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2 Neanderthal to Anatomically Modern Human Transition

Abstract

The Iberian Peninsula is of particular interest for the Neanderthal
(NEA) to anatomically modern human (AMH) population transition.
The AMHs arrived in Iberia last from eastern Europe and thus any
possible contacts between the two populations occurred here later than
elsewhere. The transition process took place in the earlier part of the
Marine Isotope Stage 3 (∼ 60-27 ka cal BP) as repeated and profound
climate changes challenged the population stability. To investigate how
climate change and population interactions influenced the transition,
we combine climate data with archaeological-site data to reconstruct
the Human Existence Potential, a measure of the probability of human
existence, for both the NEA and AMH populations in the Greenland
Interstadial 11-10 (GI11-10) and Stadial 10-9/Heinrich event 4 (GS10-
9/HE4) times. It is found that during GS10-9/HE4, large parts of the
peninsula became unsuitable for NEA human existence and the NEA set-
tlement areas contracted to isolated coastal hot spots. As a consequence,
the NEA networks became highly unstable, triggering the final collapse
of the population. The AMHs arrived in Iberia in GI10 but were con-
fined to patches in the northern most strip of the peninsula. They were
soon facing the much colder climate of GS10-9/HE4, which prevented
their further expansion or even caused a contraction of their settlement
areas. Thus, due to the constellation of climate change and the dis-
persal of the two populations into different regions of the peninsula, it
is unlikely that the NEAs and AMHs coexisted in extensive areas and
the AMHs had a significant influence on the demography of the NEAs.

Keywords: Neanderthals, Aurignacian, Human Existence Potential, Middle
to Upper Palaeolithic Transition, Iberia

1 Introduction

The Middle to Upper Palaeolithic population transition in Europe took place
between HE5 (Heinrich event 5) and HE4 (∼48-38 ka cal BP), with the indige-
nous Neanderthal (NEA) population of Middle Palaeolithic (MP) technologies
being replaced by the migrating Anatomically Modern Human (AMH) popu-
lation (for climatological and archaeological timelines see Fig. A12). Due to its
geographic location, the Iberian Peninsula is of particular importance for the
understanding of this transition, considering that a prolonged survival of the
NEAs here has been a subject of debate over the past decades [1–10]. Around
42 ± 1 ka cal BP, the first AMHs related to the Aurignacian (AUR) techno-
complex from eastern Europe reached probably northern Iberia, although small
differences in timing between Cantabria and Catalonia cannot be excluded
[11]. Their arrival may have coincided with the decline and eventual extinc-
tion of the NEAs, but the radiocarbon chronologies of both regions suggest
that the MP ended before the arrival of the Aurignacian and only the few
sites of the Châtelperronian (CHÂT) techno-complex that end before 40 ka
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cal BP [12] may have overlapped with the early Aurignacian [11, 13]. Due to
the low resolution of radiometric dating in this time frame and the rapid cli-
mate oscillations, the correlation of cultural change and climate change is still
a challenge.
Genome sequencing and paleoanthropological analyses indicate that contact
and interbreeding between NEAs and AMHs took place in Southwestern
Asia and Eastern Europe [14–16], but it is unclear whether such interactions
occurred in Iberia and why the NEAs became extinct, i.e., whether the extinc-
tion was attributed to abrupt climate change [17], competitive exclusion [18],
repeated migration by random species drift [19], inbreeding, allee effects and
stochasticity [20] or interbreeding with AMHs [21], low efficiency in exploiting
resources of the NEAs in comparison with the AMHs [22] or changes of avail-
able biomass [13]. The argument of ”cognitive superiority” of the AMHs, which
was favoured for decades, is now considered to be the least probable [23]. After
decades of research, this pan-European population transition is still not well
understood and subject to numerous and often contradictory hypotheses [23].
The Middle to Upper Palaeolithic population transition in Iberia was accompa-
nied by major climate changes on millennial scales during the Marine Isotope
Stage 3 (MIS3,∼ 60-27 ka cal BP). Climate proxies from the geological archives
in and around Iberia [e.g., peatbogs of Padul and Navarrés [24], speleothems
of El Pindal Cave or Eagle Cave [25, 26], marine sediments off the west coast
of Portugal or from the Alborán Sea [27–30], lake sediment [31] and pollen
records [32]], loess stratigraphy [33] and climate model simulations [34–36],
have all revealed strong climate changes on the peninsula during the MIS3
(and MIS2). These changes occurred in correspondence with the Greenland
Interstadial (GI) and Stadial (GS) cycles punctuated by Heinrich events and
Daansgard-Oeschger events. In stadial times, climate in Iberia was also colder
and drier. Pollen data [32] suggest that, with respect to today’s climate, the
mean annual temperature in the Mediterranean realm was about 5◦C lower
during the Last Glacial Maximum (LGM) and the mean annual precipitation
was less by between 650 mm in north-western and 100 mm in south-eastern
Iberia. During the HEs, it had even lower temperatures and drier conditions
compared to the LGM [31]. This is also reflected in other geological archives
[24–26, 28–30]. [37] found that the SSTs of the North Atlantic during the HE4
dropped by 3 to 6◦C in the annual mean and 6 to 10◦C in summer and winter,
respectively.
In accordance with the time scale of the population transition and the low res-
olution of radiometric dating, we divide the time domain (∼ 48−38 ka cal BP)
into three periods. The early period (∼48-43 ka cal BP) comprised HE5, GI12
and GS12, when only the NEAs lived on the peninsular. The middle period
(∼43-41 ka cal BP) was a warm phase, comprising GI11 and GI10, interrupted
only shortly by GS11 that lasted a few hundred years around 42 ka cal BP.
In this period, the NEAs might still be in existence, as the AMHs reached the
northern part of Iberia. The late period was a prolonged cold phase of almost
3000 years (∼41-38 ka cal BP), consisting of GS10 and GS9/HE4, interrupted



