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The timing of Neanderthal disappearance and the extent to which they
overlapped with the earliest incoming anatomically modern humans
(AMHs) in Eurasia are key questions in palacoanthropology"’. Deter-
mining the spatiotemporal relationship between the two populations
is crucial if we are to understand the processes, timing and reasons
leading to the disappearance of Neanderthals and the likelihood of
cultural and genetic exchange. Serious technical challenges, however,
have hindered reliable dating of the period, as the radiocarbon method
reaches its limit at ~50,000 years ago®. Here we apply improved accel-
erator mass spectrometry c techniques to construct robust chro-
nologies from 40 key Mousterian and Neanderthal archaeological
sites, ranging from Russia to Spain. Bayesian age modelling was used
to generate probability distribution functions to determine the latest
appearance date. We show that the Mousterian ended by 41,030-39,260
calibrated years BP (at 95.4% probability) across Europe. We also dem-
onstrate that succeeding ‘transitional’ archaeological industries, one
of which has been linked with Neanderthals (Chatelperronian)*, end
at a similar time. Our data indicate that the disappearance of Nean-
derthals occurred at different times in different regions. Comparing
the data with results obtained from the earliest dated AMH sites in
Europe, associated with the Uluzzian technocomplex’, allows us to
quantify the temporal overlap between the two human groups. The
results reveal a significant overlap of 2,600-5,400 years (at 95.4% prob-
ability). This has important implications for models seeking to explain
the cultural, technological and biological elements involved in the
replacement of Neanderthals by AMHs. A mosaic of populations in
Europe during the Middle to Upper Palaeolithic transition suggests
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that there was ample time for the transmission of cultural and sym-
bolic behaviours, as well as possible genetic exchanges, between the
two groups.

European Palaeolithic sites contain the best evidence for the replace-
ment of one human group (Neanderthals) by another (AMHs)'. The
nature and process of the replacement, both in cultural and genetic terms,
has been the focus of extensive research"*’. Recent studies of complete
Neanderthal and modern human genomic sequences suggest that Nean-
derthals and AMHs interbred outside Africa’. This resulted in an intro-
gression of 1.5-2.1% of Neanderthal-derived DNA®, or perhaps more’,
in all modern non-African human populations. The analysis of three
Neanderthal mitochondrial DNA (mtDNA) genomes from Denisova
(Russian Altai), Vindija (Croatia) and Mezmaiskaya (Russian North Cau-
casus) indicates that the greatest amount of gene flow into non-African
AMHs occurred after these Neanderthal populations had separated from
each other®. At present it is not clear whether interbreeding occurred once
or several times outside Africa', or where it happened. After the inter-
breeding episode(s), Neanderthals and their distinctive material cul-
ture disappeared and were replaced across Eurasia by AMHs, but the
precise timing of this has remained difficult to identify in the absence of
a reliable chronological framework’.

Recent research has shown that radiocarbon ages have usually under-
estimated the true age of Palaeolithic remains, sometimes by several
millennia’. This is due largely to problems in removing young carbon
contamination from old organic samples at the limit of the *“C method.
The application of more rigorous chemical protocols' ™" has recently
resulted in improved reliability and accuracy. Several determinations
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that had previously supported late Neanderthal survival have been shown
to be marked underestimates (for example, Vindija'%, Zafarraya' and
Mezmaiskaya'®) and should be set to one side.

We performed extensive accelerator mass spectrometry (AMS) dat-
ing of critical late or final Mousterian archaeological horizons from 40
sites across Europe and the Mediterranean rim to explore the timing of
Neanderthal extinction (Fig. 1a and Supplementary Methods). We also
dated succeeding ‘transitional’ contexts, containing stone tool indus-
tries associated either with AMHs or with Neanderthals. These include
Uluzzian (distributed across peninsular Italy and southern Greece and
attributed to AMHs on the basis of associated AMH deciduous teeth
excavated in Cavallo Cave®) and Chatelperronian (France and Canta-
brian Spain) layers, currently linked with Neanderthals on the basis of
skeletal and technological evidence, although the association is debated'”'.
Other transitional industries, such as the Szeletian and Bohunician of
central and eastern Europe have not been dated as part of this study,
nor have sites outside Europe, such as in the far northern Arctic fringes
of Eurasia, where late Mousterian industries have been reported™®.

