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HUMAN GENET ICS

Past human expansions shaped the spatial pattern of
Neanderthal ancestry
Claudio S. Quilodrán1*†, Jérémy Rio1†, Alexandros Tsoupas1, Mathias Currat1,2*

The worldwide expansion of modern humans (Homo sapiens) started before the extinction of Neanderthals
(Homo neanderthalensis). Both species coexisted and interbred, leading to slightly higher introgression in
East Asians than in Europeans. This distinct ancestry level has been argued to result from selection, but
range expansions of modern humans could provide an alternative explanation. This hypothesis would lead
to spatial introgression gradients, increasing with distance from the expansion source. We investigate the pres-
ence of Neanderthal introgression gradients after past human expansions by analyzing Eurasian paleogenomes.
We show that the out-of-Africa expansion resulted in spatial gradients of Neanderthal ancestry that persisted
through time. While keeping the same gradient orientation, the expansion of early Neolithic farmers contrib-
uted decisively to reducing the Neanderthal introgression in European populations compared to Asian popu-
lations. This is because Neolithic farmers carried less Neanderthal DNA than preceding Paleolithic hunter-
gatherers. This study shows that inferences about past human population dynamics can be made from the spa-
tiotemporal variation in archaic introgression.
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INTRODUCTION
Sequencing of Neanderthal genomes has revealed that ~2% of the
DNA of modern humans (MHs) outside of Africa is more similar to
DNA from Neanderthals (NEs) than it is to DNA from sub-Saharan
African populations (1, 2). Two main and nonexclusive hypotheses
have been proposed to explain this pattern: (i) hybridization
between NEs and MHs during their expansion out of Africa
(OOA), leading to the introgression of Neanderthal DNA segments
into MHs (1, 2), and (ii) incomplete lineage sorting resulting from
ancestral population structure in Africa, with ancestors of non-Af-
ricans more closely related to NEs than to sub-Saharan Africans (3).
Evidence in favor of hybridization has accumulated during the past
decade (4–6). However, the number, timing, and locations of inter-
breeding events between MH and NE remain unclear. While early
studies have suggested a single hybridization pulse in the Middle
East (1, 2), a growing body of research supports the hypothesis of
multiple hybridization events (7–11). In particular, it has been
shown that multiple hybridization events over time and space in
western Eurasia are consistent with the levels of Neanderthal ances-
try observed in modern populations (7).

While NE ancestry is relatively uniform among modern Eur-
asian populations (1, 2), it is approximately 8 to 24% higher in
East Asia than in Europe (5, 10, 12, 13). This observation is unex-
pected since the currently known geographic distribution of NEs
was almost exclusively in the western part of Eurasia (14). Three
major hypotheses have been proposed to explain the difference in
NE ancestry between western and eastern Eurasian populations: (i)
higher effective population size in Europeans compared to Asians,
which led to a stronger effect of purifying selection acting on dele-
terious NE alleles in the former (15); (ii) dilution of NE ancestry in

Europeans due to an input from a hypothetical “basal” (or “ghost”
population) with little or no NE ancestry (16, 17); and (iii) multiple
pulses of NE introgression, where the original Eurasian introgres-
sion pulse was supplemented by additional pulses after the diver-
gence between the European and Asian populations, resulting in
different NE ancestry levels (9, 10, 17, 18).

Recently, an additional hypothesis has been proposed, where dif-
ferent levels of NE ancestry between western Europe and eastern
Asia are the result of the range expansion of MHs after the OOA
event (19). Population range expansions have important evolution-
ary consequences, including (i) creating gradients of allele frequen-
cies (20, 21); (ii) increasing the frequency of specific alleles, whether
neutral (22, 23) or under natural selection (24, 25); (iii) decreasing
genetic diversity along the axis of expansion (26, 27); and (iv) in-
creasing mutational load in populations through the maintenance
of deleterious alleles (28). In addition, when admixture with a
local population occurs, population expansions tend to dispropor-
tionately increase the genetic contribution of the local population to
the invasive genetic pool, even if interbreeding is limited (29). This
latter effect is expected to result in the formation of spatial gradients
of introgression along the axis of the biological invasion (see
Fig. 1A). Under this assumption, introgression of local genes (i.e.,
NEs) increases in the invasive population (i.e., MHs) with the dis-
tance from the source of the expansion (i.e., Africa). This is due to
the combined effects of (i) continuous hybridization events at the
wave front of the range expansion, resulting in more interbreeding
possibilities when moving away from the source; (ii) genetic surfing
resulting from serial founder effects and population growth; and
(iii) demographic imbalance between the growing expanding pop-
ulation and the local population at demographic equilibrium. This
hypothesis proposes to explain the different levels of Neanderthal
ancestry in Europe and East Asia by different geographical distances
from the source of the MH expansion in Africa (19). This assump-
tion of multiple hybridization events occurring continuously across
time and space may not be distinguishable from a single hybridiza-
tion pulse, as defined by Di Santo et al. (30). Computational
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simulations showed that the process of range expansion could
explain the difference in NE ancestry between Europe and East
Asia based on contemporary genomic information from the two
extreme sides of Eurasia (west and east) (19). However, neither a
detailed inspection of geographic introgression patterns (i.e., the ex-
istence of gradients) nor their change over time was included in this
study. In addition, range expansions occurred not only during the
OOA expansion (7) but also during other prehistoric periods (31).
This includes the European Neolithic transition, when farmers
coming from southeast Europe and Anatolia partially replaced
hunter-gatherers (32–35), as well as the Bronze Age, with the
spread of pastoralist populations from Eurasian steppes (36–38).
Therefore, multiple population movements during recent human
history could have contributed to shaping NE ancestry across
time and space because distinct expanding populations can carry
various levels of NE ancestry (20, 31, 39).

