
 

1 
 

Title: Extreme glacial cooling likely led to hominin depopulation of Europe in 

the Early Pleistocene 

Authors: Vasiliki Margari1, David A. Hodell2, Simon A. Parfitt3,4, Nick M. Ashton5, Joan O. 

Grimalt6, Hyuna Kim7,8,  Kyung-Sook Yun7,9, Philip L. Gibbard10, Chris B. Stringer4, Axel 

Timmermann7,9*, Polychronis C. Tzedakis1* 5 

Science. science.org/doi/10.1126/science.adf4445 (2023) 

Affiliations:  

1Environmental Change Research Centre, Department of Geography, University College 

London; London WC1E 6BT, UK 

2Department of Earth Sciences, University of Cambridge; Cambridge CB2 3EQ, UK 10 

3Institute of Archaeology, University College London; London WC1H 0PY, UK 

4Centre for Human Evolution Research, The Natural History Museum; London SW7 5BD, UK 

5Department of Britain, Europe and Prehistory, British Museum; London N1 5QJ, UK 

6Department of Environmental Chemistry, Institute of Environmental Assessment and Water 

Research (IDAEA), Spanish Council for Scientific Research (CSIC); Barcelona 08034, Spain 15 

7Institute for Basic Science, Center for Climate Physics; Busan 46241, South Korea 

8Department of Climate System, Pusan National University, Busan 46241, South Korea. 

9Pusan National University; Busan 46241, South Korea 

10Scott Polar Research Institute, University of Cambridge; Cambridge CB2 1ER, UK 

*Corresponding authors. Emails: p.c.tzedakis@ucl.ac.uk (P.C.T); axel@ibsclimate.org (A.T.) 20 

 



 

2 
 

Abstract: The oldest known hominin remains in Europe (~1.5 to ~1.1 million years ago [Ma]) 

have been recovered from Iberia where paleoenvironmental reconstructions have indicated warm 

and wet interglacials and mild glacials, supporting the view that once established, hominin 

populations persisted continuously.  We report analyses of marine and terrestrial proxies from a 

deep-sea core on the Portuguese Margin that show the presence of pronounced millennial-scale 5 

climate variability during a glacial period ~1.154 to ~1.123 Ma, culminating in a terminal stadial 

cooling comparable to the most extreme events of the last 400 thousand years.  Climate envelope 

model simulations reveal a drastic decrease in early hominin habitat suitability around the 

Mediterranean during the terminal stadial.  We suggest that the extreme conditions led to the 

depopulation of Europe, perhaps lasting for several successive glacial-interglacial cycles. 10 

 

One-Sentence Summary: An intensification of glaciation ~1.15 million years ago challenges 

the idea of permanent early hominin occupation of Europe 

 

  15 
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Main Text: The earliest published fossil hominin (Homo sp.) evidence in Europe is a mandible 

and a hand phalanx found with stone tools at the site of Sima del Elefante, Sierra de Atapuerca, 

northern Spain (1, 2), as well as a deciduous molar and stone tools from the sites of Barranco 

León and Fuente Nueva 3, Guadix-Baza Basin, southeastern Spain (3, 4).  Analysis of traits of 

the Sima del Elefante hominin suggests a possible Eurasian (rather than African) evolutionary 5 

origin (5) for the population it represents.  Given that hominins were present at Dmanisi, Georgia 

~1.8 Ma (6), dispersal into Europe could have taken place at any time after that, but sites in Italy 

and Spain yielding stone tools and human remains over a broad time-window of ~1.6 to ~1.1 Ma, 

indicate a delay of ~200 thousand years (kyr). (Fig. 1; table S1; 7).  This dispersal lag may be 

attributed to a period of cooler interglacials ~1.8 to ~1.6 Ma, which in turn may be related to the 10 

1.2-million-year (Myr) amplitude modulation of the obliquity cycle (8). 

 

Considerable disagreement remains on whether early hominin occupation was permanent (9-11) 

or restricted to interglacials, implying that southern Europe was repeatedly colonized from 

Southwest Asia (12-14).  Although various factors (geographical, biological, techno-cultural, 15 

demographic) influence hominin occupation patterns, environmental conditions ultimately act as 

a limiting factor.  Therefore reconstructions of the climatic background to hominin occupation 

can constrain the likelihood of different scenarios.   

 

Before 1.2 Ma, glacial-interglacial cycles occurred with a period of ~41 kyr, with maximum ice 20 

volumes ranging between one half and one third of the Last Glacial Maximum value (15, 16).  

The less extensive ice sheets and shorter glacial periods of the Early Pleistocene have been 

linked to smaller decreases in temperature compared with those of the Middle and Late 

Pleistocene.  Nonetheless, North Atlantic records point to the occurrence of iceberg discharges 
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from marine-terminating ice sheets and disruptions of the Atlantic meridional overturning 

circulation (AMOC) during the interval ~1.43 to ~1.25 Ma (17-20), but their downstream 

impacts on European climate remain largely unknown.  A lengthening and intensification of 

glacial-interglacial cycles took place over the so-called Early–Middle Pleistocene Transition 

(~1.25 to ~0.70 Ma [21]), after which ice volume varied with a dominant ~80-120-kyr 5 

periodicity.   

