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ANCIENT DNA

Paleogenomics and habitat 
modeling reveal temperate 
Eurasian origins of 
woolly rhinoceroses
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The woolly rhinoceros was a prominent Ice Age megafaunal 
species, and there is limited knowledge regarding its origin and 
responses to past glacial cycles. We sequenced 29 mitochondrial 
and 14 nuclear genomes from Pleistocene specimens across 
Eurasia and modeled the species’ habitats over the past 
500,000 years. Our results suggest that its maternal genetic 
diversity mainly evolved in temperate Eurasia around  
460 thousand to 420 thousand years ago during a prolonged 
glacial-interglacial transition. We found that a ∼170-thousand-
year-old East Asian individual was ancestral to all later 
populations, indicating East Asia as one possible origin of Late 
Pleistocene ancestry. We also identified the Altai region as a 
major climatic refugium. These findings highlight the crucial role 
of temperate Eurasia in the evolution of woolly rhinoceroses and 
the diversification of cold-adapted megafauna.

The woolly rhinoceros (Coelodonta antiquitatis) was an iconic cold-
adapted species that dominated northern Eurasia during the Late 
Pleistocene, from ∼130 thousand to 11 thousand years ago (ka) (1–3). 
The Coelodonta lineage is believed to have evolved its adaptations to 
cold climate in high-altitude regions following an “out-of-Tibet” evolution-
ary pathway (4), with the earliest Coelodonta fossil found on the 
Tibetan Plateau dated to 3.7 million years ago (5). Likely derived from 
C. tologoijensis (6) in East Eurasia, the earliest known fossil of a woolly 
rhinoceros was found in Central Europe and dated to ∼450 ka (7, 8), 
yet the details of how this species dispersed and colonized Eurasia 
remain elusive. Coelodonta went extinct near the onset of the Holocene 
(11 ka to present), with the last fossil evidence from ∼14 ka (2) and 
sediment DNA indicating that it may have survived until at least ∼9.8 ka 
(9). The causes of its extinction remain debated and have been at-
tributed to various climatic and anthropogenic factors (10–12). 
Although the species survived through multiple glacial-interglacial 
cycles in the Middle Pleistocene (700 to 130 ka) and Late Pleistocene, 

it remains unclear whether these extreme climatic oscillations led 
to its population substructuring or played a role in its population  
decline.

Ancient genomic studies have resolved the phylogenetic relationship 
of the woolly rhinoceros with extant and extinct rhinoceroses (13) and 
reconstructed its demographic history (11, 14). However, the only three 
available nuclear genomes derive exclusively from Late Pleistocene 
Northeast Siberia, leaving most of the species’ former distribution, 
particularly in mid-latitude Eurasia, genetically underrepresented 
(11, 13, 14). Mitochondrial genomes from East Asia (15) and Europe 
(16) revealed genetic diversities that had been previously undiscovered 
among Northeast Siberian individuals but lacked the resolution to 
reconstruct the population structure of the species. Previous studies 
on another representative cold-adapted species, the woolly mammoth, 
identified high-latitude Siberia as its primary center of genetic di-
versity (17, 18). However, the woolly rhinoceros developed cold ad-
aptation through distinct evolutionary strategies (4) and occupied 
more southerly habitats in East Asia than most other members of the 
Mammuthus-Coelodonta complex (1). Therefore, whether it showed 
similar population dynamics to the woolly mammoth, with ge-
netic diversity emerging in high-latitude areas (17, 18), is also subject 
to discussion.