We obtained 196 AMS radiocarbon measurements and used them to
build high-precision age models using Bayesian statistics on the OxCal*
platform. This allows us to incorporate stratigraphic and other relative
age information, along with the calibrated likelihoods for each site. Prob-
ability distribution functions (PDFs) corresponding with the temporal
boundaries of the latest Mousterian occupations were generated (Fig. 1b
and Supplementary Methods).
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The results show that the Mousterian end boundary PDFs all fall before
40,000 calibrated years (cal) Bp (all probability ranges are expressed at
95.4%) (Fig. 1b). When placed into a single phase Bayesian model, the
PDFs result in an overall end boundary ranging from 41,030-39,260
cal BP (Fig. 1c and Supplementary Methods). This PDF represents the
age of the latest European Mousterian on the basis of our data.

The combined data suggest that the Mousterian ended at a very sim-
ilar time, across sites ranging from the Black Sea and the Near East, to
the Atlantic coast (Fig. 1a, b). Southern Iberia has been held to represent
an exception to a wider European pattern®, with late survival of Nean-
derthals previously argued at sites such as Gorham’s Cave, Gibraltar®.
We could not reproduce any of the late dates from sites in this region"®
(Supplementary Methods) and it is apparent that many previous deter-
minations underestimate the real age. It is unclear how long Neander-
thals persisted in southern Iberia'>. More dating evidence is required
before we can determine whether Neanderthal presence was later here
than elsewhere in Europe.

Our data also reveal differences in the spatiotemporal distribution of
the latest Mousterian sites (Fig. 1b). The PDFs obtained were statistically
ordered and the results show that significant differences exist between
several late Mousterian contexts in different regions of Europe (Sup-
plementary Methods). This may be attributed to the emergence of ‘tran-
sitional’ industries that replace the Mousterian between ~45,000-41,000
cal BP in some, but not all regions. At Fumane in Italy, for example, the
Mousterian is replaced by the Uluzzian at 44,800-43,950 cal Bp, while
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Figure 1 | Site locations and final boundary age
ranges for Mousterian and Neanderthal sites

a, Location of the 40 sites analysed and discussed in
this paper. 1: Gorham’s Cave; 2: Zafarraya; 3: El
Nifio; 4: Sima de las Palomas; 5: El Salt; 6:
Quebrada; 7: Jarama VI; 8-15: La Vifa, El Sidrén,
La Giielga, Esquilleu, Morin, Arrillor, Labeko
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Figure 2 | Transitional site locations and Bayesian age ranges for the

start and end of the Chatelperronian and Uluzzian technocomplexes.

a, Geographic distribution of Chételperronian (red), Uluzzian (green) and
Mousterian (blue) technocomplexes. Map is shown with sea level at —80 m
below the present day'. Dated ‘transitional’ industry site locations are shown.
Sea-level template map prepared by M. Deves. b, Bayesian modelled PDFs
for the start and end boundaries of the Chatelperronian and Uluzzian in
western Europe. The Mousterian end boundary (Fig. 1c) is shown for
comparison. The three end boundaries overlap, but the late Mousterian always
predates the two transitional industries stratigraphically where they co-occur.

at Mochi/Bombrini on the Italy-France border the Mousterian seems
to last longer—until 41,460-40,500 cal BP. In the latter region, the Auri-
gnacian arrives after a hiatus and no transitional complexes are evident.
Since both the Uluzzian and Aurignacian are linked to AMHs, this lends
support to the idea of a staggered replacement of Neanderthals in Italy
as they neared local extinction (Supplementary Methods). Other late
Mousterian contexts in sites in northern Spain, such as Abric Romani
and L’Arbreda, are also considerably later than Fumane, suggesting that
the Mousterian ended at different times in some parts of Europe.