 

Paleoenvironmental reconstructions based on animal and plant remains from the Atapuerca and 

Guadix-Baza occupation levels indicate a diverse mosaic of Mediterranean and temperate 

woodlands, open shrublands and extensive wetlands, with mean annual temperatures similar to 10 

those of the present, but higher mean annual precipitation (10, 22-25).  The presence of 

thermophilous species within a mosaic of woodland and open habitats throughout the Sima del 

Elefante sequence has been used to infer relative ecological stability during both interglacials 

and glacials and to argue for the continuity of occupation (10), but stratigraphical hiatuses and 

preservation biases may have led to intermittent representation, complicating such 15 

interpretations.  Early Pleistocene pollen sequences are available from northeastern Spain (26), 

but are fragmentary and lack precise chronologies.  In the Guadix-Baza Basin, the Palominas 

pollen record contains a succession of ~10 forest and open vegetation phases, representing 

interglacial and glacial periods, respectively (27).  In the absence of independent chronological 

controls, biostratigraphical correlations point to the record extending from ~1.6 to ~1.2 Ma (27).  20 

Pollen-based climate reconstructions suggest mean annual precipitation levels during glacials 

similar to modern, and higher during interglacials; temperature reconstructions for both glacials 

and interglacials indicate values similar to present (27).  The implication is that these conditions 
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would have allowed hominin populations to persist through glacials and expand during 

interglacials (11).   

 

 

Assessing climate impacts on human populations  5 

To address the pervasive issues with stratigraphical continuity and chronological control in 

terrestrial sedimentary sequences, we have undertaken an examination of the paleoenvironmental 

context during the interval of early human occupation at deep-sea Site U1385 on the 

southwestern Portuguese margin (28) (fig. S1), a prime location for joint marine-terrestrial 

analyses and correlations (29-32).  Sites on the southwestern Portuguese margin are also well 10 

situated to record past changes in North Atlantic surface and deep-ocean circulation: during 

Marine Isotope Stage (MIS) 3 (59 to24 thousand years ago [ka]), the oxygen isotopic 

composition of planktic foraminifera (d18Oplanktic) closely matched the Greenland temperature 

record, with abrupt transitions marking the onset and end of interstadials, while the oxygen 

isotopic composition of benthic foraminifera (d18Obenthic) resembled the Antarctic temperature 15 

record, both in its shape and phasing relative to Greenland (33).  This asynchronous phasing 

between d18Oplanktic and d18Obenthic has been interpreted as a fingerprint of AMOC changes 

associated with interhemispheric heat transport and the bipolar-seesaw (31).  Here, we focus on 

reconstructing sea and land changes during two time-windows of the interval of early hominin 

occupation, representing distinct climatic contexts: a 41-kyr cycle, MIS 43 to 42 (~1.380 to 20 

~1.338 Ma) and one cycle from the Early–Middle Pleistocene Transition, MIS 35 to 34 (~1.192 

to ~1.123 Ma).  Analyses (7) were undertaken with respect to (i) d18Oplanktic and  d18Obenthic, 

reflecting changes in surface-water conditions, and global ice-volume and deep-water 

hydrography, respectively; (ii) the relative composition of C37 unsaturated alkenones, reflecting 
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surface-water conditions; (iii) pollen content, providing an integrated picture of regional 

vegetation changes in southwestern Portugal; and (iv) x-ray fluorescence (XRF) sediment 

composition changes, reflecting variations in the relative proportion of detrital (Zr) and biogenic 

(Sr) sediment supply. 

 5 

To assess and further quantify the climate impact on human occupation, we develop a climate 

envelope model that is based on climate data from a 2-Myr transient coupled general circulation 

model simulation (34) and a new database of early hominin sites for Europe and Southwest Asia 

(table S1) (7).  This model, which calculates hominin habitat suitability as a function of net 

primary productivity and minimum annual temperature, is then forced with the respective 10 

climate data obtained from a freshwater perturbation model experiment (7). 

 

 

Paleoenvironmental reconstructions 

Figure 2 (right) shows the results of our analyses for the interval MIS 43 to 42.  The onset of 15 

warm conditions occurred at ~1.380 Ma marked by a decrease in detrital sediment supply and a 

shift to higher alkenone-based sea-surface temperature (SST) and temperate tree-pollen values, 

while sea level was gradually rising.  A decrease in summer insolation at ~1.370 Ma led to an 

expansion of heathland pollen, reflecting moisture availability under reduced summer 

evaporation regimes in Portugal (35), but steppe-pollen values remained low.  Peak interglacial 20 

conditions occurred at~1.366 to ~1.353 Ma when SSTs reached 20°C and values of deciduous 

oak and Mediterranean sclerophyll pollen exceeded 40%.  Subsequently, benthic and planktic 

d18O values gradually increased, mirrored by a gradual decline in SST and temperate tree-pollen 
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values.  The MIS 42 glacial (~1.350 to ~1.338 Ma) contained a series of small, centennial-scale 

oscillations in d18Oplanktic and SST and an increase in steppe pollen percentages.   

 

For the second time-window, MIS 35 to 34 (Fig. 2, left), all proxies indicate the onset of MIS 35 

at ~1.192 Ma, with interglacial conditions extending over two precessional cycles until ~1.154 5 

Ma.  The pollen record shows two temperate tree maxima followed by expansions of heathland, 

suggesting continued moisture availability, but not an intervening increase in steppe pollen 

frequencies.  The long MIS 35 (~1.192 to ~1.154 Ma) interglacial was succeeded by a long MIS 

34 glacial (~1.154 to ~1.123 Ma), together forming an unusually protracted climate cycle (15, 

36) characterized by weak eccentricity forcing (Fig. 2a, left).  MIS 34 is marked by the 10 

occurrence of four stadials and interstadials from ~1.154 to ~1.127 Ma, similar to the Middle and 

Late Pleistocene millennial-scale climate variability, including abrupt interstadial onsets and 

asynchronous phasing of the planktic and benthic d18O curves, bearing the fingerprint of the 

bipolar-seesaw (31, 33).  A large increase in the abundance of tetra-unsaturated C37 alkenones 

(%C37:4), indicating the advection of low-salinity polar water masses to the Portuguese margin 15 

(37, 38), was accompanied by major decrease in SST, thermocline cooling (39), activation of the 

bipolar seesaw and maximum expansion of steppe communities at ~1.127 Ma, ushering in a 

terminal stadial of extreme cold and arid conditions that persisted for 4 kyr before the transition 

into MIS 33. 