139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184

https://doi.org/10.1016/j.scib.2023.04.025

4 Neanderthal to Anatomically Modern Human Transition

only short by GI9 that lasted about 200 years around 40 ka cal BP. Suppose the
NEAs still existed in the GI11-10 period, then the major shift from the GI11-
10 warm climate to the GS10-GS9/HE4 cold climate could have profoundly
influenced the population transition on the peninsula, as both the NEAs and
AMHs faced serious challenges.
Against this complex background, we take a macroscopic approach to exam-
ining how climate change impacted on the population transition and whether
the NEAs and AMHs could have extensively coexisted. A number of important
studies on the transition have been carried out based on the discoveries from
archaeological excavations [38–40], but to achieve an overview of the cultural
chronology requires the integration of archaeological and climate data [22, 41–
43]. Here, we model the Human Existence Potential (HEP) as a measure of
the probability of human existence, for both the NEA and AMH populations
under the GI11-10 and GS10-9/HE4 conditions. The HEP is estimated using
a set of climatic predictors in combination with the presence/absence records
of archaeological sites [44, 45]. The climate predictors are derived from a high-
resolution regional climate model simulation nested in a global climate model,
and the archaeological sites are the latest compilations of the MP and AUR
sites. As the AMHs arrived in the northern part of Iberia at the beginning
of GI10 (∼41.5 ka cal BP) [46] and were not yet adapted to the local condi-
tions, we include the AUR sites outside Iberia in the HEP computation for
the AMHs. The HEP is first simulated using the sites assigned to the first
AUR settlement phase (∼42-37 ka cal BP, [45]) - referred to as AUR-P1, and
for comparison, it is then simulated using the sites assigned to both the first
and second settlement phases of the AUR (∼42-32 ka cal BP) – referred to as
AUR-All. In contrast, the NEAs had already lived in Iberia for thousands of
years and were well adapted to the local conditions and therefore, we use only
the MP sites in Iberia assigned to the MIS3 (see Appendix B) in the HEP
calculation for the NEAs [47]. The use of all MP sites is intentional and the
justifications and consequences are discussed in Section 2. Two notes need to
be made. First, the MP sites cover a large time span, but the temporal resolu-
tion of the dating is very poor. The majority (∼ 95%) of the 99 MP sites found
were older than GS10-9/HE4, and we assume they existed in the GI11-10 (or
similarly) warm climate, not excluding the possibility that they also existed
in cold climate. Second, the use of archaeological sites in the HEP model is to
provide a statistically meaningful estimate of the adaptive range of the respec-
tive population. [44, 45] showed that the overall HEP results do not change
substantially when a few sites were added to or removed from the data set,
although there are local implications.
We first derive the HEP models for both the NEA and AMH populations in
the GI11-10, assuming they were adapted to the warm climate conditions.
The same HEP models are then used to compute the HEP for the two pop-
ulations in the GS10-9/HE4. Based on the spatial patterns of the HEP, we
identify the refuges where the two populations could have survived and regions
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where contacts between the two populations might have occurred. By com-
paring the differences in HEP between GI11-10 and GS10-9/HE4, we estimate
the climatic impact on the population transition. We show that, based on our
analysis, it is unlikely that the NEA and AMH populations coexisted in exten-
sive areas. The results give new impetus to the discussions on the Middle to
Upper Palaeolithic population transition in Iberia.

2 Methods and Data

2.1 Human Existence Potential Model

The HEP is estimated using climate and environment data with a logistic
regression model, referred to as the HEP model. It is a second-order polynomial
of climate variables with modification functions defining the accessibility of
resources [44]. To estimate the HEP model coefficients, the human presence
and absence records are defined. Human presence (i.e. HEP = 1) is assumed in
a site catchment of 20 × 20 km2 centred at an archaeological site, following e.g.
[48]. Human absence (i.e. HEP = 0) is assumed in areas where human existence
is deemed to be impossible. The logistic regression fits the presence/absence
records to a selected set of climate predictors. See section 2.4.
The HEP model (Eq. 1) is trained for N = 1000 times, each time with a
different randomly selected subset containing 80% of the data in the presence
and absence records. The HEP from each training run is evaluated using the
remaining 20% of the presence/absence records. The human existence potential
Φ is then computed as

Φ =
1

1000

1000∑
n=1

{
1 + exp

[
−(β0n + β⃗n · p⃗)

]}−1

· g1 · g2, (1)

with β0n being the intercept and βn the fitted coefficients of the nth training
run, and p⃗ being the standardized second-degree bioclimatic predictors.
The functions g1 and g2 define the accessibility of regions based on topography
[49]. For this purpose, a linear function (Eq. 2) is fitted to the topographical
distribution of the sites (Fig. 1), whereby both the topographical height (g1)
and the roughness (g2), i.e., the standard deviation of the topography around
each site, are included (determined by the mean value and the standard devi-
ation of the 30s topography data set on the grid resolution of the climate
data).

g1 or 2(x) =


1.0, x < xl

1.0− (x− xl) ·m, xl ≤ x < xu

0.8, x ≥ xu

(2)

Based on the topographic height distributions shown in Fig. 1, the g1 param-
eters for the AMHs are xl = 350 m and xu = 2000 m, and for the NEAs are
xl = 450 m and xu = 2000 m. The g2 parameters for the AMHs are xl = 70 m
and xu = 400 m, and as the roughness at the MP sites did not show a clear
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pattern, this is not considered for the accessibility calculation. Furthermore,
the sea level is assumed to be 90 m lower than today’s and all grid points lying
below the sea level are masked out.
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Fig. 1 (a) Topographic height distribution of the archaeological sites of AUR-All and MP;
(b) as (a), but for the standard deviation of topography around the site, namely, the rough-
ness.

2.2 Archaeological Data

The MP archaeological data set consists of 99 sites with proofs of NEA exis-
tence in Iberia during MIS3 (white squares in Fig. 3), as listed in Table S1.
Most of the sites are securely dated and assigned to the Mousterian techno-
complex. Seven of these sites show evidence of another techno-complex in a
sublayer of the stratigraphy, the CHÂT. This techno-complex is supposed to
represent a transition phase from the Middle Palaeolithic to Upper Palae-
olithic. Human fossils found in the CHÂT layers regularly belong to NEAs.
Therefore, it can be assumed that NEAs were the makers of the CHÂT,
although some researcher doubt this link (for the latest state of the discussion
see [12]). All MP sites are included for training the HEP model for the NEA
population, although some of the sites might no longer be inhabited at the
time of GI11-10.
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We divided the Aurignacian into two phases, AUR-P1 and AUR-P2, which
are approximately correlated with the chronological time frames of 43-37 ka
cal BP and 37-32 ka cal BP, respectively. This division is debatable, but we
opted for this to allow the assignment of the data compiled from the litera-
ture to be based on typological attributions and chronometric dates. While in
some cases, the assignment of a site is not unambiguous, on the pan-European
scale, no significant distortion of the results is expected. For training the HEP
model for the AMH population, only the AUR sites located to the south of
47◦N and west of 6◦E are used. For the AUR-P1, there are 66 sites, and for the
AUR-All (AUR-P1 plus AUR-P2), there are 203 sites (dots in Fig. 4). All sites
used are listed in Appendix A of [45]. The underlying georeferenced database
is online available [50]. Only sites with well-documented, dated or diagnostic
assemblages are considered, and the highly disputed ones are excluded from
further analysis. Two Aurignacian sites require special attention, the Lapa
do Picareiro site and the Cueva de Bajondillo site. For both, the respective
excavators postulate their classification in the AUR-P1 [39, 51]. In Cueva de
Bajondillo, new radiocarbon dating was carried out on old excavation mate-
rial. The charcoals give an age of 40.6 - 44.8 ka cal BP for level 13 and have
been claimed by the excavators to date an Early Aurignacian but without dis-
cussion of the stratigraphic context although they have published in numerous
papers since 1997 that this area is disturbed [10]. The lack of diagnostic arte-
facts in the stone tool inventory also argues against the classification of this
site in an Early Aurignacian [52, 53]. This site is therefore not considered fur-
ther in our analysis. In the case of Lapa do Picareiro, the small stone tool
inventory of less than 50 pieces can be assigned to an Aurignacian. However,
the early radiocarbon dates all come from the area below or from the lower
edge of the find layer. Therefore, it cannot be decided with certainty that they
actually date the find context (see also [10]). The Lapa do Picareiro site is
preliminary assigned to AUR-P1 and has been placed as a test in the analysis.