Here, we investigate whether spatial gradients of introgression
consistent with the range expansion hypothesis have occurred in
Eurasia by examining the levels of NE ancestry in human popula-
tions distributed across space and time. Our study demonstrates

that spatiotemporal levels of introgression provide valuable infor-
mation about past population dynamics, suggesting multiple epi-
sodes of range expansion as a major driver for shaping archaic
introgression levels during human evolutionary history.

RESULTS AND DISCUSSION
Spatial gradients of Neanderthal ancestry in Eurasia
We analyzed an extended dataset of 4464 published ancient and
modern genomes [from ~40,000 years before the present (BP) to
present time] retrieved from the Allen Ancient DNA database
(40). We associated each genome with one of the following popula-
tion groups: Paleolithic/Mesolithic hunter-gatherers (HGs), Neo-
lithic/Chalcolithic farmers (FAs), other ancient samples (OTs), or
modern samples (MDs). We estimated NE introgression using F4
ratios for all genomes and averaged the values for genomes from
the same geographic coordinates, time periods, and population
group, leading to n = 2625 samples constituted of one or more
genomes (Fig. 1B; see Material and Methods). We then explored
the fixed effect of latitude, longitude, time (dates in years BP), con-
tinental area (Europe or Asia), and their interactions by using a
linear mixed model (LMM) with log-transformed NE ancestry as
the response variable. LMMs are particularly useful for dealing
with hierarchical structures and the nonindependence of the
dataset. We investigated the random effect of the population
group, the period nested within these groups (in clusters of 500
years), and the spatial and temporal autocorrelation of data. This
model was called “Full Eurasia” because it uses the whole dataset.
On the basis of the lowest Akaike information criterion (AIC)
value (41), the best LMM was retained (table S1).

By considering the average date of all samples as a time reference
(~4200 years BP), we observed a linear relationship of NE ancestry
with latitude and longitude, in both Europe and Asia (Fig. 2 and
table S1). These geographic patterns support the hypothesis of
spatial introgression gradients generated after population expansion
with hybridization [(19), simulations in text S1 and data S1], sche-
matically represented in Fig. 1A, in which the introgression of local
genes (i.e., NEs) is expected to increase in the invasive population

Fig. 1. Expected ancestry after range expansion and paleogenomic dataset. (A) Schematic representation of the expected spatial gradient of introgression from the
local taxon into an invasive taxon after a biological invasion with hybridization in the case of a uniform environment where both taxa occur everywhere. (B) Distribution of
samples in Eurasia used for elucidating spatial gradients of Neanderthal ancestry in MHs. The colored dots represent paleogenomic samples of hunter-gatherers (HGs;
~40,000 to 6000 years BP, n = 129), early farmers (FAs; ~10,000 to 2000 years BP, n = 679), other ancient (OTs; ~6400 to 300 years BP, n = 1726), and modern (MDs; current
time, n = 91). The dotted ellipse represents the presumed geographic source of the Paleolithic OOA expansion into Eurasia (~50,000 years BP), and the dotted circle
represents the source of the Neolithic expansion of agricultural populations from the Fertile Crescent (~11,000 years BP). The red triangle represents the longitudinal limit
(34°) that, in our study, separates European (n = 1517) from Asian (n = 1108) population samples.