 20 

 

Long interglacials and contrasting glacials 

Reconstructions from large mammal remains across the western Paleoarctic indicate alternating 

open savannah and forested savannah landscapes from ~1.8 to ~1.2 Ma, with increased habitat 
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variability from ~1.2 to ~0.9 Ma; the large diversity of resources especially along river systems 

and coastal plains is considered to have supported hominin dispersal and occupation during both 

interglacials and glacials (40).  Our results partly support this view.  Both of the interglacial 

periods we examined (Fig. 2) were characterized by the persistence of mild and relatively stable 

conditions with a mosaic of Mediterranean plant communities and open habitats, representing 5 

long windows of opportunity for hominin dispersal and occupation.  The evidence from the two 

glacials, however, reveals distinct environmental conditions.   

 

The MIS 42 glacial interval was short (~12 kyr) with subdued centennial-scale SST oscillations 

(16° to 12°C) and steppe vegetation communities with residual woodland (apart from a brief 10 

event with lower SST (9°C) and higher steppe values).  The absence of C37:4 suggests minimal 

advection of cold and fresh polar water masses.  The overall environmental conditions 

correspond to terrestrial reconstructions from Iberia (27), indicating relatively mild glacials 

before 1.2 Ma that would not present barriers to hominin dispersal and occupation.  By contrast, 

MIS 34 was a long glacial (~31 kyr) with a series of pronounced and increasingly colder stadial-15 

interstadial oscillations as low eccentricity allowed the continued growth of ice sheets under the 

influence of internal climate feedbacks (41).  This culminated at ~1.127 Ma in a long terminal 

stadial sustained by meltwater from disintegrating ice sheets, leading to (i) AMOC weakening as 

suggested by negative d13CCibicidioides anomalies (Fig. 3c); and (ii) cold (SST 5.6°C) and arid 

(maximum steppe pollen 65%) conditions comparable to the most extreme events of the last 400 20 

kyr (at ~345, ~265 and ~155 ka) recorded on the southwestern Portuguese margin (fig. S2). 

 

The first major glaciation of the Early–Middle Pleistocene Transition is traditionally considered 

to have occurred during MIS 22, around 0.9 Ma (21).  However, the Site ODP677 record from 
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the eastern Eequatorial Pacific shows a shift towards larger d18Obenthic values in MIS 34 (15), 

implying increasing global ice volume, although this is not as clear in the deconvolved d18O of 

seawater in Site ODP1123 from the southwest Pacific (16) (Fig. 3g).  In North America, ice from 

the Keewatin ice center became more extensive during the pre-Illinoian G glaciation, which 

includes MIS 34 (42, 43).  Compilation of sediment volumes and ice-rafted detritus records 5 

along the northeast Atlantic continental margin indicate large-scale ice sheet activity in the 

Kara–Barents-Sea–Svalbard region and more restricted Fennoscandian and British-Irish ice 

sheets from ~2.7 to ~1.5 Ma; while an extensive Kara–Barents-Sea–Svalbard ice sheet persisted 

over the interval ~1.5 to ~0.8 Ma, glacial activity intensified around the North Sea, with ice 

sheets coalescing during peak glaciations (44).  More specifically, there is evidence of 10 

Fennoscandian and British-Irish ice sheets expansion ~1.2 to ~1.1 Ma, with the Fedje Till in the 

Norwegian Channel (45, 46), influx of glaciofluvial deposits from Britain in the central North 

Sea (47), and glacial erratics in the Hattem Beds in the northern Netherlands and adjacent 

Germany during the Menapian cold Stage, which has been broadly correlated with MIS 34 (43, 

47-49).   15 

 

Considering the interval from 1.4 to ~0.8 Ma (Fig. 3, b and e), MIS 34 stands out in the U1385 

XRF-record (28) as an extended period with pronounced Zr/Sr peaks, indicating increases in 

detrital sediment supply during cold stadials.  This compares with results from Site U1308 

located near the center of the the so-called ‘ice-rafted detritus belt’ of the North Atlantic, which 20 

shows high MIS 34 XRF Si/Sr values, reflecting increased delivery of detrital silicate minerals 

(18) of the same order as those from MIS 22.  Lithological changes in core MD01-2448 in the 

Bay of Biscay also show a prominent peak in terrigenous fluxes in MIS 34, suggesting ice-rafted 

material (50), whereas the ice-rafted detritus record from Site ODP983 south of Iceland shows a 
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series of peaks during MIS 34, but whose absolute values do not stand out relative to those of 

other glacials (20).   