2.3 Climate Data

The COSMOS, employed for glacial conditions [54], is used to simulate the
GI11-10 and GS10-9/HE4 global climate conditions. For each of the climate
simulations, a data set covering 35 model years is created after spinning up the
initial coupled atmosphere-ocean state over a time period of 1400 model years.
The climate model is integrated at a time resolution of 40 minutes. Climate
output is generated by averaging over a period of 6 hours. For both simulations,
the boundary conditions are specified to those at 40ka, as described in [55]. In
particular, the Earth’s orbit is specified with an eccentricity of 0.013146, an
obliquity of 23.6126◦, and a longitude of the perihelion of 358.167◦ with respect
to the vernal equinox [56]. Concentrations of trace gases are 193 ppm of carbon
dioxide, 400 ppb of methane, and 240 ppb of nitrous oxide. To realistically
model the GS10-9/HE4 conditions, fresh water release to the North Atlantic
[57] is imposed, which attenuates the thermohaline circulation and leads to
decreased SST over the North Atlantic and reduced evaporation. The GCM



323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368

https://doi.org/10.1016/j.scib.2023.04.025

8 Neanderthal to Anatomically Modern Human Transition

simulated atmosphere climate data has a T31 spatial resolution of ∼ 3.75◦ with
19 vertical layers. The ocean model, including a thermodynamic sea ice model,
employs a bipolar curvilinear model grid with a formal horizontal resolution
of 3.0◦ x 1.8◦ and 40 unevenly spaced vertical layers.
To increase the horizontal resolution of the climate data for HEP modelling,
regional climate simulations are carried out by nesting the Weather Research
and Forecasting (WRF) model [58] into the COSMOS runs. The WRF runs
for GI11-10 and GS10-9/HE4 last each for 35 years. The first five years of the
model run are reserved for the model spin up and thus only the results for the
last 30 years are used for the analysis. The resolution of the innermost domain
of the WRF simulation is 0.15◦, approximately 12.5 km, and the high resolution
is achieved through a two-step nesting, i.e., COSMOS-T31 → WRF-50 km →
WRF-12.5 km. The domain of the WRF-50 km run covers the entire Europe,
while the domain of the WRF-12.5 km run focuses on southwest Europe (Fig.
A1).
The land ice cover data for the WRF runs are taken from reconstructions by
the ICE-6G-C model of the PMIP4 database [59]. For the GI11-10 run, the ice
cover is assumed to arise from a sea level of -72 m (relative to today’s sea level),
and for the GS10-9/HE4 run to arise from a sea level of -96 m. The vegetation
is set as [60]. The topography over the ice sheet as well as the coastline are also
adapted based on the respective ICE-6G-C reconstructions used for GI11-10
and GS10-9/HE4. The same orbital parameters and trace gas concentrations
as set in the COSMOS model are used in the WRF model for consistency. A
more detailed description on how the WRF-model can be adjusted to perform
regional paleoclimate simulations can be found in [34, 35].

2.4 Predictor Selection

a) GI11-10
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Fig. 2 Dendrogram correlation cluster of the bioclimatic variables for (a, top) GI11-10
and (b, bottom) GS10-9/HE4 and separation of the variables into the groups of mean tem-
perature (green), temperature seasonality (red), daily temperature variation (blue), mean
precipitation (magenta), precipitation seasonality (yellow) and mean dryness (cyan).
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Seventeen bioclimatic variables (as listed in Tab. 1) are computed from the
WRF simulated climate data [44], from which a subset is chosen as predictors
for the HEP model. For both GI11-10 and GS10-9/HE4, the same combina-
tion of predictors is used. The collinearity of the 17 bioclimatic variables is

Table 1 Definition and clusters of the 17 bioclimatic variables considered as the
candidate predictors of the HEP.

Cluster Bioclim Var Definition
Mean temp. Bio1 Annual Mean Temp.
(T-mean) Bio5 Max Temp. of Warmest Month

Bio6 Min Temp. of Coldest Month
Bio10 Mean Temp. of Warmest Quarter
Bio11 Mean Temp. of Coldest Quarter

Temp. seasonality Bio4 Temp. seasonality
(T-var) Bio7 Temp. Annual Range
Daily temp. variation Bio2 Mean Diurnal Range

Bio3 Isothermality
Mean precip. Bio12 Annual Precip.
(P-mean) Bio13 Precip. of Wettest Month

Bio16 Precip. of Wettest Quarter
Bio19 Precip. of Coldest Quarter

Precip. seasonality Bio14 Precip. of Driest Month
(P-var) Bio15 Precip. Seasonality
Mean dryness Bio17 Precip. of Driest Quarter
(D-mean) Bio18 Precip. of Warmest Quarter

first evaluated (1) to reduce the number of predictors, and (2) to preclude
the collinearity between the predictors, which may falsify the logistic regres-
sion [61, 62]. The collinearity is examined using a hierarchical clustering of the
distance matrix (D = 1 −R with R being the correlation matrix), or a den-
drogram. To do this, variable clusters are hierarchically combined until one
last cluster is left. The degree of independence among the clusters is measured
using the distance score. As Fig. 2 shows, the dendrogram subdivides the bio-
climatic variables into six clusters of collinear variables, as listed in Table 1.
Permuting the variables from the six clusters gives 400 combinations, thus the
number of variables to be used as predictors must be significantly reduced.
Bio2 and Bio3 are first excluded, as they vary on a time scale much shorter
than the response timescale of humans to climate change. As quarterly rain-
fall better represents the moisture conditions (for vegetation) than monthly
rainfall, Bio13 and Bio14 are excluded. As the variables of the mean tem-
perature cluster are highly correlated, it is sufficient to use Bio1 to represent
them. Likewise, Bio4 is selected to represent temperature seasonality. These
considerations limit the combinations of predictors to five possibilities: Bio1,
Bio4, (Bio12/16/19), Bio15, (Bio17/18). The quarterly rainfall quantities are
further limited to either warm/cold or wet/dry quarters, thus eliminating the
combinations of Bio1/4/16/15/18 and Bio1/4/19/15/17.
The remaining four combinations are tested for multicollinearity using the VIF
(Variance Inflation Factor) analysis (2). For a combination of five variables, a
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VIF is calculated for each variable from the coefficients of a linear regression of
the variable to the other four. The combination Bio1/4/12/15/17 is excluded
because it contains variables with a VIF > 10, a commonly used threshold
for multicollinearity [63]. The three remaining combinations Bio1/4/12/15/18,
Bio1/4/16/15/17 and Bio1/4/19/15/18 all have VIF < 10, but since they pro-
duce very similar HEP estimates (Fig. A2 and A3), we finally select Bio1, 4,
16, 15, 17 as the HEP predictors.

