K. H., Shackleton, N. J., de Abreu, L., Schönfeld, J. & Tzedakis, P. C. Combined marine proxy and pollen analyses reveal 
rapid Iberian vegetation response to North Atlantic millennial-scale climate oscillations. Quat. Res. 56, 128–132 (2001).

	36.	 Fagoaga, A. et al. Palaeoecological context for the extinction of the Neanderthals: a small mammal study of stratigraphic unit V 
of the el Salt site, Alcoi, eastern Spain. Palaeogeogr. Palaeoclimatol. Palaeoecol. 530, 163–175 (2019).

	37.	 de Lumley, M. A., Lamy, P and Mafart, B. Une empreinte de pied humain acheuléen dans la dune littorale du site de Terra Amata. 
Ensemble stratigraphique C1b. in Terra Amata: Nice, Alpes-Maritimes, France. (ed. de Lumley, H.), 2, 483–507 (CNRS Editions, 
Paris, 2011).

	38.	 Hublin, J. –J. The Middle Pleistocene Record: On the ancestry of Neandertals, Modern Humans and Others, in A Companion to 
Paleoanthropology. (ed. Begun, D. R.), 517–537 (Wiley-Blackwell, West Sussex, 2013).

	39.	 Carrión, J. S. & Walker, M. J. Background to Neanderthal presence in Western Mediterranean Europe. Quat. Sci. Rev. 217, 7e44 
(2019).

	40.	 Fernández Peris, J. F., Barciela, V., Blasco, R., Cuartero, F., Hortelano, L. & Sañudo, P. Bolomor cave (Tavernes de Valldigna, Valen-
cia, Spain). in Pleistocene and Holocene Hunter-gatherers in Iberia and the Gibraltar Strait. The Current Archaeological Record. 
(eds. Sala Ramos, R., Carbonell, E., Bermúdez de Castro, J. M. & Arsuaga, J. L.), 323–331 (Universidad de Burgos and Fundación 
Atapuerca, Burgos, 2014).

	41.	 Falguères, C. et al. The Lower Acheulian site of Ambrona, Soria (Spain): ages derived from a combined ESR/U-series model. J. 
Archaeol. Sci. 33, 149–157 (2006).

	42.	 Bennett, M. R., Harris, J. W., Richmond, B. G., Braun, D. R., Mbua, E., Kiura, P., & Gonzalez, S. (2009). Early hominin fot morphol-
ogy based on 1.5-million-year-old footprints from Ileret, Kenya. Science, 323(5918), 1197–1201

	43.	 Wiseman, A. L. A. et al. The morphological affinity of the Early Pleistocene footprints from Happisburgh, England, with other 
footprints of Pliocene, Pleistocene, and Holocene age. J. Hum. Evol. 144, 102776 (2020).

	44.	 Trinkaus, E. et al. Robusticity versus shape: the functional interpretation of Neandertal appendicular morphology. J. Anthropol. 
Soc. Jpn. 99, 257–278 (1991).

	45.	 Berillon, G. Le pied des hominoïdes miocènes et des hominidés fossiles. Cahiers de paléoanthropologie, (CNRS éd. París, 2000).
	46.	 Morse, S. A. et al. Holocene footprints in Namibia: The influence of substrate on footprint variability. Am. J. Phys. Anthropol. 151, 

265–279 (2013).
	47.	 Arsuaga, J. L., Martínez, I., Arnold, L. J., Aranburu, A., Gracia-Téllez, A., Sharp, W. D., Quam, R. M., Falguères, C., Pantoja-Pérez, 

A., Bischoff, J., Poza-Rey, E., Parés, J. M., Carretero, J. M., Demuro, M., Lorenzo, C., Sala, N., Martinón-Torres, M., García, N., 
Alcázar de Velasco, A., Cuenca-Bescós, G., Gómez-Olivencia, A., Moreno, D., Pablos, A., Shen, C. –C., Rodríguez, L., Ortega, A. 
I., García, R., Bonmatí, A., Bermúdez de Castro, J. M. & Carbonell, E. Neandertal roots: Cranial and chronological evidence from 
Sima de los Huesos. Science 344, 1358–1363 (2014).