 

Previously published North Atlantic SST reconstructions do not show particularly extreme 

cooling during MIS 34 (fig. S3), but they are of low temporal resolution or do not capture the 5 

entire MIS 34 period.  Rodrigues et al. (51) observed that the major cooling events at ~265 and 

~155 ka on the southwestern Portuguese margin were amplified relative to those recorded in the 

central North Atlantic and suggested that the subpolar front may have been deflected southward 

in the eastern North Atlantic, with the Portugal Current transporting cold water to the vicinity of 

Site U1385.  Climate models simulating the distribution of glacial meltwater in the North 10 

Atlantic show the most pronounced negative salinity anomalies on the eastern boundary and 

along the Iberian Peninsula (52), and this is supported by large negative oxygen isotope 

excursions in deglacial speleothem records from Iberia (53), representing meltwater source 

effects.  It is possible that a similar advection of meltwater towards the Portuguese margin 

occurred during the terminal stadial of MIS 34, as indicated by our %C37:4 record (Fig. 2f, left), 15 

which may have contributed to a regional stratification-driven amplification of negative SST 

anomalies relative to the open North Atlantic.  However, prominent MIS 34 changes are also 

observed beyond the Portuguese margin, suggesting wider-scale impacts, in contrast to the 

eastern-amplification view: (i) Over the interval 1.4 to ~0.8 Ma, the d13CCibicidioides record of Site 

DSDP607 (54) in the central North Atlantic shows the largest reductions in MIS 34 and then 20 

MIS 24 and 22, similar to the d13CCibicidioides record of U1385 (28), pointing to step changes in 

deep-ocean circulation (Fig. 3, c and d); (ii) South Atlantic Site ODP1090 has the lowest 

recorded SST (2°C; Fig. 3f) of the last 3.5 Myr in MIS 34 together with a major increase in 

%C37:4, indicating a large expansion of polar waters into the sub-Antarctic region (55); (iii) In 
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southeastern Europe, a pollen sequence of the last 1.36 Myr from Lake Ohrid (56) reveals a step 

change in the intensity and duration of glacials at MIS 34 (Fig. 3a): Whereas earlier glacials were 

characterized by short expansions of herbs, MIS 34 had sustained high abundances of herbs 

reaching 85% of total pollen, indicating longer and colder-drier conditions across southern 

Europe.  Taken together, the evidence from Europe and the Atlantic suggests an intensification 5 

of millennial-scale climate variabilty and glaciation during MIS 34, which we attribute to its long 

duration that allowed the expansion of ice sheets, and a subsequent large terminal meltwater 

release during the deglaciation. 

 

 10 

Implications for early hominin occupation in Europe 

The picture that emerges for the interval of hominin presence before 1.15 Ma is one of long and 

stable interglacial conditions and short glacials that would have allowed hominin establishment 

and occupation.  However, the character of glacial periods changed at MIS 34.  Its pervasive 

climatic instability would have placed hominin populations under considerable stress.  The likely 15 

much lower carrying capacity of the environment would have challenged small hunter-gatherer 

bands, compounded by the likelihood that early hominins lacked sufficient fat insulation and the 

means to make fire, effective clothing or shelters (57, 58), leading to much lower population 

resilience.  The terminal stadial event, with an abrupt drop in southwestern Portuguese margin 

SSTs of ~7°C represents a drastic climate disruption, which likely affected climate and 20 

vegetation patterns across southern Europe with potential implications for early hominin 

occupation.   
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To further explore and quantify the possible impacts of this event on early hominin habitability, 

we conducted a realistic climate model simulation with the Community Earth System Model 

(CESM), version 1.2 under MIS 34 boundary conditions.  Ice sheets were prescribed from a 

modelling study (59), which simulated geographically more restricted European ice sheets 

compared with the glacial evidence discussed above.  The numerical experiment (7) mimics a 5 

terminal stadial event by applying anomalous deglacial freshwater forcing to the northern North 

Atlantic, corresponding to a 23 m sea-level equivalent, which is at the low end of MIS 34 ice-

volume estimates (16).  In response to the freshwater perturbation, the AMOC weakens by about 

95% and SSTs over the west Iberian margin drop by ~3°C – a fraction of the amplitude of the 

reconstructed temperature anomaly (Fig. 4c).  The simulation, therefore, represents a 10 

conservative estimate of the climatic changes that occurred during the terminal stadial event.  To 

estimate the corresponding impact on early human occupation of Europe, we developed a climate 

envelope model (7) that links climatic data (minimum annual temperature and net primary 

productivity) from a transient Pleistocene simulation (34) with fossil and archeological evidence 

of human occupation in Europe and Southwest Asia covering the time period from 2.0 to 0.7 Ma 15 

(table S1) (7).  The climate envelope model is then used to determine how the simulated terminal 

stadial climate evolution at every grid point impacted the habitat suitability.  The results (Fig. 4, 

b and d) show a massive drop in habitat suitability around the Mediterranean by more than 50% 

around 1.117 Ma on the model timescale (corresponding to 1.125 Ma on the U1385 timescale), 

which is absent in the transient Pleistocene simulation without the millennial-freshwater 20 

perturbation.  Climate conditions move far away from the preferred climate niche of early 

European hominins (Fig. 4b and fig. S4).  Lasting for about 4 kyr, this event triggered large-scale 

shifts in vegetation and ecosystems, as documented by the 45% increase of steppe pollen at Site 
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U1385 and the simulated reduction of 50% in net primary production (fig. S5) over the Iberian 

Peninsula. 