2.5 Statistical Evaluation

Embedded in the HEP estimates, there may be two types of uncertainties. The
first is associated with the paleoclimate reconstructions using climate models.
A full assessment of this type of uncertainty is beyond the scope of this study, as
it must rely on the collective effort of the climate modelling community at large.
However, we have used here the state of the art of climate model simulations
and through dynamic down scaling to gain high-resolution climate data as has
not been done before for studies of human existence. The second is associated
with the archaeological data. The HEP model is trained N ( = 1000 ) times,
each time with a random selection of 80% of the presence/absence records. The
remaining 20% of the records is used to evaluate the model performance. We
have also done sensitivity tests and found that by dropping or adding a few
archaeological sites, the resulting HEP patterns basically do not change except
for areas where the density of archaeological sites is very low. For example,
the inclusion of the Lapa do Picareino site in AUR-P1 can somewhat change
the HEP pattern near the west coast of Portugal, and for such cases, specific
attention needs to be paid to the model outcomes. Discussions on the HEP
model performance have been made in [44] and [64]. The two quantities are
used for the evaluation of the HEP model, namely, the ”area under a receiver
operating characteristics curve” (AUC) and the Brier skill score (BSS). The
Brier Skill Score (BSS) defined as

BSS =
1

N

N∑
n=1

(
1 − BSn

BS0

)

is used as a measure of model goodness. BSn is the Brier Score [65] for the
n-th run, defined as

BSn =
1

J

J∑
j=1

(Φnj − Φoj)
2

where J is the number of the 20% presence/absence records, Φnj and Φoj

are the model predicted HEP and the presence/absence record at record j,

respectively. BS0 is the Brier Score of the same run with β⃗ (but not β0)
set to zero in Equation (1). Because for a given training run n, Φn(β0) =
1/[1 + exp(−β0)] is the simplest model, a BSS = 0 implies that the HEP
model performance is identical to the simplest model, while a BSS = 1 is
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the perfect model meaning that all training runs perfectly reproduce the 20%
presence/absence records. A negative BSS is possible, indicating that the HEP
model performance is worse than the simplest model. The BSS thus determines
the improvement of the regression compared to a reference model in which only
the intercept is considered. AUC is another measure of the model goodness.
A large AUC represents a high rate of correct binary classification by the
model by comparing the true positive and false positive rates [66]. Using the
N training runs, the model performance is evaluated using BSS and AUC for
the different regressions are shown in Tab. 3. Both BSS and AUC values are
quite large, showing that the HEP model performance is satisfactory.

Table 2 Variance inflation factor (VIF) of the bioclimatic variables from the mean
temperature (T mean), temperature seasonality (T var), mean precipitation (P mean),
precipitation seasonality (P var), and mean dryness (D mean) groups. The upper four
factors correspond to the GI11-10 and the lower ones to the GS10-9/HE4 climate.

T mean T var P mean P var D mean
1/4/12/15/17 5.26 1.74 10.22 6.54 13.39
1/4/12/15/18 5.37 1.78 5.24 5.63 4.49
1/4/16/15/17 5.19 1.75 3.85 6.42 6.49
1/4/19/15/18 5.32 1.76 2.05 5.63 2.47
1/4/12/15/17 6.94 2.14 8.25 8.29 mathbf12.35
1/4/12/15/18 7.4 2.16 4.63 7.56 5.29
1/4/16/15/17 6.86 2.17 2.99 8.26 6.33
1/4/19/15/18 7.21 2.14 1.67 7.74 3.1

Table 3 Area under a receiver operating characteristics curve (AUC) and Brier skill score
(BSS) for the logistic regression shown in Fig. 3 and 4.

MP AUR-All AUR-P1
AUC 0.89 ± 0.011 0.88 ± 0.013 0.9 ± 0.014
BSS 0.78 ± 0.01 0.78 ± 0.01 0.78 ± 0.015

3 Results and Discussions

Fig. 3 shows the HEP for the NEA population under the conditions of GI11-10
and GS10-9/HE4. In GI11-10 (Fig. 3a), high-HEP regions existed in coastal
areas and parts of the northern Meseta, where most MP sites are located.
The areas along the north coast, the Mediterranean coast and the west coast
of Portugal had the highest HEP with values exceeding 0.9, i.e., the NEA
existence in these areas was very likely.

In contrast, north-western Iberia and southern Meseta had low HEP, i.e.,
the NEA existence in these areas was very unlikely. This result is consistent
with the archaeological site distribution, as no MP sites are found here. Both
Mesetas have a rich data record with numerous surface sites of the Middle
Pleistocene. However, dated sites from the late Middle Palaeolithic are rare.
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The absence could therefore possibly be a research gap. But long-term sur-
veys in the western part of northern Meseta (e.g. in the Duero Basin) confirm
that the absence of sites there is not due to research bias but might indicate
abandonment of the area after MIS5 [67]. Although a high-HEP region, the
northern Meseta shows human settlement only in its eastern part, while the
western part was uninhabited. Against this backdrop, the two regions might
have acted as a climate barrier which separated the high-HEP region of the
west coast of Portugal from the rest of high-HEP regions on the peninsula,
making the exchanges between the NEA groups during MIS3 difficult.
The NEAs were well adapted to all terrains. The mountain ranges in central
Iberia, including the Iberian System (Sistema Ibérico) and Central System (Sis-
tema Central), which appeared to be obstacles for the AMHs to expand into
central Iberia (Fig. 4a), were potential habitats for the NEAs. The adaptation
of the NEAs to the various conditions on the peninsula is seen in the broad
frequency distribution of the topographic features (Fig. 1) and local-climatic
conditions (Fig. A4) of the MP sites. The diverse local-climatic conditions are
reflected in the range of annual mean temperature (Bio1) and precipitation sea-
sonality (Bio15). The distributions of the precipitation in the wettest (Bio16)
and driest (Bio17) quarters show that the NEAs preferred to live in relatively
dry areas, although some MP sites (less than 30%) are located in regions with
more rainfall (Fig. A3 and A9), e.g., the northern coast of Iberia. The broad
climate adaptive range of the NEAs implies at the same time the differences
between the NEA populations in the north and south of Iberia. However, the
NEAs were generally absent in cold areas (with annual mean temperature
Bio1 <∼ 2◦ C) accompanied by strong seasonal temperature variations (Bio4
∼ 5◦ C) that were typical for inland Iberia, especially the southern Meseta
(Fig. A8).
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Fig. 3 (a) NEA Human Existence Potential for GI11-10 warm climate, and (b) for GS10-
9/HE4 cold climate. White squares mark the MP sites.