To address these questions, we screened 183 woolly rhinoceros fos-
sils from across Eurasia (data S1 and S2) and successfully reconstructed 
29 mitochondrial genome sequences (8.2× to 468.7×) and 14 nuclear 
genomes (0.5× to 14.1×) from East Asia, the Altai, and Europe (Fig. 1A 
and data S1). These genomes were sequenced on both the NovaSeq 
(Illumina) and MGISEQ (BGI) platforms, and there is no evidence to 
suggest that combining data from these two sequencing platforms 
introduces bias or affects downstream analyses (fig. S1). Using a com-
bination of direct radiocarbon dating (data S3), U-series dating (data 
S4), stratigraphic dating (data S5), and molecular dating (data S6) 
strategies, 1 fossil was dated to Marine Isotopic Stage (MIS) 7 (243 to 
191 ka), 2 to MIS 6 (191 to 130 ka), 12 to MIS 5 (130 to 71 ka), 9 to MIS 
3 (57 to 29 ka), and 5 to MIS 2 (29 to 11 ka) (Fig. 1B and data S1). We 
assessed the discrepancies among different dating methods (fig. S2, 
data S7, and supplementary materials section “Comparison of molecu-
lar dating estimates with independent dating results”) and concluded 
that molecular dating provides a relatively reliable temporal reference 
for samples that lack both finite radiocarbon dates and stratigraphic 
age constraints. Consequently, any dating uncertainties are expected 
to have a negligible impact on subsequent genetic analyses. These 
newly sequenced genomes were analyzed alongside 20 previously pub-
lished mitochondrial genomes and two nuclear genomes of woolly 
rhinoceros (data S8), one mitochondrial and three nuclear genomes 
of Sumatran rhinoceros (Dicerorhinus sumatrensis), and one mito-
chondrial and nuclear genome of Merck’s rhinoceros (Stephanorhinus 
kirchbergensis) (11, 13, 15, 16).

To evaluate the influence of climate-driven habitat dynamics on 
the population history and genetic structure of the woolly rhinoceros, 
we developed a habitat-suitability model based on the Mahalanobis 
distance framework (19). The model integrates 1153 fossil occur-
rences (data S9) with four key climatic predictors—annual mean 
temperature, minimum temperature, precipitation, and net primary 
productivity—that together capture the species’ thermal tolerance, 
water availability, and food-resource potential (20) (figs. S3 and S4 
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and data S10). Derived from time-varying Pleistocene climate and bi-
ome simulations (21, 22), these variables were reconstructed over the 
past 500 thousand years (kyr) at a 1-kyr temporal resolution and 0.5° 
spatial resolution, spanning the full range of fossil evidence. This 
framework allowed us to track spatiotemporal changes in suitable 
habitat, quantify temporal variation in habitat area and fragmentation, 
and evaluate the robustness of the inferred habitat dynamics (figs. S5 
to S8 and movie S1).

Mitochondrial diversification tracing back to MIS 11
With the comprehensive mitochondrial genome dataset, we assessed 
the phylogenetic relationship among woolly rhinoceroses across 
Eurasia and identified four haplogroups (named clades 1 to 4) (Fig. 2A 
and fig. S9). The time to the most recent common ancestor of all woolly 
rhinoceroses’ mitochondrial genomes was estimated to be 464 ka (95% 
highest posterior density: 527 to 409 ka; Fig. 2A), close to the age of 
the earliest known fossil of C. antiquitatis (7). The four clades diverged 
between 464 and 417 ka (Fig. 2A), overlapping with a prolonged cli-
matic transition from MIS 12 (478 to 424 ka) to MIS 11 (424 to 374 ka) 
that was marked by increased habitat fragmentation and contraction 
across Eurasia (Fig. 3, A to C, and fig. S7).

According to haplogroup frequencies, clades 1 and 2, first re-
ported in Northeast Siberian individuals (11), were mainly found 
in East Asia and Northeast Siberia, whereas clades 3 and 4 were 
mainly found in Altai and Europe (Fig. 2B), indicating a genetic 
differentiation between East and West Eurasian populations. The 
fixation index (FST) among different regions also suggests a close 
relation between European and Altai woolly rhinoceroses (data 
S11). The presence of all four clades in the Altai region underscores 
an important role of the Central–East Asia transition zone in the 
maternal evolution of woolly rhinoceroses. This is supported by 
habitat-suitability model results showing that suitable habitats in 

this region persisted throughout glacial-interglacial cycles (Fig. 3F). 
The nucleotide diversity in the Northeast Siberian population was 
the lowest among all studied regions (data S12). This suggests that, 
unlike the woolly mammoth (17), the genetic diversity of woolly 
rhinoceros more likely emerged in warmer, lower-latitude regions, 
consistent with its southward distribution during the cooling pe
riods (10, 23).