Fig. 2. Effects of latitude and longitude on the level of Neanderthal ancestry
in both Europe and Asia. (A) Effect of latitude and (B) effect of longitude. The
solid and dotted lines represent the estimated values and 95% confidence inter-
vals, respectively. The colored dots represent the distribution of the full dataset of
ancient and modern DNA samples used in the Full Eurasia analysis (n = 2625).
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(i.e., MHs) with the distance from the source of its expansion (i.e.,
Africa). While a positive relationship with latitude is observed in
Europe and Asia (Fig. 2A), a contrasting relationship is observed
with longitude, positive in Asia and negative in Europe (Fig. 2B).
The increasing NE introgression with latitude is compatible with
the OOA expansion of MHs from southern to northern areas of
Eurasia while hybridizing with NEs. The longitudinal pattern is
compatible with a source of expansion in the Middle East, from
which NE ancestry is expected to increase with longitude in Asia
but decrease with longitude in Europe. Although alternative evolu-
tionary forces may also be responsible for creating introgression
gradients (e.g., spatially varying selective pressure), the specific
pattern we observed with a source of all spatial gradients in the
Middle East makes population range expansion the most parsimo-
nious explanation.

Alternatively, spatial variation of NE ancestry in MH could result
from an unequal distribution of NEs in Eurasia, with more interspe-
cific interactions occurring in areas where NEs were more numer-
ous, resulting in distinct patterns of local hybridization. We find a
higher NE ancestry level in Europe than in Asia after the OOA
(Fig. 3), which is in accordance with the current fossil record of
NEs in Eurasia, with more accumulated evidence in Europe. More-
over, our results showing more NE ancestry in northern Eurasia
than in southern Eurasia further concur with evidence of NE pres-
ence in the northern Himalayas (14), even if an undetected presence
in the south cannot be ruled out. Nevertheless, even in the case of
unequal distribution of the local species, increasing gradients of in-
trogression in the invasive population (i.e., MHs) resulting from
range expansion may remain a valid explanation. For instance,
this is expected after a simulated range expansion where the local
population is only occupying a part of the area (text S1) (19), as it
may have been the case for NEs in Eurasia.

Similar gradients of spatial introgression are observed when re-
placing latitude and longitude by the topographic distance from a
putative source of the OOA expansion in East Africa (text S2), as
well as when computing the F4 ratio from a dataset presumably
less affected by background selection (text S3). However, our anal-
ysis does not support the hypothesis that a slightly higher level of
NE ancestry in East Asia than in western Europe today could be

explained by the greater distance to the source of the MH expansion
in Asia than in Europe (19). This hypothesis was made from
modern DNA data only, while our results also considered ancient
DNA samples. Using paleogenomic data, we show the reverse
pattern for samples older than 20,000 years BP, with more NE an-
cestry observed in Europe than in Asia (Fig. 3). The current pattern
of NE ancestry being higher in Asia than in Europe must thus have
developed at a later stage.

Temporal variation in Neanderthal ancestry
Our results suggest that the longitudinal gradient slope has re-
mained similar over the past 40,000 years (table S1), whereas the
latitudinal gradient of NE ancestry has significantly changed over
time (F = 4.4, P = 0.03). The latitudinal pattern is more prominent
during the early period in Europe and becomes less visible ~30,000
years BP, together with an overall reduction in NE ancestry (Fig. 3).
While this implies that the level of NE ancestry in Eurasia may not
have been uniformly distributed across space as is observed today,
this expectation needs to be confirmed with more paleogenomes
because the interaction between latitude and time is no longer sig-
nificant when considering the average of all candidate models
(based on a cumulative weighted AIC of 90%, Swi

3 0.90; table S2)
instead of the best model only.

The variation in NE ancestry across time is now debated. It has
been proposed that ancient European genomes showed more NE
ancestry compared to present-day Europeans (4), but this result
was questioned because of a methodological bias in the ancestry es-
timation procedure (42). Nevertheless, it has been estimated that NE
ancestry could have been as high as 10% at the time of admixture
before decreasing rapidly to the current rate of ~2% (43). Here, we
show that the temporal reduction in NE ancestry is linked to lati-
tude. The southern samples in Europe show an almost constant
NE ancestry through time, while the northern samples experienced
a reduction between approximately 40,000 and 20,000 years BP. The
latitudinal gradient could have undergone important changes, pos-
sibly due to population expansions and contractions experienced by
MHs during the Last Glacial Maximum (LGM) or other more
limited ice ages. Our results show that this gradient becomes less
evident in modern data (Fig. 3). Because the longitudinal pattern

Fig. 3. Influence of latitude and time on the level of Neanderthal ancestry. (A) Ancestry level in Europe and (B) ancestry level in Asia. The analysis considers the full
dataset of ancient and modern DNA samples (Full Eurasia, n = 2625). The y axis corresponds to the range where both regions (Asia and Europe) have the most data.
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has been less affected during the past 40,000 years, it may represent
a relict signature of the OOA range expansion that occurred during
MH evolution between ~60,000 and 45,000 years BP.