	48.	 Arsuaga, J.L., Carretero, J.-M., Lorenzo, C., Gómez-Olivencia, A., Pablos, A., Rodríguez, L., García-González, R., Bonmatí, A., 
Quam, R.M., Pantoja-Pérez, A., Martínez, I., Aranburu, A., Gracia-Téllez, A., Poza-Rey, E., Sala, N., García, N., Alcázar de Velasco, 
A., Cuenca-Bescós, G., Bermúdez de Castro, J.M. & Carbonell, E. Postcranial morphology of the middle Pleistocene humans from 
Sima de los Huesos, Spain. PNAS 112, 11524–11529 (2015).

	49.	 Meyer, M., Arsuaga, J. L., de Filippo, C., Nagel, S., Aximu-Petri, A., Nixkel, B., Martínez, I., Garcia, A., Bermúdez de Castro, J. M., 
Carbonell, E., Viola, B., Kelso, J., Prüfer, K. & Pääbo, S. Nuclear DNA sequences from the Middle Pleistocene Sima de los Huesos 
hominins. Nature 531, 504–507 (2016).

	50.	 Pablos, A., Pantoja-Pérez, A., Martínez, I., Lorenzo, C. & Arsuaga, J. L. Metric and morphological analysis of the foot in the Middle 
Pleistocene sample of Sima de los Huesos (Sierra de Atapuerca, Burgos, Spain). Quat. Int. 433, 103–113 (2017).

	51.	 Pablos, A. et al. Human calcanei from the Middle Pleistocene site of Sima de los Huesos (sierra de Atapuerca, Burgos, Spain). J. 
Hum Evol. 76, 63–76 (2014).

	52.	 de Lumley, M. A. L’homme de Tautavel. Un Homo erectus européen évolué. Homo erectus tautavelensis. l’Anthropologie 119, 303–348 
(2015).

	53.	 Lamy, P. Le metatarsien Arago XLIII. In Congrès International de Paléontologie Humaine. L’Homo erectus et la Place de l’Homme de 
Tauteval parmi les Hominidés Fossiles. (ed. de Lumley, H.), Union Internationale des Sciences Préhistoriques et Protohistoriques, 
Nice, 319–336 (1982).

	54.	 Mallegni, F. Les restes humains du gisement de Sedia del Diavolo (Rome) remontant au Riss final. Anthropologie 90, 539–553 
(1986).

	55.	 Manzi, G., Magri, D. & Palombo, M. R. Early-Middle Pleistocene environmental changes and human evolution in the Italian 
peninsula. Quat. Sci. Rev. 30, 1420–1438 (2011).

	56.	 Hublin, J.-J. The origin of Neandertals. PNAS 106, 16022–16027 (2009).
	57.	 Daura, J., Sanz, M., Arsuaga, J. L., Hoffmann, D. L., Quam, R. M., Cruz Ortega, M., Santos, E., Gómez, S., Rubio, A., Villaescusa, L., 

Souto, P., Mauricio, J., Rodrigues, F., Ferreira, A., Godinho, P., Trinkaus, E. & Zilhão, J. New Middle Pleistocene hominin cranium 
from Gruta da Aroeira (Portugal). PNAS 114, 3397–3402 (2017).

	58.	 Dean, D., Hublin, J.-J., Holloway, R. & Ziegler, R. On the phylogenetic position of the pre-Neandertal specimen from Reilingen, 
Germany. J. Hum. Evol. 34, 485–508 (1998).

	59.	 Arsuaga, J. L., Martínez, I., Gracia, A. & Lorenzo, C. The Sima de los Huesos crania (Sierra de Atapuerca, Spain). A comparative 
study. J. Hum. Evol. 33, 219–281 (1997).

	60.	 Bermúdez de Castro, J. M. Dental Remains from Atapuerca (Spain), I. Metrics. J. Hum. Evol. 15, 265–287 (1986).
	61.	 Martinón-Torres, M., de Castro, J. M. B., Gómez-Robles, A., Prado-Simón, L. & Arsuaga, J. L. Morphological description and 

comparison of the dental remains from Atapuerca-Sima de los Huesos site (Spain). J. Hum. Evol. 62, 7–58 (2012).
	62.	 Guipert, G., de Lumley, M.-A., Tuffreau, A. & Mafart, B. A late Middle Pleistocene hominid: Biache-Saint-Vaast 2, North France. 