Taking these findings together with range-wide sampling, we de-
tected an East-West differentiation in the maternal ancestry of woolly 
rhinoceroses and revealed a higher genetic diversity in mid-latitude 
Eurasia than in high-latitude regions. With home ranges <100 km2, 
the rhinoceroses (24, 25) are generally considered much less mobile 
than elephants, which could migrate 1000 km in an individual’s life-
time (26–28). Lower mobility would be expected to promote stronger 
phylogeographic structure. On the contrary, the phylogeographic sub-
structure among woolly rhinoceroses (Fig. 2) was not as strong as that 
observed in woolly mammoths (29). Similarly, extant rhinoceroses also 
showed relatively weak mitochondrial phylogeographic structure 
(figs. S10 and S11) (30, 31), whereas substantial substructuring was 
observed in African forest and savanna elephants, despite their high 
mobility (32).

One possible explanation is that compared with the solitary lifestyle 
of the Rhinocerotidae (33, 34), the matrilineal social structure of the 
Elephantidae (35, 36) may more readily give rise to a distinct phylo-
geographic structure in mitochondrial DNA, as females tend to be 
more philopatric (37), and result in more localized mitochondrial hap-
logroups. In addition, habitat-suitability modeling suggests that woolly 
rhinoceroses may have experienced repeated range contractions and 
reexpansions over the past ∼500 kyr (movie S1), potentially erod-
ing mitochondrial phylogeographic structure. Genetic data covering 
broader geographic and temporal ranges will be essential to further 
validate these different hypotheses.
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Fig. 1. Locations and ages of newly reported samples. (A) Geographic locations of woolly rhinoceroses. Colors represent the geographic regions of the samples, and color 
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Temperate Eurasian origin of Late Pleistocene 
woolly rhinoceroses
We further investigated whether the East-West Eurasian population 
differentiation was also present, or even stronger, among woolly 
rhinoceroses in their nuclear genomes. In contrast to mitochondrial 
phylogeny (Fig. 2A and fig. S9), the autosomal phylogeny (Fig. 4A), 
multidimensional scaling plot (Fig. 4B) and outgroup f3-statistics 
(fig. S12) among individuals reveal a clear spatiotemporal structure, 
with individuals from the same regions and periods clustered together 
(Fig. 4, A and B, and fig. S12). The oldest individual (∼170 ka) in our 
dataset (data S6), QGRH004 (EA_MIS6) from Qinggang, Northeast 
China, occupied a basal position among all woolly rhinoceroses in the 
autosomal phylogeny (Fig. 4A) and shared the least genetic affinity 
with other individuals (fig. S12). The seven Late Pleistocene individu-
als from East Asia (EA_MIS5-3) and eight non–East Asian individuals 
formed two different clusters, with the oldest non–East Asian indi-
vidual, ∼102-kyr-old IAER008 (Altai_MIS5) from the Denisova Cave 
(data S6) ancestral to all younger individuals from the Altai region, 
East Europe, and Northeast Siberia (Fig. 4A). The European and Altai 
individuals shared a close genetic affinity (fig. S12), consistent with 
their similar mitochondrial haplogroup composition (Fig. 2B) and low 
pairwise FST (data S11). These findings suggest that the gene pool of 
woolly rhinoceroses in the Late Pleistocene may have included a sub-
stantial contribution from East Asia. The East Asian and non–East 

Asian populations diverged at least ∼102 ka, broadly corresponding 
to MIS 5. The non–East Asian genetic diversity probably emerged in 
the Altai region and further spread to Northeast Siberia and Europe.