During the GS10-9/HE4, the HEP for the NEA population decreased by 0.1
- 0.5 across almost entire Iberia (Fig. 3b). The decrease was more pronounced
in the interior than in coastal areas, indicating that the probability of the NEA
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existence in the interior of Iberia, which was already small in the GI11-10,
further diminished. Several hot spots on the coastal strip retained high HEP
values, which could serve as refuges for the NEAs, including the Cantabrian
coast, Mediterranean coast centred around the Valencia, Gibraltar area, coast
of Portugal, and small areas in the Ebro depression and adjacent northern
Meseta. The HEP values in the Portuguese coastal area hardly changed, but
the area suitable for the NEA existence was reduced and now surrounded by
the low-HEP areas and maintaining networks to the east was almost certainly
impossible.
Fig. 4a shows the HEP for the AMH population in GI11-10, obtained from
the AUR-P1 experiment. Franco-Cantabria was a high-HEP region where
also archaeological sites are densely distributed. In northern Iberia, high-HEP
regions extended to the west coast of Spain, much further than Arnero (in
Asturias) which is the westernmost site in our data set. Also, the coastal area
in northern Portugal and the area to the Central System around Madrid were
potentially suitable for settlement. While the Mediterranean France, reaching
as far as the south of the Pyrenees, showed high probability of AMH existence,
with HEP values ranging from 0.75 to 0.95. It is unlikely that the AMHs of
the first AUR phase existed in the rest of in the Mediterranean coastal areas
of Spain. The only potential site south of the 40 Latitude is the outlier Lapa
do Picareiro. Its assignment to the AUR-P1 is disputed [40].
The AMHs adapted to a narrower topographical range compared to the NEAs.
Few sites were found at altitudes higher than 600 m with variations larger
than 150 m (Fig. 1). The frequency distributions of the climate variables at
the AUR sites indicate that the AMHs were adapted to regions of temperate
climate with similar annual mean temperatures and relatively high tempera-
ture seasonality. The low HEP values in central and southern Iberia are related
to the high annual mean temperatures there (Fig. A4). In comparison to the
NEAs, the AMHs lived in more humid areas with relatively low seasonal rain-
fall variability.
In GS10-9/HE4, the HEP for the AMHs dropped sharply in large parts of the
west Mediterranean region (Fig. 4b). The inland of Iberia, which was partly
suited for AMH existence in GI11-10, became a hostile area in GS10-9/HE4,
with the HEP values falling largely to below 0.05. The decrease occurred
also in the coastal areas of Iberia. For example, the coastal areas of Portu-
gal, favourable for AMH existence in GI11-10, almost disappeared completely.
Only the Cantabrian coast and the northern most part of the Mediterranean
coast retained suitable HEP.
The HEP for the AMHs obtained from the AUR-All experiment for GI11-10
and GS10-9/HE4 are shown in Fig. 4c and d, respectively. A comparison with
Fig. 4a and c reveals that the two experiments give similar results, except for
the Iberian Mediterranean coast. This important difference is understandable.
On the pan-European scale, as reflected in HEP, the AMH population suffered
a major setback in GS10-9/HE4, but quickly recovered in the post HE4 period.
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There is evidence that the AMHs later adapted to the colder climate condi-
tions and in the post HE4 period started to disperse into previously unsettled
colder regions, e.g., northern Europe and British Islands [45]. As the AUR-All
experiment takes account of all AUR sites in Europe, implying that the AUR
humans existed in more diverse climate conditions, the Iberian Mediterranean
coast emerged as a region favourable for the AMH existence.

Derived via a quadratic logistic regression of the archaeological pres-
ence/absence records to a set of bio-climatic predictors, HEP represents the
probability of human existence, namely, a kinematic statement how likely
humans existed at given location and time. At the same time, it is a measure of
the potential for human existence of a particular techno-complex under given
climate conditions. Regions of high HEP are potentially attractive in the pro-
cess of human dispersal. Two main conclusions can be drawn from the model
results.
First, the GI11-10 to GS10-9/HE4 climate change had a profound detrimental
impact on the NEA population. The timing of the NEA extinction in Iberia, as
elsewhere, is highly debated [7, 8, 33, 68, 69]. The NEA fossils from El Sidrón
are dated directly to 48.4± 3.2 ka cal BP [70]. The fragmentary NEA remains
from Sima de las Palomas de Cabezo Gordo (likely not preserved in the pri-
mary deposition) were found together with burnt fauna bones which give two
radiocarbon ages of 42.01 and 38.4 ka cal BP [5, 68]. The radiocarbon dat-
ing of bones is less reliable [7], and the stratigraphic context of Units A and
B does not exclude their accumulation occurred long after the NEAs disap-
peared. While sites with dated NEA fossils are rare, sites with MP technology
(representing NEA groups in MIS3) are abundant in Iberia [47]. At several of
these sites, MP assemblages are dated to younger than 45 ka cal BP, provid-
ing evidence for the late survival of the NEAs [68]. In this context, the ”Ebro
frontier” model has been proposed, which proclaims southern Iberia to be the
last refuge of the NEAs, as the Ebro Valley in northwest Spain prevented the
southward dispersal of the AMHs [1, 40].
The stratigraphic revaluation of several of these sites and more recent radio-
carbon dating in combination with independent age control using U/Th or
luminescence methods [7–11, 69–74] changed the narrative. The late MP lay-
ers were pushed back by several millennia. Currently, only a few sites remain,
which provide indirect evidence for the late survival of the NEAs in south-
ern Iberia, such as Sima de las Palomas de Cabezo Gordo and Cueva Antón
in Murcia [5, 68]. At Gorham’s cave in Gibraltar, radiocarbon dating of the
layers securely linked to the MP, yielded ages older than 43.8 ka cal BP [75].
Recently, the uppermost alluvial deposits with MP imprints at the open-air
site of Cardina/Salto de Boi in northern Portugal are luminescence dated to
39.5 ± 1.8 ka [76]. At the same time, presumed late MP sites, e.g., Gruta da
Oliveira were recently pushed back for several 10.000 years [10]. These back
and forth changes of the dating illustrates the difficulties in assessing the out-
liers in the archaeological records, especially when considering that different
dating methods such as Optically Stimulated Luminescence (OSL) are used
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Fig. 4 a) HEP of the AMHs under the GI11-10 and (b) GS10-9/HE4 conditions obtained
from the AUR-P1 experiment. (c) and (d), as (a) and (b), but obtained from the AUR-All
experiment for comparison.

in addition to the radiocarbon method and different sample materials such as
charcoal or bones were dated. Out of nearly 100 MP sites from the MIS3, no
more than three might belong to a time span younger than 40 ka cal BP. The
vast majority of the sites dated to the Late MP in Iberia suggests an earlier
abandonment by the NEAs, probably before ca. 45 ka [70]. This indicates a
bust of the NEA population already in HE5 and the final disappearance at the



