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When, where, and how often hominin interbreeding happened is largely unknown. We study the
potential for Neanderthal-Denisovan admixture using species distribution models that integrate
extensive fossil, archaeological, and genetic data with transient coupled general circulation

model simulations of global climate and biomes. Our Pleistocene hindcast of past hominins’ habitat
suitability reveals pronounced climate-driven zonal shifts in the main overlap region of Denisovans
and Neanderthals in central Eurasia. These shifts, which influenced the timing and intensity of
potential interbreeding events, can be attributed to the response of climate and vegetation to past

variations in atmospheric carbon dioxide and Northe|

rn Hemisphere ice-sheet volume. Therefore,

glacial-interglacial climate swings likely played an important role in favoring gene flow between

archaic humans.

enomic studies of living and fossil in-
dividuals revealed a complex history of
interbreeding between Homo sapiens—
our direct ancestors—and their ancient
relatives (I-7). As a result, non-Africans
today carry ~2% of Homo neanderthalensis

Fig. 1. Neanderthal and Denisovan locations
and their corresponding climate and
biome conditions. (A) Hominin fossil,
archaeological, and genetic data compiled
for HSMs; candidate Denisovans (dashed
circle). (B) Annual mean temperature,
precipitation, and NPP extracted for
hominin locations and respective age
distributions. (C) Age-weighted
probability of hominin presence

in 11 megabiomes.
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(Neanderthal) DNA, whereas people from
Southeast Asia and Oceania share as much as
2 10 5% of the Denisovan genome (fig. S1) (7, 8).

Neanderthals and Denisovans (Fig. 1A) had
inhabited and intermittently interbred in
Eurasia long before Homo sapiens arrived on

the continent some 100 thousand years ago
(ka) (I-3). Direct evidence for their genetic
admixture comes from the discovery of the
first-generation (F1) daughter of a Neanderthal
mother and a Denisovan father from the Altai
mountains ~90 ka (9). Further analysis of her
father’s genome hinted at a deeper-rooted
Neanderthal ancestry, which implies a com-
plex history of bidirectional gene flow be-
tween the two hominin groups. Recent work
(10) revealed interbreeding events that date
back to ~200 ka. Apart from these genetical-
ly reconstructed encounters in Siberia (9-1I),
little is known about where and how fre-
quently Neanderthals and Denisovans inter-
bred throughout their shared history (~400
to 30 ka).

For over a century now, Neanderthal fossils
and associated archaeological artifacts have
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been excavated in Europe, western Asia, and
southern Siberia (Fig. 1A) (12, 13), which pro-
vided fundamental information about their
geographical range, climatic preference, be-
havior, diet, and genetic diversity. By contrast,
the fossil remains attributed to Denisovans
have been only recovered from the Altai moun-
tains, the Tibetan Plateau, and the northern
Annamite Range (3, 14-16), with further po-
tential fossil candidates proposed in East
Asia (Fig. 1A) (17). Genetic analysis further
reveals the existence of three deeply diver-
gent Denisovan sublineages, two of which
occur in East Asia, that contribute to the
present-day human genome pool (5, 18). This
scattered evidence suggests that Denisovans
likely occupied regions characterized by wide-
ly different climate and vegetation conditions
(fig. S2). The warm and humid conditions
of the Southeast Asia monsoon region may
have further limited the preservation potential
(19, 20), which led to the current paucity of
fossil remains there. Unfortunately, this scar-
city of fossil remains has made it difficult to
draw further conclusions regarding their spa-
tiotemporal distribution and possible en-
counters with other archaic hominins.

Neanderthal and Denisovan habitats

To address these questions, we compiled
Denisovan occurrences in space and time (n =
22) (data S1) and used a similar compilation
prepared for Neanderthals (n = 773) drawn
from our recent studies (21, 22). In these com-
pilations, the same site can have multiple
hominin occurrence ages, which are treated as
individual samples. By using these hominin
presence data and paleoclimate and biome
simulations, we built two species distribu-
tion models (SDMs)—i.e., a habitat suitability
model (HSM) and an environmental niche fac-
tor analysis model with phylogenetic imputa-
tion (ENphylo), which is specifically designed to
give reliable habitat suitability estimates under
low number of occurrences (23, 24). These mod-
els help determine how environmental prefer-
ences for the two hominin groups have changed
in space and time (fig. S3). Climatic data for the
past 400,000 years (CLIM400ka) were ex-
tracted from a transient Pleistocene climate
simulation conducted with the Community
Earth System Model, version 1.2 (22). CLIM400ka
captures late Pleistocene orbital-scale climate
variations in good agreement with various
paleo temperature and hydroclimate recon-
structions (figs. S4 and S5). Ecological variables
used in the SDM, which include net primary
productivity (NPP), leaf area index, and mega-
biome types, were derived from our CLIM400ka-
forced version of the BIOME4 simulation
(23, 25).