 

The climatic instability of MIS 34 and the severity of its terminal stadial emerging from this 

study imply that Iberia, and more generally southern Europe, was depopulated at least once in 5 

the Early Pleistocene.  Dennell et al. (13, p. 1514) suggested that the question “When was 

Europe first colonized?” might be rephrased “How often was Europe uninhabited after hominins 

first entered it?”  We propose that the question may be further qualified by adding “and for how 

long [was Europe uninhabited]?”.  While the simulated habitat suitability rebounds following the 

terminal stadial perturbation (Fig. 4d), Fig. 1 and table S1 hint at a possible longer-lasting hiatus 10 

in European and Southwest Asian occupation.  If Southwest Asia was depopulated during MIS 

34, reoccupation of Europe may have been delayed potentially until as late as MIS 25 or, after 

the marked glaciation of MIS 22, during MIS 21.  This hypothesis can be tested through 

archaeological or hominin sites with robust chronological constraints.  If there was the 

extirpation of hominins in Europe for such an extended period, it implies that repopulation was 15 

by Homo antecessor, which may have been a more resilient species with evolutionary or 

behavioral changes that allowed survival under the increasing intensity of glacial conditions. 
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Fig. 1  Age estimates of European and SW Asian early hominin sites and paleoclimate 

context.  a, Obliquity variations (60).  b, benthic oxygen isotope record from Eastern Equatorial 

Pacific Site ODP677 (15).  c, Age estimates of European and SW Asian early hominin sites 

(table S1).  Stone tool industries are shown; sites with hominin remains are indicated by skull.  5 

Site selection is based on presence of human remains, strong evidence of humanly manufactured 

lithic artifacts and a secure chronological framework (7). 
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Fig. 2  U1385 paleoclimate records. The figure shows MIS 43 to 42 (right) and MIS 35 to 34 

(left).  a, Obliquity, eccentricity and precession parameter (60).  b, Temperate 

(Mediterranean+Eurosiberian) tree pollen percentages.  c, Ericaceae (heathland) pollen 

percentages.  d, pollen percentages of steppe taxa (Poaceae, Artemisia, Amaranthaceae, 5 

Ephedra). e, XRF Zr/Sr ratio.  f, abundance of tetra-unsaturated C37 alkenones (%C37:4).  g, 

alkenone-based Uk'37 SST. h, planktic d18O of Globigerina bulloides.  i, benthic d18O of 

Cibicidioides spp.  Marine Isotope Stages (MISs) are indicated. 
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Fig. 3.  Comparison of paleoclimate records over the interval 800 to 1400 ka.  a, Lake Ohrid, 

(Albania - North Macedonia) total herb pollen percentages (56). b, U1385 Zr/Sr record (28).  c, 

U1385 benthic d13C of Cibicidioides spp. (28).  d, DSDP607 benthic d13C of Cibicidioides spp. 

from the North Atlantic (54).  e, U1308 XRF Si/Sr ratio from the North Atlantic (18) and MD01-5 

2448 XRF Ti/Ca ratio from the Bay of Biscay (50).  f, ODP1090 alkenone-based Uk37 SST from 

the South Atlantic (55).  g, ODP677 benthic foraminiferal	d18O (orange) from the Eastern 

Equatorial Pacific (15) and ODP1123 deconvolved d18O composition of seawater (grey) from 

southwest Pacific (16).  Marine Isotope Stages (MISs) are indicated. 

  10 
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Fig. 4  MIS 34 terminal stadial event impact on early European human habitats.  a, 

simulated habitat suitability (shaded) for the climate background conditions corresponding to the 

onset of the MIS 34 terminal stadial event conditions (1122 ka CESM1.2 initial conditions), 

along with locations (white circles) of hominin sites included in analysis discussed in text.  5 

Habitat suitability values smaller than 0.05 are not displayed.  b, Anomaly of habitat suitability 

during the peak of the MIS 34 terminal stadial event [corresponding to model year 1117 ka (d)].  

c, Western Iberian margin SST simulated by the ‘2Ma’ transient CESM1.2 experiment (34) (red 

thin line) and by the freshwater perturbation experiment (thick carrot line) (7), and alkenone SST 

from U1385.  The offset between the two timescale arises from differences between the U1385 10 

age model (blue) (7) and the CESM1.2 age model (red), whose CO2 forcing before 784 ka is 
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based on the model estimates of (59).  d, simulated habitat suitability for ‘2Ma’ (dashed) and for 

CESM1.2 MIS 34 terminal stadial event simulation (solid olive) for the western Iberian 

Peninsula (averaged over 4°W to 0°E, 38°N to 43°N).  The timescale in olive corresponds to 

model age.  The climate envelope model used in a,b,d is calculated using 17 early hominin sites 

(7) and 1000-year mean data of minimum annual temperature and calculated net primary 5 

productivity for these sites obtained from the ‘2Ma’ simulation. 
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Materials and Methods 

 
Integrated Ocean Drilling Program Site U1385 
 
Materials  

Site U1385 (37°34.285′ N, 10°7.562′ W, 2578 m below sea level) was drilled in December 
2011 on the Promontório do Príncipe de Avis spur along the continental slope of the 
southwestern Portuguese Margin, SW of the Tagus river.  Five holes were drilled, resulting in the 
recovery of a continuous 166.5-m sequence.  A composite section was constructed by correlating 
elemental data measured by core scanning XRF at 1-cm resolution in all holes (28, 64).  The 
U1385 record extends to 1.45 Ma (MIS47) with an average sedimentation rate of 11 cm kyr-1 
(28, 64).  Site U1385 is located very near the position of piston core MD01-2444 (37°33.68′ N, 
10°08.53′ W, 2637 m below sea level; 27.45 m in length) and kasten core SHAK06-5K 
(37°34’N, 10°09’W; 2646 m below sea level; 3.44 m in length) and in the same region as piston 
core MD01-2443 (37°52.85’N, 10°10.57’W, 2925 m below sea level; length 29.48 m) (fig. S1).  
The composite southwestern Portuguese Margin climate record of the last 400 kyr in fig. S2 was 
constructed as follows: (i) planktic d18O: MD01-2444 (0-194 ka) (31, 65-67) and MD01-2443 
(194-400 ka) (30); (ii) alkenone sea surface temperature (SST): MD01-2444 (0-194 ka) (38) and 
MD01-2443 (194-400 ka) (38); (iii) pollen: SHAK06-5 (0-30 ka) (65), MD01-2444 (30-194 ka) 
(31, 67, 69) and MD01-2443 (194-400 ka) (30). 
 