The temporal range of the ‘transitional’ technocomplexes was also
examined. With regard to the Chatelperronian, it is apparent on stra-
tigraphic grounds that the Mousterian precedes it at all sites where both
occur. However, our results show that the Chatelperronian at some sites
(for example, Arcy-sur-Cure) starts statistically significantly before the
end of the Mousterian at other sites in Europe such as Abric Romani
and Geissenklosterle (Germany). If Neanderthals were responsible for
both Mousterian and Chételperronian, the implication is that there was
considerable regional variation in their behaviour and adaptation stra-
tegies during this transition period. Assuming that the Chatelperronian
is associated with Neanderthals, we combined the end boundaries for
both into a single-phase Bayesian model and obtained a final ‘Neander-
thal’ end PDF of 40,890-39,220 cal Bp. The result is indistinguishable
from the final Mousterian PDF, showing that uncertainty over the author-
ship of the Chatelperronian does not affect the age estimated for the last
Neanderthals; they did not survive after ~41,000-39,000 cal Bp (Fig. 2b).

By comparing the final Neanderthal PDF with those obtained for the
start of the Uluzzian at the Cavallo site®’, we can quantify the temporal
overlap between Neanderthals and the earliest western European AMHs
(Fig. 2b). The difference is significant and ranges from 2,600 to 5,400
years at 95.4% probability. Coexistence has been linked previously with
the possibility of cultural transmission from AMHs to Neanderthals,
termed ‘acculturation™, as a means of accounting for late Neanderthal
technical and behavioural development. The early presence of AMHs
in Mediterranean Europe by ~45,000-43,000 cal Bp (ref. 23) and the

Figure 3 | Time slices for western Europe
between 45,000 and 40,000 cal BP showing the
distribution of the Mousterian, Chatelperronian
and Uluzzian modelled ages. The size of the dots
represents increasing and decreasing levels of the
95.4% probability ranges determined from the
duration (date range) of each industry, as
calculated by individual Bayesian site models
(Supplementary Methods). Dots with two colours
indicate overlapping date range probabilities for
two industries found at the same site.

® Uluzzian @ Chatelperronian

@ Mousterian
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potential overlapping time may have acted as a stimulus for putative
Neanderthal innovative and symbolic behaviour in the millennia before
their disappearance. When we compare the start and end boundary PDFs
for both Uluzzian and Chatelperronian sites we observe that they are
very similar (Fig. 2b). This may provide further support for an accul-
turation model. Alternatively, this similarity in the start dates of the
two industries might be seen as reflecting an AMH authorship for both.
If this were the case, then the distribution of early modern humans
would be wider than expected. Since the physical evidence linking these
industries to different human groups is scarce, these interpretations are
potentially prone to change with new excavation data.
High-precision chronometric data and Bayesian modelling allows
us to map the spatiotemporal relationship between the three techno-
complexes during the period ~45,000-41,000 cal BP as a series of time
slices (Fig. 3 and Supplementary Methods). Since there is little to no robust
evidence for interstratification of the transitional industries within Mous-
terian archaeological layers, we conclude that the chronological overlap
observed must have also involved a degree of spatial separation between
the two populations, regardless of whether Neanderthals were responsi-
ble for the Chatelperronian or not. In turn, this suggests that the dispersal
of early AMHs was initially geographically circumscribed, proceeding
step-wise, with the Uluzzian first and the Aurignacian following a few
millennia later. The transitional industries, including those not analysed
here, may be broadly contemporaneous technocomplexes that remained
spatially distinct from one another. Rather than a rapid model of replace-
ment of autochthonous European Neanderthals by incoming AMHs,
our results support a more complex picture, one characterized by a bio-
logical and cultural mosaic that lasted for several thousand years.

METHODS SUMMARY

AMS radiocarbon dating was undertaken at the Oxford Radiocarbon Accelerator
Unit, University of Oxford. Collagen was extracted using the methods outlined
previously'"*. Shell samples were dated according to the protocol outlined previously*®
An acid-base oxidation/stepped combustion (ABOx-SC) method was used for
charcoal®. Radiocarbon ages are given as conventional ages BP as described previously™.
Corrections were made to bone collagen AMS determinations using a laboratory
pre-treatment background subtraction®®. Bones analysed range from very well pre-
served (a maximum of 14.9wt% collagen) to poorly preserved (a minimum of ~1.0wt%
collagen). C:N atomic ratios and other analytical parameters were measured to deter-
mine the quality of the extracted collagen. The IntCall3 and Marinel3 (ref. 29)
calibration curves and the OxCal4.2 (ref. 20) program were used in the calibration
and Bayesian age modelling. Supplementary Methods contains details of the archae-
ological sites investigated, the samples used, all determinations and the full Bayesian
analysis.