Natural selection has been invoked to explain the reduction in
NE ancestry over time (15, 44), but different historical processes
could have also played an important role. This includes population
expansions and contractions (45, 46), as well as interactions
between genetically differentiated populations with different levels
of NE ancestry (16, 17). In Europe, a prominent genetic transition
occurred during the spread of early Neolithic farmers, when they
partially replaced Paleolithic/Mesolithic hunter-gatherers [i.e., the
so-called Neolithic transition (33, 34, 35)]. At least along the
Danube route from Anatolia to Central Europe, paleogenetic anal-
yses have revealed that the first stage of the Neolithic transition oc-
curred through the migration of FAs, followed by admixture with
local HGs in a second stage, e.g., (32, 33, 35, 47). This transition
began in the Fertile Crescent ~11,000 years BP (48), and its conse-
quences on the distribution of NE ancestry have been weakly ex-
plored thus far (16).

Less Neanderthal ancestry in early farmers than hunter-
gatherers in Europe
We thus explored more specifically the variation in the level of NE
ancestry across time and population groups (HGs, FAs, and OTs, n
= 2534 in total). The OT group includes all ancient samples that are
neither FAs nor HGs, including, for example, the Bronze Age and
more recent periods. Samples from the MD group were excluded
from this analysis because they do not allow us to explore temporal
variation in NE ancestry (all modern data are associated with the
same date). We included population groups, continental area
(either Europe or Asia), time, and their interactions as fixed vari-
ables, also correcting for spatial autocorrelation in the dataset.
This model is called “Ancient Eurasia” because it only considers
ancient samples, and its best LMM is presented in table S1. We ob-
served an influence of time on the differences between Europe and
Asia (F = 9.22, P < 0.01) and population groups (F = 9.41, P < 0.01),
with an overall higher NE ancestry level for HGs than for FAs, par-
ticularly visible in Europe (Fig. 4). At approximately 10,000 years
BP, when the first FA appeared in the Near East, the difference

between FAs and HGs was significant in Europe [HG: 0.024 ±
0.001 (estimated mean ± SE), FA: 0.019 ± 0.001, t ratio = −6.14, P
< 0.001], as well as in Asia (HG: 0.022 ± 0.001, FA: 0.018 ± 0.001, t
ratio = −6.14, P < 0.001). Approximately 6000 years BP, when
farming was well established but some HG populations persisted,
the difference in NE ancestry was still significant between the HG
(0.023 ± 0.001) and FA (0.020 ± 0.0002) populations in Europe (t
ratio = −4.21, P < 0.001), as well as between the HG and OT (0.020 ±
0.0003) populations (t ratio = 3.51, P = 0.001), but not between the
FA and OT populations (t ratio = −0.41, P = 0.91). A similar situa-
tion was observed in Asia at this time (FAs versus HGs, t ratio =
−4.26, P < 0.001; HGs versus OTs, t ratio = 3.51, P = 0.001; FAs
versus OTs, t ratio = −0.41, P = 0.91). Overall, this means that
earlier FAs carried less NE ancestry than the former HGs of the
same area. This difference vanished over time, since the level of
NE ancestry in FAs increased during the cohabitation period with
HGs in both geographic regions (Fig. 4). Admixture between late
HGs and FAs could possibly explain part of the decrease in NE an-
cestry in HG over time, but it is probably not the only factor since
this decrease appears to have started before the appearance of
farming ~10,000 years BP (Fig. 4). However, this result should be
interpreted with caution since the ancient samples are scarce and
even absent between 30,000 and 20,000 years BP. Further data
and studies could help shed light on this specific point. While
Asian FAs reached an average level similar to that of HGs, European
FAs did not reach such a high level (Fig. 4). Thus, FAs could have
acted as a population that diluted NE ancestry in western Eurasia
(text S4), as previously suggested (16, 17).

Multiple episodes of range expansion of populations where levels
of NE ancestry differed could provide an explanation for the spatio-
temporal change in NE ancestry. Our results support our former
hypothesis that past human range expansions (i.e., HGs then FAs)
contributed to the creation of spatial gradients of NE ancestry, with
the level increasing from their source in southwest Asia (Figs. 2 and
3). During the OOA, HGs accumulated NE introgression as they
expanded, in accordance with the range expansion hypothesis
(19). The second range expansion into western Eurasia, that of
early FAs, is critical to explain the overall dilution of NE ancestry
in this area. The earliest FAs derived from HG populations in An-
atolia and the Levant, with a lower level of NE ancestry than HG
populations in the rest of Europe, as expected from their geographic
proximity to the source of the OOA expansion (see text S4). The
later expansion of the steppe pastoralists does not seem to have
had as much influence as there is not a significant difference
between the FA and OT population groups, but this would
require a more detailed examination, as our OT group includes pop-
ulations from different cultural periods.