Foraminiferal isotope analyses   

Oxygen and carbon isotope measurements of planktic and benthic foraminifera from Site 
U1385 were made at an average temporal resolution of ~200 years.  The analytical methods are 
described in (28, 64).  For planktic foraminifera, the surface-dwelling species Globigerina 
bulloides from the 250-350 µm size fraction was used.  For benthic foraminifera, mostly 
Cibicidoides wuellerstorfi and occasionally other species of Cibicidoides from the >212 µm size 
fraction were used.  In samples where specimens of Cibicidoides spp. were absent, the d18O of 
Uvigerina peregrina or Globobulimina affinis was used.  All d18O values for each species were 
corrected to Uvigerina using the offsets +0.64 for Cibicidoides and -0.3 for G. affinis (33).  For 
d13C, only analyses of C. wuellerstorfi were used, whose epibenthic habitat records the d13C of 
dissolved inorganic carbon in deep water (28). 

 
Alkenone SST 

Samples for biomarker analysis (about 2.5 g sediment) were extracted with dichloromethane 
in an ultrasonic bath.  Prior to extraction an internal standard of n-hexatriacontane and n-
dotetracontane was added.  The extracts were saponified with 10% KOH in methanol.  The 
neutral lipid fraction was extracted with n-hexane which was concentrated under a gentle flow of 
nitrogen.  After that, toluene was added and the solutions were derivatized with 
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bis(trimethylsilyl)trifluoroacetamide.  The gas chromatography analysis for identification and 
quantification of (E,E)-15,22-heptatriacontadien-2-one [C37:2], (E,E,E)-8,15,22-
heptatriacontatrien-2-one [C37:3] and (E,E,E,E)-8,15,22,29-heptatriacontanetetraen-2-one [C37:4] 
was carried out on a Varian 3800 equipped with a CPSIL-5 CB column coated with 100% 
dimethylsiloxane (film thickness 0.12 mm) using hydrogen as carrier gas (50 cm/s).  The 
samples were also analyzed by gas chromatography coupled to mass spectrometry (Thermo 
Trace GC Ultra-DSQ II) in electron impact ionization mode (70 eV) to discard coelutions that 
could deviate the measured ratios (70).  The Uk´37 index was calculated from the ratio of ([C37:2]/( 
[C37:3] + [C37:2]) (71).  The values were converted into SST, using a calibration equation from 
sediment samples and annual average SST of overlying waters (72).  Analytical errors were 
<10% and the uncertainty in the Uk´37 determinations lower than 0.015 (ca ± 0.5 ºC) (73).  The 
relative abundance of [C37:4] was calculated as %[C37:4] = 100·[C37:4]/([C37:4] + [C37:3] + [C37:2]).  
This ratio has been used to indicate the advection of low-salinity polar water masses to the 
Portuguese Margin (37, 38).  According to (74), high %C37:4 is an indicator of low sea surface 
salinity from polar water masses because it is synthesized in large amounts by Isochrysidales 
algae that occur widely in sea ice. 

 
Pollen analysis 

Sediment samples of 1.5-4 cm3 were prepared for pollen analysis using the standard hot 
acid digestion technique.  Fine sieving, through a mesh of 10 µm or less, was not used as it can 
result in a loss of pollen.  Residues were mounted in silicone oil for microscopic analysis at 
magnifications of 400, 630 and 1000 times.  Abundances are expressed as percentages of the 
main sum, which includes all pollen except Pinus, Pteridophyte spores and aquatics.  Pinus was 
excluded from the main sum, as it is over-represented in marine sediments (75).  A minimum of 
100 pollen grains, excluding Pinus, spores and aquatics, was counted in each sample.  Pollen 
studies from continental shelf sequences suggest that transport to these areas is controlled 
primarily by fluvial and secondarily by aeolian processes (76).  Studies on modern pollen 
deposition in fluvial systems indicate the rapid incorporation of pollen to marine sediments (76).  
On the Portuguese Margin, aeolian pollen transport is limited by the direction of the prevailing 
offshore winds and pollen is mainly transported to the abyssal site by the sediments carried by 
the Tagus River (77).  Comparison of modern marine and terrestrial samples along western 
Iberia has shown that the marine pollen assemblages provide an integrated picture of the regional 
vegetation of the adjacent continent (77, 78). 

 
X-ray fluorescence (XRF) Analysis   

Core scanning XRF measurements were made every 1 cm in all holes drilled at Site U1385 
using an Avaatech XRF core scanner (28, 66). 

 
 
 



4 
 

Age model 
For the 800-1450 ka section of U1385, Hodell and colleagues (28) have provided two 

timescales: (i) a revised LR04 chronology (79) based on correlation to the benthic d18O record of 
the Prob Stack (80); and (ii) an astronomically-tuned age model.  Here, we used the latter 
developed by correlating sediment lightness (L*) at Site U1385 to the Mediterranean sapropel 
stratigraphy (81, 82), and to precession minima assuming a 3-kyr lag (19).  It is worth noting that 
the relative phasing of our proxies within the same sediment sequence can be determined 
stratigraphically and is independent of the age model. 