Received 7 May; accepted 27 June 2014.

1. Mellars, P. Neanderthals and the modern human colonization of Europe. Nature
432,461-465 (2004).

2. d’Errico, F,, Zilhdo, J., Julien, M., Baffier, D. & Pelegrin, J. Neanderthal acculturation
in western Europe? A critical review of the evidence and its interpretation. Curr.
Anthropol. 39, S1-S44 (1998).

3. Higham, T. European Middle and Upper Palaeolithic radiocarbon dates are often
older than they look: problems with previous dates and some remedies. Antiquity
85, 235-249 (2011).

4. Lévéque, F. & Vandermeersch, B. Découverte de restes humains dans le niveau
Castelperronien a Saint-Césaire (Charente-Maritime). C.R. Acad. Sc. Paris 291,
187-189 (1980).

5. Benazzi, S.etal. Early dispersal of modern humans in Europe and implications for
Neanderthal behaviour. Nature 479, 525-528 (2011).

6. Villa, P. & Roebroeks, W. Neandertal demise: an archaeological analysis of the
modern human superiority complex. PLoS ONE 9, e96424 (2014).

7. Green, R.E. etal Adraft sequence of the Neandertal genome. Science 328,
710-722 (2010).

LETTER

8. Prifer, K. et al. The complete genome sequence of a Neanderthal from the Altai
Mountains. Nature 505, 43-49 (2014).

9. Lohse, K. & Frantz, L. A. Neandertal admixture in Eurasia confirmed by Maximum
likelihood analysis of three genomes. Genetics 196, 1241-1251 (2014).

10. Wall,J. D. et al. Higher levels of Neanderthal ancestry in East Asians than in
Europeans. Genetics 194, 199-209 (2013).

11. Bronk Ramsey, C., Higham, T., Bowles, A. & Hedges, R. Improvements to the
pretreatment of bone at Oxford. Radiocarbon 46, 155-163 (2004).

12. Higham,T. G, Jacobi, R. M. & Bronk Ramsey, C. AMS radiocarbon dating of ancient
bone using ultrafiltration. Radiocarbon 48, 179-195 (2006).

13. Bird, M.I.etal. Radiocarbon dating of ‘old’ charcoal using a wet oxidation-stepped
combustion procedure. Radiocarbon 41, 127-140 (1999).

14. Higham, T., Ramsey, C. B., Karavanic, |, Smith, F. H. & Trinkaus, E. Revised direct
radiocarbon dating of the Vindija G; Upper Paleolithic Neandertals. Proc. Nat!
Acad. Sci. USA 103, 553-557 (2006).

15. Wood, R. E. et al. Radiocarbon dating casts doubt on the late chronology of the
Middle to Upper Palaeolithic transition in southern Iberia. Proc. Nat/ Acad. Sci. USA
110, 2781-2786 (2013).

16. Pinhasi, R. et al. Revised age of late Neanderthal occupation and the end of the
Middle Paleolithic in the northern Caucasus. Proc. Nat/ Acad. Sci. USA 108,
8611-8616 (2011).

17. Higham, T.etal. The chronology of the Grotte du Renne (France) and implications
for the association of ornaments and human remains within the Chatelperronian.
Proc. Nat/ Acad. Sci. USA 107, 20234-20239 (2010).

18. Hublin, J.-J. et al. Radiocarbon dates from the Grotte du Renne and Saint-Césaire
supporta Neandertal origin for the Chatelperronian. Proc. Natl Acad. Sci. USA 109,
18743-18748 (2012).

19. Slimak, L. et al. Late Mousterian persistence near the arctic circle. Science 332,
841-845 (2011).

20. Bronk Ramsey, C. Bayesian analysis of radiocarbon dates. Radiocarbon 51,
337-360 (2009).

21. Zilhdo,J. & d’Errico, F. The chronology and taphonomy of the earliest Aurignacian
and its implications for the understanding of Neanderthal extinction. J. World
Prehist. 13, 1-68 (1999).