Spatial gradients in European farmers and hunter-
gatherers
We then decided to focus our analysis on Europe due to the larger
density and more uniform distribution of paleogenomes than in
Asia, where the Paleolithic and Neolithic eras are represented by a
lower number of samples that cover a larger area (1517 samples in
Europe versus 1108 samples in Asia for an area four times as large;
Fig. 1B). Moreover, domesticated plants and animals occurred in
more than one site in Asia (49, 50), making exploration of past
FA population dynamics more challenging than in Europe.

Fig. 4. Temporal variation in the level of Neanderthal ancestry in different
cultural populations. HG, hunter-gatherers; FA, Neolithic farmers; OT, other
ancient samples. (A) Ancestry level in Europe and (B) ancestry level in Asia. The
solid and dotted lines represent the estimated values and 95% confidence inter-
vals, respectively. The colored dots represent the distribution of ancient DNA
samples used in the best Ancient Eurasia analysis (n = 2534).
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By using a subsample of data restricted to Europe (n = 1517), we
explored the effect of latitude, longitude, and population groups
(HG-FA-OT-MD) on NE ancestry, controlling for the fixed effect
of time. We excluded cross-level interactions between time and pop-
ulation groups because of the lack of temporal variation in MD
samples. The LMM is called “Europe,” and its best version is pre-
sented in table S1. The interaction between longitude and popula-
tion group was nonsignificant and excluded during model selection,
together with the interaction between latitude and population
groups (tables S1 and S2). While we cannot exclude that the
absence of differences between populations could result from a
lack of power, this implies that the negative longitudinal and posi-
tive latitudinal trends shown in Fig. 2 remain for all population
groups in Europe, despite the higher NE ancestry in HGs compared
to other cultural populations (Fig. 5). The interaction between lat-
itude and longitude was significant (F = 29.29, P < 0.001), meaning
that their introgression slopes were interdependent for all popula-
tion groups (Fig. 5 and fig. S1). When considering the full model
that includes all fixed variable interactions, the only spatial gradient
that has changed is the slope of latitude for HGs compared to FAs (F
= 2.68, P = 0.04; table S3). Although the result for HGs may be in-
fluenced by the scarcity of samples during the Paleolithic, this anal-
ysis suggests that the latitudinal variation could have changed more
than the longitudinal variation during this period (Figs. 3 and 5).
Different events of population contractions and expansions
during the Paleolithic related to the LGM (45, 46) could have affect-
ed the latitudinal gradient more than the one seen for longitude.
Overall, the spatial trend remains similar across different periods
of time, becoming less pronounced in MD samples (fig. S1) and
with a higher NE ancestry in HGs (Fig. 5).

In Europe, both the early human expansion during the Paleolith-
ic and the farming expansion during the Neolithic trace back to
southwest Asia (31), where we estimated the lowest level of NE an-
cestry. The difference in NE ancestry between HGs in Europe and in

Anatolia, where FAs originated (see red area and blue area for HGs,
respectively; Fig. 5), explains why early FAs contributed to an
overall reduction in the level of NE ancestry when expanding
across Europe (Fig. 5). Note that it was recently found that
modern Levantine and southern Arabian populations still have
lower NE ancestry than northern Eurasian populations (51).

According to the expansion hypothesis (19), as HGs spread over
Europe, their NE introgression levels increased because of a combi-
nation of stochastic demographic and migratory processes related to
gene dilution (20, 31, 39) and gene surfing (22, 23), which explain
the spatial gradients of NE ancestry observed in HGs (Fig. 5). Later,
a second expansion occurred during the Neolithic, following ap-
proximately the same direction as the expansion of HGs. Conse-
quently, the spatial gradient already present in HGs was
maintained in FAs because both populations admixed (Fig. 5). In
addition, when analyzing paleogenomes from 10,200 to 3800
years BP, we showed that the FA ancestry is negatively related to
NE ancestry in Europe (F = 686, P < 0.001; text S4). This negative
relationship strengthened with the time elapsed since the start of the
FA expansion (text S4). As previously noted (45, 46), the sole obser-
vation of a south east to north west genetic cline in Europe is not
informative about the expansion of FAs, as the cline could have been
generated during the previous HG expansion. Here, our results
suggest that the NE ancestry cline was produced during the HG
range expansion and was affected by the later expansion of FAs
during the Neolithic transition while maintaining the same
general orientation. As FAs had initially less NE ancestry than
HGs, it lowered the average amount in the admixed European pop-
ulation. This corresponds to the model of population expansion
with partial replacement supported by paleogenomic studies for
the Neolithic (32–34).