Because Denisovans have no formal mor-
phological definition, the identity of the re-
mains that can be ascribed to this hominin
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Fig. 2. Neanderthal-Denisovan habitat overlap. (A and B) Averaged 400- to 30-ka habitats (shading)
and overlap (dots) from Mahalanobis HSM (A) and ENphylo- and ecological niche factor analysis (ENFA)-
based SDMs (B). The yellow star indicates Denisova cave.

lineage is disputed and mostly based on genet-
ic evidence and scanty fossil remains. There-
fore, we generated three different versions of
Denisovan datasets (data S1) (23), with in-
creasing confidence levels regarding the rec-
ognition of possible Denisovan presence. They
include an extremely conservative, a conserv-
ative, and an extended, more liberal compila-
tion (23). The main results of our analyses
presented here (Figs. 1 to 4) are obtained for
the conservative dataset, and sensitivity exper-
iments with the other data are shown in the
supplementary materials. By comparing the
corresponding species distribution predictions
generated with the three datasets, we gain
very similar insights while addressing in part the
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effect of potential preservation biases (19, 20),
which are presumably very pronounced in the
Asian monsoon region.

Both Neanderthals and Denisovans are sim-
ulated to have lived primarily in environments
characterized by annual temperature, preci-
pitation, and NPP of ~-10° to 20°C, ~500 to
1300 mm/year, and ~200 to 800 g of carbon
per square meter per year, respectively (Fig.
1B). Yet, compared to Neanderthals, Deniso-
vans were present in hot and humid climates,
which points to a comparatively wider niche
space. Whereas Neanderthals were more abun-
dant in temperate forests, Denisovans were
present in both boreal forest and tundra (Fig. 1C).
Fisher’s exact test applied to the megabiome
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Fig. 3. Temporal evolution of Neanderthal-Denisovan habitat suitability. (A to F) Eccentricity and precession index. (B) Phylogenetically inferred Neanderthal
population turnover events at ~135 ka and ~105 ka (28). (C to E) Neanderthal habitat suitability averaged over two SDMs compared with regionally aggregated

(3° x 6°) fossil evidence at three selected locations. (G

preferences (Fig. 1C) of Neanderthals and
Denisovans, as well as a Kolmogorov-Smirnov
test applied to the three-dimensional climate
niche space of both species (Fig. 1B), reveals
statistically different distributions (P < 0.001),
which suggests that the two hominins inter-
acted only where and when their environ-
mental preferences overlapped (Fig. 1A and
Fig. 2).

The 400 ka-averaged habitat maps from
both SDMs (Fig. 2) document suitable envi-
ronments for Neanderthals in Europe, consis-
tent with fossil evidence (Fig. 1A), and some
fragmented and low-probability regions oc-
curring in western and far eastern Asia and
in eastern Africa. Comparatively, Denisovan
habitats were geographically more diverse
and map to the present-day Eurasian Steppe
extending from the Sarmatic Plain to the
Mongolian Plateau, parts of Scandinavia, and
some pockets in central-eastern Asia. Notably,
ENphylo and some fossil input sensitivity
experiments simulate suitable Denisovan hab-
itats in central Europe and parts of north-
eastern Asia (Fig. 2 and fig. S7). Although
Denisovan fossils have not been identified with
certainty in these regions, the skulls found
at Jinniushan, Harbin, and Hualongdong in
northeastern China were proposed to be pos-
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to I) Same as (C) to (E), but for Denisovans.

sible Denisovans (Fig. 1) (17, 26). Uncertainties
in Denisovan habitat suitability in Europe as
simulated by the SDMs (Fig. 2) may be due to
the different choice of climate and vegetation
input variables (table S1) (23) or because the
HSM may be less optimized to handle small
sample sizes as compared to ENphylo. Overall,
our multimodel simulations of elongated and
relatively fragmented Denisovan habitats are
qualitatively consistent with the complex ad-
mixture patterns of multiple Denisovan sub-
lineages in present-day people (5, 18).