691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736

https://doi.org/10.1016/j.scib.2023.04.025

16 Neanderthal to Anatomically Modern Human Transition

latest before or during HE4.
The HEP model results provide no additional information on the timing of
the NEA extinction, but have shown that if the NEAs survived the HE5 and
still existed in the GI10, then the change to the GS10-9/HE4 climate condi-
tions could have had a serious detrimental impact on the NEA population,
substantially reducing their living space to isolated hot spots located mainly in
coastal areas, and thus breaking up their social networks. The main hot spot
in the coastal area of Portugal was cut off from the rest of Iberia by the hostile
areas of the Duero Basin in the northwest and the Guadiana and Guadalquivir
Basins in the southwest. The Cantabrian coast was only weakly connected to
the Mediterranean via the Ebro valley. Between Gibraltar and Murcia, the low
HEP indicates that a NEA settlement here was unlikely. The current estimates
of the total NEA population in Iberia in GI10 are very uncertain. A prelimi-
nary estimate of [77] indicates that the population density during Late MP in
central Europe is of the order of 0.0014 Persons per km2. If this estimate were
transferable to the NEAs, then the total NEA population in Iberia would be
no more than 500. A model-based study by [78] suggests that the size of the
NEA population in Iberia had to be of order of 2000 ± 1000 humans for pop-
ulation stability. Assuming the population density is proportional to the HEP,
we found by integration over the peninsula that the total NEA population that
survived in GS10-9/HE4 was about half that in G11-10, probably much below
the threshold for population stability. Thus, the challenging climate conditions
of GS10-9/HE4 might have two important influences on the NEA population,
namely, (1) to reduce the total population on the peninsular to a size below
the threshold and (2) to force the NEAs to segregated refuges, which made
the networking and mating much more difficult. As a result of these stresses,
the remaining NEA population in the refuges might have further declined and
finally disappeared.
Second, we do not claim that the initial decay and final disappearance of the
NEAs were purely climate driven, but our results show that the demise of the
NEAs in Iberia cannot be attributed to the expansion of the AMHs. Compared
to the earlier studies on a similar subject [38, 79], this study shows explicitly
the high-resolution spatial patterns of human existence in terms of probability
and enables a detailed examination of the hypothesis on the late survival of
the NEAs. The HEP model results suggest that the hypothesis that southern
Iberia served as the last refuge for the NEAs during GS10-9/HE4 [1, 68, 80]
needs to be interpreted differently. Fig. 3b shows that the likely NEA refuges
in GS10-9/HE4 were the coastal areas. In southern Iberia, regions suitable for
the NEA existence with a HEP ¿ 0.5 were confined to the southern tip of Spain,
largely cut off from the rest Iberia, and thus southern Iberia was unlikely to be
a significant refuge. [35] showed that the southern part of Iberia was strongly
affected by aridity during HE1 and hostile for human existence. According to
[81], climate conditions on the Iberian Peninsula were similar in HE4 and HE1.
At the time of GI10, the AMHs just arrived in northern Spain via southern
France and were mostly settled in the Cantabrian coastal areas. Our model
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shows that even under the climate conditions of GI11-10, only very limited
areas were suitable for the AMHs of the AUR. It is highly likely that the AMH
population did not expand southward to cross the Ebro valley at the time,
and an “Ebro frontier” thus indeed appears to exist. However, this frontier
represents rather the northern boundary of a large territory on the Iberian
Peninsula, that was not suitable for AMH existence, than a topographic obsta-
cle for the AMHs to expand further south. This is because the conditions south
of the Ebro were generally hostile for the AMH settlement during the first
phase of the AUR. Consequently, an AMH settlement south of the Ebro was
extremely unlikely. Stable and expanded areas for the first AMHs in Iberia
were confined to the Cantabrian coast and the northern most part of the
Mediterranean coast near France. In GS9/HE4, the AMH population on the
pan-European scale was retreating. Furthermore, the conditions for the exis-
tence of the AMHs in Iberia were deteriorated and the few suitable areas for
their existence were further reduced. In comparison to the NEA population,
the AMH population on the peninsula faced even larger challenges for their
origins from the north. This shows that during the entire time period from
GI10 to GS10-9/HE4, there was little chance for the southward expansion of
the AMHs. Only after GS9/HE4, in the second phase of the AUR, the AMHs
headed southward along the coast in today’s Valencia and Andalućıa, while
the interior of Iberian remained to be unsettled (Fig. 4). Our conclusion dif-
fers from the statement of [38] that the expansion of the AMHs had not been
hindered by the HE4.
The probability of NEA and AHM coexistence is the product of the individual
HEPs for the NEA and AHM populations, as Fig. 5 shows for the G11-10 and
GS10-9/HE4 periods. In both periods GI11-10 and GS10-9/HE4, the overlap
of high-HEP areas for the NEAs and for the AMH pioneers is restricted to a
small area in northern Iberia. This in theory opens up the possibility of a side-
by-side coexistence during the CHÂT that probably reflects the last phase of
the NEAs in northern Iberia. The idea of an immigration of the CHÂT from
south-western France after the end of the MP [12, 46] brings the question of
multiple population breakdowns into the discussion. This spatial restriction of
the CHÂT to a limited area in northern and north-eastern Iberia might indi-
cate the difficulties of the dispersal to the rest of the peninsula. Note that the
majority of stratigraphic sequences at the end of the MP show a settlement
gap towards the AUR, and in the potential contact areas of the two species,
sterile layers may occur between the two occupation phases [8, 82–84]. This
means that these sites were probably already abandoned by the NEAs before
the AMHs arrived. It is also important to note that there is not a single known
site on the Iberian Peninsula that shows an inter-stratification of the Aurigna-
cian with the MP/CHÂT [9]. This would argue against the coexistence of NEA
and AMH also in Portugal. Nevertheless, we have included Lapa do Picareiro
in our AUR-P1 dataset to test the remote possibility of NEA and AMH coex-
istence in the coastal areas of Portugal (Fig. 4a, b). In case the dating of Lapa
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do Picareiro is confirmed by further analysis [39], this would change the set-
tlement history of the Aurignacian in Iberia and imply that the spread of the
AMHs might be relevant to the extinction of the NEAs and the transition from
the Middle to Upper Palaeolithic on the Iberian Peninsula. In this case, both
species could have inhabited some parts of the peninsula at the same time and
the contact between them was more likely.

However, from a macroscopic point of view, this region was separated from
all other regions of high AMH existence probability. The pan-European scale
model simulation of the Aurignacian dispersal and the high-resolution simula-
tion of Aurignacian dispersal on the Iberian Peninsula both concluded that it
is unlikely that the AMHs of the Aurignacian reached the west coast of Por-
tugal in the first settlement phase [64].
If the Lapa do Picareiro site is excluded from the AUR-P1 data set, then the
HEP of the AMHs under the GI11-10 and GS10-9/HE4 conditions are as shown
in Fig. A5. A comparison with Fig. 4 shows that, as expected, the probability
for AHM existence along the western coast of Portugal is reduced under the
conditions of both GI11-10 and GS10-9/HE4. Interestingly, even with the Lapa
do Picareiro site excluded, there existed a potential corridor weakly linking the
Lapa do Picareiro area to the Franco-Cantabria region via the western part
of Spain. This suggests that the Aurignacian human settlement at the Lapa
do Picareiro site was not impossible, although an event of small probability.
The probability of NEA and AHM coexistence, with the Lapa do Picareiro
site excluded from the AUR-P1 data set is as shown in Fig. A6.
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Fig. 5 (a) Probability of NEA and AHM coexistence for G11-10; (b) as (a), but for GS10-
9/HE4.