Fig. 5. Spatial variation on the level of Neanderthal ancestry. The ancestry levels in European hunter-gatherers and farmers were projected using the best Europe
model (n = 1517). The gray dots represent the distribution of DNA samples.
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Influence of human range expansions on the distribution of
Neanderthal ancestry
Our findings highlight the evolutionary impact of past range expan-
sions in generating spatial gradients of NE ancestry in MHs. We ob-
served that these ancestry levels were more spatially heterogeneous
in the past and that they became more homogeneous during the
Holocene under the effect of gene flow resulting from population
movements and migrations. Complex population movements and
genetic interactions are reflected when analyzing the level of NE an-
cestry in different regions (Europe and Asia) and in populations
with different cultural backgrounds (HGs and FAs). The spatial gra-
dient of NE ancestry in HGs is compatible with a model of range
expansion of MHs during the OOA expansion. After this first ex-
pansion, the level of NE ancestry was slightly higher in western
Eurasia than in eastern Eurasia. Then, a second range expansion
of early FAs with a lower NE ancestry than HGs occurred in
Europe during the Neolithic transition, from the southeast toward
the northwest. This second range expansion is essential for explain-
ing the pattern currently observed of lower NE ancestry in western
Europe than in East Asia (5, 10, 12, 13). Our results therefore do not
support the hypothesis that the slightly greater NE ancestry in
eastern Eurasia compared to western Eurasia is due to population
dynamics during the OOA expansion of MHs taking place
~40,000 years BP. Instead, our results reveal that the current geo-
graphical heterogeneity of NE ancestry is due to dynamics that oc-
curred during the more recent Neolithic expansion ~10,000 years
BP. The early FA populations admixed with HG, leading to a pro-
gressive increase in HG ancestry and, consequently, NE ancestry in
the expanding FA populations. It has been proposed that the early
FAs are partly genetically derived from the previously identified
“basal Eurasian” lineage (16, 17, 51). This lineage is thought to
have diverged from other Eurasian HG populations before the
latter mixed with the NE, and therefore had a lower NE ancestry
(16, 17, 51). It has been suggested that its original location could
have been the Arabian Peninsula (52), which is close to the
source of the OOA expansion and therefore compatible with the
range expansion hypothesis. The partial replacement of HGs by
FAs (32, 33) thus contributed to reducing the level of NE ancestry
in western Eurasia more than in eastern Eurasia. While selection
was invoked to explain the difference between Europe and Asia
(44), the neutral hypothesis of historical range expansions is suffi-
cient to explain past and current patterns of NE ancestry in humans.
This model does not exclude the possibility that differences in pop-
ulation sizes (15) or in generation time (53) between eastern and
western Asia may also have played a role in shaping NE ancestry
patterns, but a modeling study focusing on these aspects would
be necessary as the effect of population dynamics and life history
traits on genetic diversity in a spatial context is not trivial to
assess. Furthermore, the relationship between the range expansion
model and the number of admixture pulses depends on the defini-
tion of a pulse. Our results are consistent with a continuous series of
hybridization events distributed in time and space during the OOA
expansion, which could be considered as one major admixture pulse
(30). Although the introgression of archaic material in MHs was
probably counterselected during an initial stage (42), the fact that
the amount of NE introgression is relatively stable through time, ap-
proximately 2%, suggests that this remaining small portion of intro-
gressed DNA can be considered to evolve generally neutrally or
near-neutrally. This assumption is also supported by the

observation that archaic introgression tends to be rarer in gene-
rich regions (15). However, there are exceptions to this general
pattern, with examples of adaptive introgression related to the
immune system (54, 55), skin pigmentation (9), and altitude (56),
providing a better adaptation to local environmental conditions and
pathogens (57). Moreover, in present-day populations, some loci in-
trogressed from archaic hominins appear to influence disease risk,
such as neurological, psychiatric, immunological, dermatological,
and dietary disorders (5, 58), either positively or negatively. It is
thus crucial to describe neutral patterns of introgression resulting
from human demography and migration to allow better detection
of loci under selection (positive or negative) as outliers of the
neutral background. It could help to reconstruct the impact of
past epidemics on the evolution of human immunity. Additional
paleogenomic data for the most ancient periods combined with al-
ternative modeling methods should allow a more detailed under-
standing of evolutionary processes leading to similar diversity
patterns. These developments would provide a better understand-
ing of both the population dynamics within our species and its in-
teractions with other extinct archaic species, such as NEs and
Denisovans.