 
Selection of early Homo occupation sites 

 
There has been long debate about whether some of the earliest European lithic assemblages 

are natural or anthropogenic, where taphonomic processes have been argued to be responsible for 
their creation, particularly where raw materials such as knapped quartz display few signs of 
conchoidal fracture (83-87). Here (table S1), we have taken a critical approach as advocated by 
Roebroeks and colleagues (87) and only included archeological sites where the published data 
provide strong evidence of humanly manufactured lithic artefacts and where taphonomic 
processes are an unlikely agency for their creation.  Although this is inevitably a subjective 
approach, improved publication of the lithic evidence would allow re-assessment of 
assemblages, particularly if data on objective knapping attributes are included such as those 
suggested in (88).  A secure chronological framework was also required for inclusion in the 
database. 

 
Modelling 

 
Community Earth System Model version 1.2 (CESM1.2) simulation covering last 2 Ma 

To calculate orbital and millennial-scale changes in habitat suitability we used a simulation 
(34) conducted with the CESM1.2 in 3.75°×3.75° horizontal resolution, which covers the climate 
history of the past 2 Myr (‘2Ma’ simulation).  Different transient interglacial-glacial segments 
were run in parallel and with an orbital acceleration of 5 and combined subsequently as a 
continuous climate trajectory, following the method presented in (89).  The climate model uses 
orbital forcing (90) and previous estimates of the ice-sheet and greenhouse gas evolution 
throughout the Pleistocene from a modelling study (59). The realism of the ‘2Ma’ simulation 
against paleoclimate data has been documented recently (34). 

 
CESM1.2 MIS34 freshwater perturbation simulation 

The MIS34 water hosing simulation is conducted with the CESM1.2 climate model, using 
time-evolving boundary conditions (greenhouse gases, Northern Hemisphere ice sheets, orbital 
forcing) from 1.122 to 1.110 Ma.  The simulation uses orbital acceleration factor of 5 (except for 
the freshwater perturbation), as in the previous ‘2Ma’ transient run.  The transient freshwater 
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forcing is applied in the northern North Atlantic (50°N-70°N) with a peak value of 0.25 Sv at 
1.117 Ma and a time evolution that mimics the U1385 Alkenone SST time series.  The total 
freshwater amount added into the global ocean corresponds to ~23 m sea-level equivalent. 

 
Climate envelope model 

The climate envelope model used in this study is a statistical model, which computes the 
habitat suitability for early European hominins as a cumulative probability with respect to the 
Mahalanobis distance between any given duplet of climate input variables (minimum annual 
temperature [TSmin] and diagnosed net primary productivity [NPP]) and the same climate duplet 
variables obtained for the hominin sites at ages.  More specifically, the climate envelope model 
is derived by extracting TSmin and diagnosed NPP (91, 92) from the CESM1.2 ‘2Ma’ simulation 
downscaled onto a 1°x1° horizontal resolution mesh, for the locations and time periods 
corresponding to the early hominin sites (table S1) and constrained to be younger than 2 Ma.  In 
cases where paleoenvironmental reconstructions indicate an interglacial context (table S1), 
climate data were extracted from the CESM1.2 ‘2Ma’ simulation only for the age ranges 
corresponding to interglacial marine isotopic stages.  Age uncertainties of the hominin sites are 
treated as individual data points on a 1000-year time mesh (fig. S4).  Given the limited amount 
of independent archeological and fossil data (17 sites), we decided to derive a 2-dimensional 
climate envelope model, in contrast to previous studies which used 4-dimensional climate input 
manifolds (34, 93).  This allows for a more robust estimation of a Mahalanobis distance model 
(94-97).  The calculated probability distribution derived from the fossil site information (table 
S1) shows optimal climate conditions for a NPP of ~300 gC/m2/year, which corresponds to 
previous estimates (34, 98), and for TSmin of about 5°C.  The climate envelope model is further 
forced with the TSmin and NPP changes obtained from the freshwater perturbation experiment to 
determine the effect of the terminal stadial event on human habitat suitability (Fig. 4, fig. S5). 
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fig. S1. 
Location of sites discussed in the main and supplementary text.  Squares denote paleoclimate 
sites, dots early hominin sites: (1) Dmanisi, Georgia; (2) Rodniki 1 /Bogatyri/Sinyaya Balka, 
Russia; (3) Kermek, Russia; (4) Gesher Benot Ya’akov, Israel; (5) Ubeidiya, Israel; (6) Evron, 
Israel; (7) Dursunlu, Turkey; (8) Kocabaş, Turkey; (9) Pirro Nord, Italy; (10) Monte Poggiolo, 
Italy; (11) Barranc de la Boella, Spain; (12) Cueva Negra del Estrecho del Río Quípar, Spain; 
(13) Fuente Nueva 3, Guadix-Baza Basin, Spain; (14) Barranco León, Guadix-Baza Basin, 
Spain; (15) Sima del Elefante, Sierra de Atapuerca, Spain; (16) Gran Dolina, Sierra de 
Atapuerca, Spain; (17) Happisburgh 3, England. 
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fig. S2. 
Comparison of amplitude of cold and dry events during MIS 34 in U1385 and during the 
last 400 kyr in a composite record of southwestern Portuguese Margin sediment cores 
MD01-2444, MD01-2443 and SHAK06-5K.  a, pollen percentages of steppe taxa (Poaceae, 
Artemisia, Amaranthaceae, Ephedra) (30-31, 67-69).  b, Alkenone-based Uk'37 SST (38).  c, 
planktic d18O of G. bulloides (30-31, 65-67).  Bars indicate the most extreme events. 
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fig. S3.   
North Atlantic Uk’37 SST records. a,  ODP983 (99).  b, ODP982 (100).  c,  DSDP607 (dotted 
line) (101); U1313 (reoccupation of DSDP607; continuous line) (102).  d, U1387 (103).  e, 
U1385 (this study).  Records are plotted on their own timescales, except U1387 which was 
shifted by 4 kyr to align with that of U1385. 
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fig. S4. 
Illustration of 2-dimensional climate envelope model. The green dots represent duplets of 
minimum annual air temperature (TSmin) and net primary productivity (NPP) obtained from the 
CESM1.2 ‘2Ma’ for the 17 hominin sites under consideration of the dating uncertainties in 1000-
year intervals.  Contour lines correspond to the cumulative probability distribution (interpreted as 
habitat suitability) estimated from the inverse chi-squared distribution of Mahalanobis distances 
between climate state and the centroid defined by the hominin sites. The Mahalanobis distance 
calculation (95) also accounts for the 2-dimensional inverse co-variance matrix of the input data. 
The MIS34 terminal stadial event climate trajectory for a point on the Iberian peninsula (3°W, 
42°N) is indicated for illustration (starting point 1122 ka marked as red dot). 
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fig. S5. 
Simulated Net Primary Productivity (gC/m2/year) before, during and after the terminal 
stadial event. 
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table S1. 
European and SW Asian early hominin sites.  Criteria for the selection of sites are provided under 
Materials and Methods.  Sites are ordered from NW Europe to SW Asia.  