22. Finlayson, C. et al. Late survival of Neanderthals at the southernmost extreme of
Europe. Nature 443, 850-853 (2006).

23. Douka, K. et al. On the chronology of the Uluzzian. J. Hum. Evol. 68, 1-13 (2014).

24. Mellars, P. A. Major issues in the emergence of modern humans. Curr. Anthropol.
30, 349-385 (1989).

25. Brock, F. et al. Current pretreatment methods for AMS radiocarbon dating at the
Oxford Radiocarbon Accelerator Unit (ORAU). Radiocarbon 52, 103-112 (2010).

26. Douka, K. et al. Improved AMS 14C dating of shell carbonates using high-precision
X-Ray Diffraction (XRD) and a novel density separation protocol (CarDS).
Radiocarbon 52, 735-751 (2010).

27. Stuiver, M. & Polach, H. Discussion: reporting of 14C data. Radiocarbon 19,
355-363 (1977).

28. Wood, R. E,, Bronk Ramsey, C. & Higham, T. F. G. Refining the ultrafiltration bone
pretreatment background for radiocarbon dating at ORAU. Radiocarbon 52,
600-611 (2010).

29. Reimer, P.J. etal. IntCal13 and Marinel3 radiocarbon age calibration curves
0-50,000 years cal BP. Radiocarbon 55, 1869-1887 (2013).

Supplementary Information is available in the online version of the paper.

Acknowledgements The Natural Environment Research Council (NERC) funded this
work (NE/D014077/1). Additional funding was received from the Leverhulme Trust,
through the Ancient Human Occupation of Britain (AHOB) project, the NRCF (NERC
Radiocarbon Facility) programme, Keble College (Oxford) and the European Research
Council. We thank our many collaborators and their excavation teams, and all staff at
the Oxford Radiocarbon Accelerator Unit for their contribution to this work. Maps at
—80 m below current sea level were produced by M. Devés and A. Scheder Black.

Author Contributions T.H. and RJ. conceived the project. T.H. obtained funding and
directed the project. TH., RW., K.D., F.B,, C.B.R. and A.Ma. performed pre-treatment
chemistry, AMS dating and Bayesian analysis using OxCal. T.H., RW., K.D.,L.B.and RJ.
sampled materials for AMS dating. T.H. and K.D. wrote the paper and all co-authors
contributed to the draft. K.D. and T.H. produced the figures and illustrations. RJ., LB,
M.C,AA,JB,CB-R,CBe,C.Bo,P.B,MC,NJ.C,CD,AF,BG,P.G,AG-M,S.G,PH,
BH., M-JI-C, Ad, JFJP,J-MM.-F, JM, MM, LM, EM, AMo, F.N, EP, M.P, SP,
M.d.IR,JR-S, AR, DS, PS, LS, JS, NS, AV.and R.P. provided permits and
archaeological samples, expertise on site sequences and prior data for the modelling.

Author Information Reprints and permissions information is available at
www.nature.com/reprints. The authors declare no competing financial interests.
Readers are welcome to comment on the online version of the paper.
Correspondence and requests for materials should be addressed to

T.H. (thomas.higham@rlaha.ox.ac.uk).

21 AUGUST 2014 | VOL 512 | NATURE | 309

©2014 Macmillan Publishers Limited. All rights reserved


www.nature.com/doifinder/10.1038/nature13621
www.nature.com/reprints
www.nature.com/doifinder/10.1038/nature13621
mailto:thomas.higham@rlaha.ox.ac.uk

	Title
	Authors
	Abstract
	Methods Summary
	References
	Figure 1 Site locations and final boundary age ranges for Mousterian and Neanderthal sites
	Figure 2 Transitional site locations and Bayesian age ranges for the start and end of the Cha&circ;telperronian and Uluzzian technocomplexes.
	Figure 3 Time slices for western Europe between 45,000 and 40,000 cal bp showing the distribution of the Mousterian, Cha&circ;telperronian and Uluzzian modelled ages.