MATERIALS AND METHODS
Dataset
Paleogenomic data available for Eurasian populations were re-
trieved from the AADR database [Allen Ancient DNA Resource
v50.0 (40)]. This database includes 10,391 genomes. For each
genome, we retained the mean date in years BP reported in the da-
tabase, which corresponds either to the mean of the 95% confidence
interval calibrated radiocarbon age or to the mean of the archaeo-
logical context range. We only included genomes from individuals
located in Eurasia in our analysis, with longitude 34° as a delimiter,
i.e., west of 34° is considered Europe in our analyses, while east of
34° is considered Asia. For genomes that have multiple versions in
the database, we retained for analysis only the version with the most
single-nucleotide polymorphisms. We filtered out putatively con-
taminated paleogenomes by using the contamination warning esti-
mated through linkage disequilibrium (59) (values of
“contamLD_warning” being either “Model_Misspecified” or “Ver-
y_High_Contamination” were removed) as well as by excluding
genomes that contained “contam” or “possible.contam” in their
GroupID name. Moreover, we excluded from the downstream anal-
ysis all the genomes missing the geographical coordinates of their
origin or information about the population group to which
they belong.

We assigned each genome to a population group based either on
the information provided by the GroupID parameter or on the in-
formation provided in the publications that produced these
genomes: Paleolithic and Mesolithic hunter-gatherers (HGs; n =
135), Neolithic and Chalcolithic farmers (FAs; n = 810), other
ancient genomes not belonging to HG and FA (OTs, n = 2327),
and modern genomes (MDs; n = 1192), which are referenced by a
date zero in the database. Data S2 lists all the genomes used in our
analysis.

Estimation of Neanderthal ancestry
We used F4 ratios as introduced by Reich et al. (60) to estimate NE
ancestry (α) in each genome of interest. It is calculated as the ratio of
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two F4 statistics generated from five populations, where one popu-
lation results from the admixture between two others. We followed
Petr et al. (42) to avoid a bias in the temporal distribution of the F4
statistics. This procedure considers the reflux of NE introgression
from European populations into northern and western African
populations using the Dinka population from eastern Africa as a
sister population (“C”) of the tested genome (“X”) instead of the
Yoruba from western Africa. The Altai Neanderthal (“A”) was
used as a sister population of the Vindija Neanderthal (“B”), and
chimpanzee was included as an outgroup (“O”). The value of α
estimates the proportion of ancestry deriving from B in an
admixed genome X, using the same A, C, and O populations as
references: α = F4(A, O, X, C)/F4(A, O, B, C), where X = test
genome; A = Altai_Neanderthal.DG; B = Vindija_Neanderthal.DG;
C = Dinka.DG; O = Chimp.REF, all retrieved from the AADR
database. We refer to this observed F4 ratio as Neanderthal ancestry
(or introgression).

We used the R package ADMIXTOOLS 2 to compute the F4 ratio
for each genome (61). Only genomes showing a significant value (Z
> 3) were included in our analyses to ensure the accuracy of the es-
timated NE ancestry. This resulted in 4464 genomes. The European
area is represented by 2146 paleogenomes, and the Asian area is rep-
resented by 2318 paleogenomes. We averaged the F4 ratio for
genomes with the same date, geographic coordinates, and popula-
tion group, resulting in a final dataset of 2625 population “samples”
grouping one or more genomes (from ~40,000 years BP to modern
time, 1517 in Europe and 1108 in Asia; Fig. 1B).

Statistical analysis
We used the computed F4 ratio as the response variable in a series of
LMM analyses, which are especially well suited to describe the rela-
tion between variables, including autocorrelation and missing data.
We checked the model assumptions of normality and homoscedas-
ticity. The response variable was thus log-transformed to maintain
the Gaussian distribution of residuals. In the first analysis, we in-
cluded latitude, longitude, time (years BP), continental area
(Europe or Asia), and their interactions as explanatory (fixed) var-
iables. We evaluated the effect of the population groups (HG, FA,
OT, and MD), as well as the nested effect of time period within these
population groups (i.e., grouping dates within 500-year ranges), as
random variables. We also evaluated the influence of the spatial au-
tocorrelation and temporal autocorrelation of the dataset. The
choice of fixed and random model structures from among those in-
vestigated and the selection of the best model was based on the
lowest AIC value (41), following Zuur et al. (62). The final model
structure was an LMM that considered the period nested in the pop-
ulation groups as a random intercept and slope of continental area,
as well as an exponential spatial autocorrelation. We called this
model Full Eurasia because it incorporates the whole dataset
(table S1). Two similar models are presented in the Supplementary
Materials. The first included the topographic distance from East
Africa (considered as a putative origin of the OOA expansion),
which was used as an explanatory variable instead of latitude and
longitude (text S2). The second considered the same Full Eurasia
model, but using a subset of data restricted to genomic regions
with high recombination rates (>1.5 cM/Mb), also removing
regions closer than 100 base pairs from conserved elements, follow-
ing (63). This dataset is much more limited in size (n = 1190) and
genomic positions (~80% less), but presumably less affected by

background selection, while still affected by GC-biased gene con-
version (63). We used this “more neutral” subset to compute the
F4 ratios (text S3).