4 Conclusions

Our conclusion based on a macroscopic integration of climate and archaeo-
logical site data is that the probability is small for the NEAs and AMHs to
compete for resources and existence space. Hence it is unlikely that the expan-
sion of AHMs triggered the extinction of NEAs in Iberia. It is more likely
that repeated climate change reduced the HEP for the NEAs to isolated spots
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which made it difficult to maintain stable pan-Iberian population networks.
This process of deterioration started probably long before GS10-9/HE4, lead-
ing to their ultimate extinction.
Overall, the HEP values for the NEAs in GS10-9/HE4 are better than for
AMHs. This could be related to the fact that the time span covered of the NEA
sites during MIS3 on the Iberian Peninsula is significantly longer than that of
the AHMs sites in Iberia. Due to the low resolution of the dating, it is not pos-
sible to divide the MP sites into different time slices and we had to included
here all MP sites of MIS3 for the statistical evaluation of the NEA adaptation
to the Iberian climate/environment conditions. An advantage of doing so is
that the conclusions we reached for the NEAs in GI11-10 are transferable to
the earlier interstadial times similar to GI11-10, such as GI12. Analogously, the
conclusions for the GS10-9/HE4 are transferable to the earlier stadial times,
such as HE5. In this context, we can make general statements on the climatic
impact on the population transition in Iberia. On the other hand, because of
this assumption made, the details of the modelled HEP distributions should
be interpreted with caution, as they represent the maximum spread of the
NEAs under the given climate. For the future, as dating accuracy continues
to increase, it may be useful to calculate HEP for narrower time windows to
gain deeper insight into the final phase of NEAs on the Iberian Peninsula.
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[31] Moreno, A., González-Sampériz, P., Morellón, M., Valero-Garcés, B. L. &
Fletcher, W. J. Northern iberian abrupt climate change dynamics during

https://doi.org/10.1371/journal.pone.0096424
https://doi.org/10.1371/journal.pone.0096424
https://doi.org/10.1371/journal.pone.0096424
https://doi.org/10.1016/0031-0182(88)90202-7
https://doi.org/10.1016/0031-0182(88)90202-7
https://doi.org/10.1016/0031-0182(88)90202-7
https://doi.org/https://doi.org/10.1016/j.gloplacha.2009.10.002
https://doi.org/https://doi.org/10.1016/j.gloplacha.2009.10.002
https://doi.org/https://doi.org/10.1038/srep02034
https://www.sciencedirect.com/science/article/pii/0025322795001425
https://www.sciencedirect.com/science/article/pii/0025322795001425
https://doi.org/https://doi.org/10.1016/0025-3227(95)00142-5
https://doi.org/https://doi.org/10.1016/0025-3227(95)00142-5
https://www.sciencedirect.com/science/article/pii/S1040618215008514
https://www.sciencedirect.com/science/article/pii/S1040618215008514
https://doi.org/https://doi.org/10.1016/j.quaint.2015.08.073
https://doi.org/https://doi.org/10.1016/j.quaint.2015.08.073
https://doi.org/10.1016/j.yqres.2008.07.002
https://doi.org/10.1016/j.yqres.2008.07.002
https://cp.copernicus.org/articles/5/503/2009/
https://doi.org/10.5194/cp-5-503-2009
https://doi.org/10.5194/cp-5-503-2009


1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104

https://doi.org/10.1016/j.scib.2023.04.025

24 Neanderthal to Anatomically Modern Human Transition

the last glacial cycle: A view from lacustrine sediments. Quaternary Sci-
ence Reviews 36 (Complete), 139–153 (2012). https://doi.org/10.1016/j.
quascirev.2010.06.031 .

[32] Bartlein, P. J. et al. Pollen-based continental climate reconstructions at
6 and 21 ka: a global synthesis. Climate Dynamics 37 (3-4), 775–802
(2011). https://doi.org/https://doi.org/10.1007/s00382-010-0904-1 .

[33] Wolf, D. et al. Climate deteriorations and Neanderthal demise in
interior Iberia. Scientific Reports 8 (1), 7048 (2018). URL http://
www.nature.com/articles/s41598-018-25343-6. https://doi.org/10.1038/
s41598-018-25343-6 .

[34] Ludwig, P., Pinto, J. G., Raible, C. C. & Shao, Y. Impacts of surface
boundary conditions on regional climate model simulations of European
climate during the Last Glacial Maximum: Regional European Climate
During the LGM. Geophysical Research Letters 44 (10), 5086–5095
(2017). https://doi.org/https://doi.org/10.1002/2017GL073622 .

[35] Ludwig, P., Shao, Y., Kehl, M. & Weniger, G.-C. The Last Glacial
Maximum and Heinrich event I on the Iberian Peninsula: A regional
climate modelling study for understanding human settlement patterns.
Global and Planetary Change 170, 34 – 47 (2018). https://doi.org/https:
//doi.org/10.1016/j.gloplacha.2018.08.006 .

[36] Burke, A. et al. Risky business: The impact of climate and climate vari-
ability on human population dynamics in Western Europe during the Last
Glacial Maximum. Quaternary Science Reviews 164, 217 – 229 (2017).
https://doi.org/https://doi.org/10.1016/j.quascirev.2017.04.001 .

[37] Rodrigues, T. et al. A 1-ma record of sea surface temperature and extreme
cooling events in the north atlantic: A perspective from the iberian mar-
gin. Quaternary Science Reviews 172, 118–130 (2017). URL https:
//www.sciencedirect.com/science/article/pii/S027737911630590X. https:
//doi.org/https://doi.org/10.1016/j.quascirev.2017.07.004 .
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Appendix A Simulation Domain, Climate
Maps, HEP Estimates and
Climatic-Archaeological
Timelines

Fig. A1 Two domain WRF setup employed in this study. Domain D01 is driven by climate
output produced by the global COSMOS simulation. Shown are geographical location and
relative position of outer domain (D01, black box) and inner domain (D02, red box). Shading
represents terrain height in WRF. Spatial resolution depends on the domain and is higher
in D02 (12.5 km) than in D01 (50 km).
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Fig. A2 Precipitation seasonality (Bio15). Left, GI11-10; Middle, GS10-9/HE4; Right,
GS10-9/HE4-GI11-10

Fig. A3 Precipitation of wettest quarter (Bio16). Left, GI11-10; Middle, GS10-9/HE4;
Right, GS10-9/HE4 minus GI11-10

Fig. A4 Climatic conditions (Bio1, Bio4, Bio15, Bio16 and Bio17) at the presence and
absence points based on the site distribution of the Aurignacian (AUR-All) and Middle
Palaeolithic (MP) techno-complexes for the GI11-10 climate simulation. Human presence is
considered in a radius of 20 km around each archaeological site, human absence everywhere
else.
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Fig. A5 (a) and (b), as Fig. 4a and b, respectively, but estimated with the Lapa do Picareiro
site excluded from the AUR-P1 data set.