C. R. Palevol. 10, 21–33 (2011).
	63.	 Harvati, K. et al. Apidima Cave fossils provide earliest evidence of Homo sapiens in Eurasia. Nature 571(7766), 500–504 (2019).
	64.	 Vialet, A., Modesto-Mata, M., Martinón-Torres, M., Pinillos, M. M. & Bermúdez de Castro, J. M. A reassessment of the Mont-

maurin-La Niche mandible (Haute Garonne, France) in the context of European Pleistocene human evolution. PLoS ONE 13, 
e0189714 (2018).

	65.	 Verna, C. et al. The Middle Pleistocene hominin mandible from Payre (Ardèche, France). J. Hum. Evol. 144, 102775 (2020).



15

Vol.:(0123456789)

Scientific Reports |        (2022) 12:17505  | https://doi.org/10.1038/s41598-022-22524-2

www.nature.com/scientificreports/

	66.	 Rodríguez-Hidalgo, A., Saladi, P., Ollé, A., Arsuaga, J. L., Bermúdez de Castro, J. M. & Carbonell, E. Human predatory behavior 
and the social implications of communal hunting based on evidence from the TD10.2 bison bone bed at Gran Dolina (Atapuerca, 
Spain). J. Hum. Evol. 105. 89–122 (2017).

	67.	 Domínguez-Rodrigo, M. et al. Another window to the subsistence of Middle Pleistocene hominins in Europe: A taphonomic study 
of Cuesta de la Bajada (Teruel, Spain). Quat. Scie. Rev. 126, 67–95 (2015).

	68.	 Hardy, B. L., Moncel, M.-H., Despriée, J., Courcimault, G. & Voinchet, P. Middle Pleistocene hominin behavior at the 700ka 
Acheulean site of la Noira (France). Quat. Sci. Rev. 199, 60–82 (2018).

Acknowledgements
We thank the Territorial Delegation in Huelva of the Ministry of Agriculture, Livestock, Fisheries and Sustainable 
Development of the Junta de Andalucía for permission to conduct research. Furthermore, this work has been 
financial support from the Ministry of Science and Innovation of Spain (grant no. PID2019-104625RB-100), 
the Andalusian Government to the Research Group RNM276 and Basque Government to the Research Group 
EJ IT1418-19. In addition, AGO is supported by a Ramón y Cajal fellowship (RYC-2017-22558) and by the 
Ministry of Science and Innovation of Spain (grant no. PGC2018-093925-B-C33, MCI/AEI/FEDER, UE). We 
would also like to give special thanks to Alicia Medialdea Utande, Head of the Luminescence Research Line of 
the National Center for Research on Human Evolution—CENIEH, for her help and collaboration in the treat-
ment and interpretation of the data.

Author contributions
E.M., J.D., A.S., I.D.M. and A.G.O., studied the conception and design. E.M., A.S., J.A.M., A.R.R., and R.D.D. 
Compiled the data acquisition. Methodology: J.R.-S.; Analysed data: E.M., J.D., A.S., A.R.R., J.A.M., R.D.-D., 
J.R.-S., I.D.M. and A.G.O. Writing—original draft: E.M., J.D., A.S., A.R.R., J.A.M., R.D.-D., J.R.-S., I.D.M. and 
A.G.O.; Writing—review & editing: E.M., A.S.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​22524-2.

Correspondence and requests for materials should be addressed to E.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-22524-2
https://doi.org/10.1038/s41598-022-22524-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	New dating of the Matalascañas footprints provides new evidence of the Middle Pleistocene (MIS 9-8) hominin paleoecology in southern Europe
	Methods
	Grain size analysis. 
	Luminescence dating technique. 
	Sampling method. 
	Luminescence dating. 
	Sample preparation procedure. 
	SAR procedure. 
	OSL measurement and analysis. 
	Preheat dose recovery test. 
	OSL measurements. 

	Dose rate calculations. 

	Results and discussion
	Sedimentology and geochronology. 
	Palaeoenvironmental framework. 
	Taxonomic and palaeoanthropological implications. 

	Conclusions
	References
	Acknowledgements