In contrast to the mitochondrial results (Fig. 2), two Northeast 
Siberian woolly rhinoceroses (NESIB) share a higher nuclear genetic 
affinity with West Eurasian individuals than with East Asian individu-
als (Fig. 4A and fig. S12). However, in the outgroup f3-statistics, we 
noticed an extra affinity between these Northeast Siberian and 
EA_MIS5-3 individuals (fig. S12). The two Last Glacial Maximum 
(LGM; 26.5 to 19 ka) East European individuals (EE_MIS2) also show 
extra affinity with contemporaneous Altai individuals (Altai_MIS2) 
(fig. S12). Therefore, we further applied a series of f4-statistics to ex-
plore whether gene flow among different populations had contributed 
to the genetic structure of the woolly rhinoceros.

Despite the deep divergence, the EA_MIS6 lineage shares a closer 
genetic affinity with the local Late Pleistocene (EA_MIS5-3) popula-
tion, according to f4(Sumatran, EA_MIS6; EA_MIS5-3, Altai/EE/NESIB 
pops) [absolute Z-score (|Z|) > 3; data S13]. This suggests potential 
genetic contributions from other ancestral lineages in the non–East 
Asian populations. Indeed, the admixture graph modeling of woolly 
rhinoceros populations also reveals a similar pattern, where both Altai 
and East European populations received additional gene flow from 
ghost lineages that were ancestral to the split between EA_MIS6 and 
Late Pleistocene lineages (Fig. 4D and fig. S13).
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The extra affinity between Late Pleistocene East Asian and Northeast 
Siberian populations was also supported by f4(Sumatran, EA_MIS5-3; 
NESIB, Altai/EE pops) (|Z| > 3; data S13), suggesting a high connectiv-
ity between East Eurasian populations. Compared with the pre-LGM 
East European individual (EE_MIS3), the LGM individuals were sig-
nificantly more closely related to the LGM Altai individuals and 
Northeast Siberian individuals, according to f4(Sumatran, Altai_MIS2/
NESIB; EE_MIS3, EE_MIS2) (|Z| > 3; data S13). The admixture graph 
modeling also showed genetic contribution from a NESIB-related 
lineage in the EE_MIS2 population and the LGM Altai population as 
the admixture of EE_MIS2, NESIB, and local Altai lineages (Fig. 4D and 
fig. S13). These analyses reveal increased genetic exchange among 
different woolly rhinoceros populations across Eurasia during the 
LGM, especially highlighting gene flow from a high-latitude Northeast 
Siberian population into mid-latitude regions. This may be best ex-
plained by habitat expansion in mid-latitudes, contraction in high 
latitudes, and greater east-west connectivity as climate cooled toward 
the start of the LGM (Fig. 3F and fig. S3).

Together, these findings suggest that East Asia was one of the 
sources of genetic diversity for Late Pleistocene woolly rhinoceroses 
across Eurasia. The Altai region may have functioned as a reservoir 
for genetic ancestry before the Late Pleistocene and as an important 
dispersal hub for woolly rhinoceroses across western and northern 
Eurasia, which is supported by the persistence of suitable habitats 
under varying climatic conditions (Fig. 3F). The smaller amount of runs 
of homozygosity observed in an East Asian individual (fig. S14), along 
with the significantly higher genomic heterozygosity of East Asian and 
Altai individuals compared with that of East European and Northeast 

Siberian individuals, further support both regions as important 
sources of genetic diversity of the species (Fig. 4C and data S14).

Genetic introgression from Merck’s rhinoceros in 
woolly rhinoceroses
Cross-species gene flow among different extant and extinct lineages 
could have played an important role in the evolution of rhinoceros spe-
cies (13). The Merck’s rhinoceros was the closest surviving relative of 
the woolly rhinoceros in the Late Pleistocene and largely overlapped 
with woolly rhinoceroses in their spatiotemporal distribution (13). 
However, owing to their genetic proximity, it remains challenging to test 
whether gene flow occurred between these two sister lineages.