Fig. A6 (a) and (b), as Fig. 5 but with the Lapa do Picareiro site excluded from the AUR-
P1 data set.

Fig. A7 Annual mean temperature (Bio1). Left, GI11-10; Middle, GS10-9/HE4; Right,
GS10-9/HE4-GI11-10
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Fig. A8 Temperature seasonality (Bio4). Left, GI11-10; Middle, GS10-9/HE4; Right,
GS10-9/HE4-GI11-10

Fig. A9 Precipitation of driest quarter (Bio17). Left, GI11-10; Middle, GS10-9/HE4; Right,
GS10-9/HE4 minus GI11-10
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Fig. A10 (a) and (b), MP HEP estimated using bioclimatic variables Bio1/4/19/15/18;
(c) and (d) are as (a) and (b), respectively, but estimated using Bio 1/4/12/15/18. (a)
and (c) are for GI11-10, and (b) and (d) for GS10-9/HE4. (e) is the deviation of the HEP
estimated using Bio1/4/16/15/17 (shown in Fig. 1 of the main text) from the mean of the
three estimates for GI11-10; (f) as (e), but for GS10-9/HE4.
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Fig. A11 As Fig. A10, but for AUR-All HEP, i.e., HEP for the Aurignacian techno-complex
using all Aurignacian sites.
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Fig. A12 Climatological and archaeological timelines. The NEAs likely existed in MIS5,
MIS4 and the first part of MIS3. The AUR developed in the late half of the Last Glacial
Period (LGP). During the LGP, the climate was featured by stadial and interstadial cycles,
marked by Heinrich events [H5, H4 etc. labeled in (a)] and Dangsgaard-Oeschger events.
In (b), the red numbers mark the Greenland Interstadials (e.g., 10 for GI10), and the blue
numbers mark the Greenland Stadials (e.g. 9 for GS9). Isotope δ18O is a surrogate for tem-
perature, with smaller values corresponding to warmer conditions. The abbreviations for the
climate timeline include MIS for Marine Isotope Stage, LGM for Last Glacial Maximum, CI
for Campanian Ignimbrite volcanic eruption. The abbreviations for the archaeological time-
line, referring to the European chronocultural divisions, include Trans. Ind. for Transitional
Industries, Mesol. for Mesolithic, and Neol. for Neolithic
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Appendix B MP Sites

Table B1: List of the MP and CHÂT sites used in this study,
which is an excerpt of the MIS3 MP sites documented in [47]. The
CHÂT sites are in italics

.

Site Name Site Type
Abauntz Cave
Abric Romani Abri
AGP5 Cave
Almonda Cave
Amalda Cave
Anton, Cueva Cave
Arbreda, Cueva de L’ Cave
Ardales, Cueva de Cave
Arenillas, Covacho de Unknown
Arrillor Cave Cave
Axlor (Azlor/Axlor, Cueva de) Cave
Bajondillo, El Cave
Beneito, Cueva Cave
Boja, La Abri
Buraca Escura Cave
Buraca Grande Cave
Caldeirão, Gruta do Cave
Cantavieja, Cueva de los toros Cave
Carigüela/Carihuela, Cueva de la Cave
Casares, Los Cave
Castillo, El Cave
Cochino Cave
Coll Verdaguer, Cova del Cave
Columbeira Cave
Conceicáo Open Air
Conde (Forno), Cueva del Cave
Covalejos Cave
Cuco, El Abri
Dalt del Tossal de la Font, Cova de Cave
Devil’s Tower Cave
Eirós, Cova Cave
Ekain Cave
Ermita, Cueva de la Cave
Ermitons, Cueva de los Cave
Escoural 3, Gruta do Cave
Esquilleu, Cueva del Cave
Estret de Tragó, Cova del Cave
Figueira Brava, Gruta da Cave
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Finca Doña Martina Abri
Flecha, Cueva de la Cave
Foradada (Calafell, Cova) Cave
Foz do Enxarrique Open Air
Fuentes, Las Unknown
Gegant, Cova del Cave
Gorham’s Cave Cave
Güelga, La Cave
Higueral de Valleja Cave Cave
Higueral-Guardia de Motillas Cave
Hornos de la Peña Cave
Hotel California Open Air
Ibex Cave Cave
Jarama VI Cave
Kurtzia Open Air
Labeko Koba Cave
Lapa dos Furos Cave
Lezetxiki Cave
Llonin Cave Cave
Millán, Cueva Cave
Mira Nascente Open Air
Mirón, El Cave
Molino, Abrigo del Abri
Mollet I Cave
Moŕın, Cueva Cave
Moros de Gabasa, Cueva de los Cave
Muricecs, Cova dels Cave
Negra, Cova Cave
Niño, Cueva del Cave
Oliveira, Gruta da Cave
Otero, El Cave
Palomar, El (Albacete) Abri
Palomas (del Cabezo Gordo), Sima de las Cave
Pego do Diabo Cave
Peña Cabra Abri
Peña Miel Cave
El Pendo Cave
Picareiro, Lapa do Cave
Prado Vargas, Cueva de Cave
Quebrada, Abrigo de la Abri
Rexidora Cave Cave
Roca dels Bous Abri
Ruso, El Cave
Salemas quarry Open Air
Salemas, Gruta de Cave
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Salt, El Cave
San Cristobal, Fuentes de Abri
Santa Linya, Cova Gran de Cave
Santimamiñe, La cueva de Cave
Sidrón, El Cave
Sima de las Palomas de Teba Abri
Sopeña, Abrigo de Abri
Teixoneres Cave Cave
Trucho, Fuente del Cave
Valdegoba Cave
Valiña, A Cave
Valle de las Orquideas Open Air
Vanguard Cave Cave
Vilas Ruivas Open Air
Viña, La Abri
Zafarraya, Cueva del Boquete de Cave
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Appendix C AUR Sites

Table C2: List of the Aurignacan Phase 1 sites used in this study,
which is an excerpt of the Aurignacian sites documented in [50].

Abric Romani Cave
Aurignac II Cave
Barbas I et III Open Air
Caminade Cave
Castanet, Abri Abri
Cellier, Abri Abri
Chaise, La Open Air
Combe Saunière Cave
Corbiac- Vignoble Open Air
Covalejos Cave
Crouzade, La Cave
Esquicho Grapaou Cave
Figuier, Grotte du Cave
Fontéchevade Cave
Garet Open Air
Gargas Cave
Gourdan (El), Grottes de Cave
Graulet VI, La Open Air
Labeko Koba Cave
Laouza, La Cave
Mandrin, Grotte Cave
Mas d’Azil, Grotte du Cave
Otero, Cueva del Cave
Pair Non Pair Cave
Pêcheurs Cave
Picareiro, Lapa do Cave
Pont Neuf, Le Cave
Rothschild, Abri Abri
Souquette, Abri de la Abri
Tarté Cave
Traouc de la Fado Open Air
Tutto de Camayot (La Tuto de Camalhot) Cave
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