The two hominin habitats show large spa-
tiotemporal variations in response to orbital-
scale climate and vegetation shifts (Fig. 3; figs.
S7, S8, and S10 to S14; and movies S1 and S2).
Empirical orthogonal function (EOF) analysis
(27) of Eurasian Neanderthal habitats reveals
that the first two leading EOF modes, which
explain ~63% of the total variance, are dom-
inated by climate variability associated with
the eccentricity, CO, (80- to 120-thousand
year periodicity) and precession forcings (19-
to 23-thousand year periodicity) (fig. S12), re-
spectively. In three selected regions of anthro-
pological interest (i.e.,, the Altai, Sarmatic Plain,
and Iberia), high habitat suitability consis-
tently occurs during periods of elevated eccen-
tricity and precession (Fig. 3, C to E). At the
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Altai, these periods coincide with warmer and
wetter climates suggested by both our mod-
el simulation and regional proxy data (figs. S4,
S5, and S13). Notably, the widespread lower
habitability at two precession minima in the
marine isotope stage (MIS) 5 corresponds well
with the phylogenetically inferred Neander-
thal turnover events in Europe at ~135 ka and
~105 ka (Fig. 3B) (28). Neanderthal habitats
expand in central and northeastern Europe
and southern Siberia (fig. S10A), with a ~69%
increase in habitable area (at suitability >0.2)
during the past four interglacial periods rel-
ative to glacial periods. Conversely, glacial
Neanderthal habitats are concentrated in
southern Europe and north to the Black Sea
(fig. S10B), as documented by the moderate
habitability in northern Iberia throughout
glacial cycles (Fig. 3E). These regions coin-
cide with the previously reported glacial refu-
gia of various fauna (29) and Neanderthals
(30). The spatially diverse responses of glacial-
interglacial habitats may have been one of the
reasons for past hominin migrations inside
Europe and a candidate hypothesis to explain
Neanderthal haplogroup separations (31).
The principal components of the first two
leading EOF modes of Eurasian Denisovan hab-
itats, which explain ~60% of the total variance,
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Fig. 4. Spatiotemporal habitat overlap and genetic Denisovan-Neanderthal
connectivity. (A) Time-longitude diagram of HSM-simulated Neanderthal-
Denisovan habitats (shading at suitability >0.2) and overlap (dots); atmospheric
CO, content (magenta line). Inserted star indicates Denisova cave ~90-
thousand-year-old F1 hybrid. co-var, covariability between Denisovan and
Neanderthal habitats; DE, preferred Denisovan habitat;

show similar orbital-scale variability as for
Neanderthals (fig. S14). There is a small ex-
pansion (~10%) in habitable areas (at suitability
>0.2) during interglacial periods. Responding
to glacial cooling, Denisovan habitats vanish in
Scandinavia, mildly increase in its core areas
from eastern Europe to Siberia, and show mas-
sive fragmentation in Asia (fig. Si1). Unlike
Neanderthals in the Altai and the Sarmatic
Plain, optimal Denisovan habitats appear
under low eccentricity yet high precession (bo-
real summer insolation minimum) conditions
(Fig. 3, G and H), whereas opposing behav-
iors occur in the Northeast Tibetan Plateau
(Fig. 3I). These spatiotemporal Denisovan
habitat patterns were repeatedly observed in
the Denisovan data sensitivity simulations with
both extended and extremely conservative com-
pilations (figs. S7 and S8).

Habitat overlap as a proxy for interbreeding

To determine where and when Neanderthals
and Denisovans potentially interbred, we com-
puted the covariance (or overlap) of their re-
spective habitat suitability over time (23). The
400-ka habitat overlaps from both SDMs re-
veal contact hotspots in central Eurasia, the
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NE, preferred Neander-

Caucasus, and the Tianshan and Changbai
mountain ranges (Fig. 2, dotted areas). The
first region, which encloses the Altai as its
eastern end, is consistent with the presence of
an F1 hybrid (9). A closer examination of this
hybridization zone reveals temporal shifts in
an east-west direction that occur in unison
with the glacial-interglacial climate variabil-
ity over the past 400 ka (Fig. 4 and fig. S15).
For instance, Denisovans and Neanderthals
exhibited high contact probability in the
Siberian Altai, mostly during interglacial
periods MIS 5,7, and 9. There is also a close
match between this zonal seesaw pattern of
Denisovan and Neanderthal contact and the
long-term change in atmospheric carbon di-
oxide concentration (Fig. 4A) (32). We find
that the elevated CO, and mild interglacial
climate promote the temperate forest to ex-
tend across central Eurasia (fig. SI6A), which
facilitates the northeastward dispersal of
Neanderthals (fig. SI0A) (12) and leads to a
territorial encroachment with preexisting Altai
Denisovans. By contrast, the lower CO, and
corresponding harsher glacial climate jointly
push the boreal forest range equatorward in

central Eurasia (fig. S16B), which may facili-
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thal habitat; ppm, parts per million. (B) Altai habitat overlap probability averaged
over 3° x 6° box encompassing Denisova cave. (C) Interbreeding chronology
of two populations derived from the Altai fossil genomes with aggregated age
probability distribution of six identified interbreeding events (shading). aDNA,
ancient DNA. (D) Schematic of climate effects on genetic Neanderthal-Denisovan
connectivity after hypothesized split from common ancestry ~400 ka (I, 22).