Using f4(Sumatran, Merck; WoollyPop1, WoollyPop2) (|Z| > 3; data 
S13), we detected the greatest shared affinity with the Merck’s rhinoc-
eros in woolly rhinoceroses from Northeast Siberia. As the Merck’s 
rhinoceros individual was also from Late Pleistocene Northeast Siberia 
(13), we suggest that the genetic interaction happened locally between 
the two sympatric species, no later than MIS 3 (the ages of the studied 
samples). The Late Pleistocene East Asian individuals also showed 
extra affinity to the Merck’s rhinoceros (|Z| > 3; data S13). Considering 
the broad distribution of Merck’s rhinoceroses (13, 38, 39), especially 
in East Asia, the shared affinity in these woolly rhinoceroses might be 
introduced from separate gene flow events with local Merck’s rhinoc-
eroses. The individual level f4-statistics,  f4(Sumatran, Merck; other Ind, 
EA_MIS5-3 Ind) (|Z| > 3; data S13), further reveal increased affinity 
to Merck’s rhinoceros from MIS 5 to MIS 3. This suggests that the 
introgression likely started between MIS 6 and MIS 5 and further 
continued at least until MIS 3.
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In addition, the introgression signal was also observed in LGM East 
European individuals but not in the MIS 3 individual from the same 
region, suggesting a gene flow event between MIS 3 and MIS 2 (|Z| > 3; 
data S13). However, it was commonly believed that the Merck’s rhinoc-
eros went extinct in Europe after the Last Interglacial ∼115 ka (40) 
and therefore could not have coexisted and interbred with European 
woolly rhinoceroses during the LGM. A different scenario to explain 
this signal would involve gene flow from Northeast Siberian woolly 
rhinoceroses (Fig. 4D) during the migration of woolly rhinoceroses 
from higher- to lower-altitude regions during climatic cooling.

Climatic habitat shifts shaped the population structure of the 
woolly rhinoceros
By integrating large scale ancient genomic analyses with global 
habitat-suitability modeling, we were able to provide a spatiotemporally 
detailed picture of woolly rhinoceros populations in the context 
of Late Quaternary climatic and environmental change. The main 
habitat-dynamics patterns inferred from the model were robust to 
repeated site-level leave-out validation and complementary sensitivity 
analyses (Fig. 3, figs. S5 to S8, and movie S1).

During the Penultimate Glacial Period (191 to 130 ka), the habitats 
suitable for woolly rhinoceroses were widely distributed across mid-
latitude Eurasia (Fig. 3D and movie S1). From the Eemian onset period 
(130 to 126 ka), suitable habitats vanished in major parts of East Asia 
and Europe, whereas they were sustained in large parts of central 
Eurasia, ranging from the Ural to Altai regions (Fig. 3E). Pairwise 
sequentially Markovian coalescent analyses also revealed a substantial 
decline in the effective population sizes of woolly rhinoceroses from 
East Asia, Northeast Siberia, and East Europe (fig. S15), supporting 
the sizable impact of the Eemian interglacial period (130 to 115 ka) 
on woolly rhinoceros populations, as shown in previous studies (11, 14). 
However, the population decline was not as substantial in the Bayesian 
skyline plot based on mitochondrial genomes, which may suggest a 
weaker effect on maternal genetic diversity or a limited resolution 
(fig. S16).

The Altai region remained a suitable habitat at least in the past 160 kyr 
(Fig. 3F), supporting its role as a refugium for woolly rhinoceroses during 
the Late Pleistocene climatic oscillations. Altai_MIS5 dated to ∼102 ka 
also appears to have contributed substantially to the major gene pool 
across Eurasia after the Eemian interglacial. Together, these results 
support the hypothesis that populations reexpanded from the Altai 
refugium across Eurasia as east-west habitat connectivity increased 
during climate cooling after the Eemian interglacial period (Fig. 3B 
and fig. S7).

Parts of the Russian Far East also remained suitable during the 
Eemian interglacial period (Fig. 3F and movie S1), indicating that the 
region may have functioned as another interglacial refugium. A local 
population may have been preserved there and kept relatively isolated 
from central Eurasia. This is consistent with the observed deep diver-
gence between East Asian and non–East Asian populations in the Late 
Pleistocene (Fig. 4A). During the same period, the increase of suit-
ability in high-latitude Siberia (Fig. 3F) may have opened up a passage 
along the Okhotsk coast (Fig. 3E) that allowed for woolly rhinoceros 
migration from East Asia to Northeast Siberia. This could also explain 
the East Asian ancestry detected in the Northeast Siberian population 
(Fig. 4D and data S13).