 

Site name* Longitude 
(°) 

Latitude 
(°) 

Evidence for human 
occupation 

Estimated
Minimum 
Age (ka) 

Estimated
Maximum 
Age (ka) 

Context† 

Happisburgh 3, 
England 

(104-105) 

1.53 52.83 Hillhouse Formation: 
cores, flakes; human 

footprints 

814 
 

960 Interglacial (104) 
814-872 ka MIS21 
936-960 ka MIS25 

Gran Dolina, 
Sierra de 

Atapuerca, Spain 
(106-107) 

-3.52 42.35 TD6.2: H. antecessor, 
cores, flakes 

TD4: cores, flakes 

814 872 Interglacial (108-109) 
814-872 ka MIS21  

Sima del Elefante, 
Sierra de 

Atapuerca, Spain 
(1-2, 110-111) 

-3.52 42.35 TE9: human mandible 
and phalanx; cores, 
flakes; cut-marked 

bones 

1100 1290 Interglacial (22,111) 
(pre-Jaramillo) 

1100-1097 ka MIS31 
1110-1123 ka MIS33 
1154-1192 ka MIS35 
1232-1245 ka MIS37 
1264-1290 ka MIS39 

Barranco León, 
Guadix-Baza 
Basin, Spain  

(3-4, 23, 112-113)  

-2.25 37.45 BL-D: deciduous 
molar; cores, flakes; 

butchered bone 

1350 1493 Interglacial  
(23, 114-115) 

1350-1380 ka MIS43 
1390-1412 ka MIS45 
1428-1452 ka MIS47 
1470-1493 ka MIS49 

Fuente Nueva 3, 
Guadix-Baza 

Basin, Spain (3, 
23, 112-113, 116) 

-2.50 37.70 FN3, levels 2 and 5: 
cores, flakes; butchered 

bone 

1220 1400 Ambiguous  
(23, 25) 

Cueva Negra del 
Estrecho del Río 

Quípar, Spain 
(117, 118) 

-1.88 38.03 Units II-VI: cores, 
flakes; biface in Unit II 

780 990  

Barranc de la 
Boella, Spain 

(119) 

1.16 41.13 Unit II: bifacial tools 780 990  

Monte Poggiolo, 
Italy (120-121) 

11.95 44.20 Level IMO1: cores, 
flakes 

814 872  

Pirro Nord, Italy 
(122-123) 

15.23 41.48 Level 10,13: cores, 
flakes 

1300 1600  

Kocabaş, Turkey 
(124-126) 

29.33 37.86 Level UT: fragmentary 
skull 

1100 1300  

Dursunlu, Turkey 
(127) 

32.39 37.97 Upper lignite: core, 
flakes 

780 990  

Evron, Israel 
(128-130) 

35.10 32.99 Clay layer: bifaces, 
cores, flakes 

660 900  

Ubeidiya, Israel 
(131-132) 

35.56 32.69 F1 Cycle: human teeth; 
bifaces, choppers, 

cores, flakes 

1200 1600  

Gesher Benot 
Ya’akov, Israel 

(133-135) 

35.62 33.01 Levels II, I and V: 
cleavers, bifaces, cores, 

flakes 

730 800  
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Kermek, Russia 
(136) 

37.10 45.36 Bed 5: choppers, cores, 
flakes 

1800 2100  

Rodniki 1 
/Bogatyri/Sinyaya 

Balka, Russia 
(137) 

37.11 45.36 choppers, cores, flakes 1200 1600  

Dmanisi, Georgia 
(6, 138-139) 

44.20 41.33 Stratum B: human 
skulls and postcranial 
bones; cores, flakes 

1780 1950  

 

† Based on paleoenvironmental reconstructions in indicated references. 
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