Because the ancient DNA samples belonging to different popu-
lation groups were not equally distributed throughout Europe and
Asia, we ran two additional LMM analyses using subsets of the data
to explore in more detail the fixed effect of population groups on the
log-transformed F4 ratio. The autocorrelation structure, as well as
the random and fixed effects of both models, was selected in a
similar way as the Full Eurasia model. First, we focused on the tem-
poral trend in Europe and Asia, considering time, continental area,
and population groups (HG-FA-OT) as fixed variables, also includ-
ing their respective interactions in the model. We excluded MD
samples because there is no variation allowing a cross-level interac-
tion with time (all dates are identical). The final model structure
considered the period (i.e., in clusters of 500 years) as a random in-
tercept and slope of continental area, as well as an exponential
spatial autocorrelation. This model is reported as Ancient Eurasia
because it considers only the ancient genomes from Eurasia as a
whole (table S1). Second, because the spatial density of available pa-
leogenomes (i.e., the number of paleogenomes per million of square
kilometers) is much larger in Europe (191.55) than in Asia (28.15),
we focused the spatial analysis of population groups on Europe. The
fixed variables were latitude, longitude, population groups (HG-
FA-OT-MD), and their interactions, also including time as a fixed
covariate. The interaction between time and population groups was
excluded because of the lack of temporal variation in MD samples.
The final LMM considered the period as a random intercept, as well
as a ratio quadratic spatial autocorrelation. Thismodel is reported as
Europe (table S1). We finally conducted an additional analysis to
assess the impact of FA ancestry on the level of NE ancestry of Eu-
ropean paleogenomes, which is presented in the Supplementary
Materials (text S4).

For all LMM analyses, we verified collinearity among fixed var-
iables by computing the variance inflator factor (VIF). All variables
included in the separate models did not show collinearity with other
variables (VIFs < 4) (62). We reported the conditional [R2

GLMM(c)]
and marginal [R2

GLMM(m)] coefficients of determination for the se-
lected LMMs (table S4). They denote the proportion of variance ex-
plained by fixed variables and both fixed and random variables,
respectively (64). Because the number of samples within continental
locations and groups of populations were not the same, we reported
mean differences by considering an analysis of covariance
(ANCOVA) with sum of squares of type III. A Tukey correction
was implemented for multiple post hoc comparisons among popu-
lation groups. We reported trends of continuous variables by con-
sidering the average values of other predictors within continental
areas and population groups (table S5), except when it is specifically
mentioned in the main text. We show the outputs of the best models
after the selection of the random and fixed structure (table S1), but
we also show the average of candidate models based on a cumulative
weighted AIC of 90% (Swi

3 0.90; table S2), as well as the full model
without selection of fixed variables (table S3). The last two models
were referred to when a nonsignificant relationship was excluded
from the best models. All analyses were carried out using the R lan-
guage (65). The nlme package (66) was used for the LMMs, the
emmeans package (67) was used for multiple comparisons, and
the MuMIn package (68) was used for the estimation of pseudode-
termination coefficients and model averaging. The function
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predict.lme was used to extrapolate values of NE ancestry with the
LMMs. The function filled.contour was used for plotting contour
plots, and the raster package (69) was used for plotting the extrap-
olated values on a map.

Computational simulations
We performed a series of spatially explicit simulations in the context
of species range expansion and hybridization by using the software
SPLATCHE3 (70). We evaluated the power of LMMs to detect
spatial introgression gradients when the dataset is heterogeneously
distributed in space and time, as is the case with the AADR data-
base. We evaluated four scenarios: (i) hybridization during range
expansion, heterogeneous dataset; (ii) hybridization during range
expansion, homogeneous dataset; (iii) hybridization without
range expansion, homogeneous dataset; and (iv) hybridization
without range expansion, heterogeneous dataset. Details about the
methods and results are presented in the Supplementary Materials
(text S1 and data S1).

Supplementary Materials
This PDF file includes:
Tables S1 to S10
Figs. S1 to S6
Texts S1 to S4
Legends for data S1 and S2

Other Supplementary Material for this
manuscript includes the following:
Data S1 and S2
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