Among the studied regions, Europe experienced the most extreme 
decline of habitat suitability at the Eemian onset period and did not 
recover until ∼70 ka (Fig. 3, E and F). This may explain the low nuclear 
genetic diversity in the East European woolly rhinoceroses (Fig. 4C). 
However, the European samples still showed a relatively high mito-
chondrial diversity (data S12), and genetic contribution from an early 
derived ghost lineage was found in East European nuclear genomes 
(Fig. 4D and fig.  S13). These findings suggest that the Middle 
Pleistocene European woolly rhinoceroses might have also survived 
in a refugium during MIS 5, perhaps around the Ural Mountains, 
where our distribution modeling indicates more favorable habitats at 
this time (Fig. 3E and movie S1). This population may have contributed 
to the later redispersal of woolly rhinoceroses into East Europe. 
Paleontological studies have also described the Middle Pleistocene 
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woolly rhinoceroses in Europe as a separate subspecies (C. a. praecursor), 
indicating a potentially deep divergence between the East and West 
Eurasian populations (7). The lack of older genomes from Europe has, 
however, limited our ability to test these hypotheses. Further genetic 
study of Middle and early Late Pleistocene woolly rhinoceroses from 
Europe would be crucial to reconstruct the dynamics of European 
populations, unveil the early divergence between East and West 
Eurasian populations, and further resolve the origin of the woolly 
rhinoceros as a species.

Unlike the woolly mammoth, another cold-adapted Ice Age mega-
fauna species (17, 18), most of the genetic diversity of the woolly rhi-
noceros emerged in mid-latitude Eurasia instead of high-latitude 
Northeast Siberia. This is consistent with previous paleontological and 
paleoecological studies, which revealed a much wider distribution of 
the woolly rhinoceros in mid-latitude regions and higher ecological 
tolerance to both cold and temperate environments (fig. S17) when 
compared with the woolly mammoth (10, 23, 41). Originating from the 
Tibetan Plateau, the Coelodonta lineage was believed to acquire the 
cold adaptation in a plateau preadaptation strategy and remained 
largely restricted to Central and East Asia until ∼600 ka, whereas the 
Mammuthus lineage and many Arctic species were already widely 
present in high-latitude North Asia by the Early Pleistocene (1, 4, 5). 
The habitat modeling also suggests that although high-latitude North
east Siberia remained suitable for woolly rhinoceroses during the 
warmest periods, southern central Siberia offered more favorable con-
ditions across glacial-interglacial cycles, at least during the past 160 kyr 
(Fig. 3D and movie S1).

Our findings underscore the importance of expanding ancient DNA 
studies in mid- and low-latitude regions. This is because even for cold-
adapted species, substantial genetic diversity may have originated and 
persisted at lower latitudes. Although excellent DNA preservation in 
northern Eurasia has facilitated deep-time genetic studies, this pres-
ervation bias toward high-altitude regions may obscure the full scope 
of population structure and evolutionary history.
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Paleogenomics and habitat modeling reveal temperate Eurasian origins of woolly
rhinoceroses
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Editor’s summary
As is the case for other Ice Age megafauna, our understanding of the woolly rhinoceros (Coelodonta antiquitatis)
has been shaped by samples found primarily in extremely cold climates. Lei et al. sequenced 29 mitochondrial and
14 autosomal genomes from ancient woolly rhinoceros specimens found across Eurasia. Compared with previous
samples from northeast Siberia, the authors found much more genetic diversity in midlatitude Eurasia, particularly
East Asia, and detected the presence of gene flow with the extinct Merck’s rhinoceros. Climate modeling coupled
with these diversity patterns suggested that the Altai region likely served as a refugium during warm periods. These
results highlight the importance of extending the search for ancient DNA to more southern climes if we hope to fully
understand such extinct species. —Corinne Simonti
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