tate the backflow of Denisovans into Europe
(fig. S11B). This analysis suggests that green-
house gases played a pivotal role in regulating
past population dispersal and admixture across
Eurasia, through their direct influences on
surface temperature and overall moisture avail-
ability and because of the simulated CO, fer-
tilization effect on vegetation (33). Nevertheless,
the relative contribution to vegetation shifts
on Milankovi¢ scales may vary regionally; a
recent study pointed to a more complex inter-
play of climate, CO,, and other environmental
factors in determining vegetation covers such
as in tropical Africa (34). To further document
the role of extratropical temperatures in or-
chestrating the Neanderthal-Denisovan ad-
mixture dynamics, we conducted additional
sensitivity experiments (23), in which we arti-
ficially scaled the amplitude of global temper-
ature variations on Milankovié¢ timescales by
0, 70, and 130%. The results (fig. S17) show that
CO,-driven extratropical temperature fluctua-
tions are necessary to obtain the 80- to 120-
thousand year variability in hominin overlap.
Calculations for a 70 and 130% temperature
scaling further reveal similar EOF patterns in
habitat overlap variability compared with the
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original simulation (fig. S12), which thereby
demonstrates the robustness of our results
regarding uncertainties in the simulated tem-
perature evolution.

Paleogenomic implications

We further compared our simulation of hominin
overlap with a recent synthesis study of fossil
genomes from the Altai regions, which had
identified at least six episodes of interbreeding
between Denisovans and Neanderthals (10).
To facilitate this comparison, we calculated
the absolute times of these episodes by add-
ing the fossil dates from original publications
to the molecular clock-based relative mixture
time estimates (data S2) and accounting for
dating error propagation. The results show
that among these six episodes (10), the five
younger events cluster during the warm MIS
5, whereas the oldest event, although with
considerable dating uncertainty, occurs in the
cooler MIS 6 (Fig. 4C). Because some of these
events occurred thousands of years earlier
than the fossil dates, they could have happened
in places far away from the places where
the specimens were found. Our simulation of
Neanderthal-Denisovan overlap suggests that
these MIS 5 interbreeding events took place in
central-southern Siberia (Fig. 4, A and B),
which is consistent with the finding of the F1
hybrid fossil (9). By contrast, the MIS 6 event
likely happened in eastern Europe.
Whereas bidirectional gene flow between
Denisovans and Neanderthals occurred in
Siberia, the few European Neanderthal genomes
have shown little evidence for admixtures
with the Altai Denisovans (10). Nevertheless,
large-sample genetic analyses have recently
revealed Denisovan ancestry in modern Euro-
pean populations in France (35) and in Iceland
(36), which suggests the possibility for more
widespread and prevalent interbreeding than
previously thought. These results are consis-
tent with our model simulations, which indicate
the presence of suitable Denisovan habitats
in Europe under optimal orbital conditions
(Figs. 2 and 4 and figs. S7, S8, and S14).

Ruan et al., Science 381, 699-704 (2023)

Although Denisovans and Neanderthals went
through distinct population histories since their
split from common ancestry (2, 3), we argue
that they were not subject to any reproductive
isolation during past glacial cycles (9, 10). In line
with previous findings, our analyses support the
notion of long-term connectivity between the
two hominins and document an admixture
hotspot region in central Eurasia (Fig. 2). More-
over, our study reveals that orbitally driven
changes in regional climate and vegetation
shifted this hybrid zone in an east-west direc-
tion with interglacial conditions favoring an
eastward intensification and genetic conver-
gence, whereas glacial conditions were asso-
ciated with occasional interbreeding events in
Europe. Our results further demonstrate that
climate-driven variations in paired hominin
habitats can explain the interbreeding dy-
namics of Neanderthals and Denisovans dur-
ing the late Pleistocene and the corresponding
flow of genes (Fig. 4). These climate-mediated
events have played an essential role in shap-
ing the genomic ancestry of modern humans,
which leaves an important legacy even in our
present-day population.
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