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The extinction of the woolly rhinoceros (Coelodonta antiquitatis) at the onset of the
Holocene remains an enigma, with conflicting evidence regarding its cause and spa-
tiotemporal dynamics. This partly reflects challenges in determining demographic
responses of late Quaternary megafauna to climatic and anthropogenic causal drivers
with available genetic and paleontological techniques. Here, we show that elucidat-
ing mechanisms of ancient extinctions can benefit from a detailed understanding of
fine-scale metapopulation dynamics, operating over many millennia. Using an abundant
fossil record, ancient DNA, and high-resolution simulation models, we untangle the
ecological mechanisms and causal drivers that are likely to have been integral in the
decline and later extinction of the woolly rhinoceros. Our 52,000-y reconstruction of
distribution-wide metapopulation dynamics supports a pathway to extinction that began
long before the Holocene, when the combination of cooling temperatures and low but
sustained hunting by humans trapped woolly rhinoceroses in suboptimal habitats along
the southern edge of their range. Modeling indicates that this ecological trap intensi-
fied after the end of the last ice age, preventing colonization of newly formed suitable
habitats, weakening stabilizing metapopulation processes, triggering the extinction of
the woolly rhinoceros in the early Holocene. Our findings suggest that fragmentation
and resultant metapopulation dynamics should be explicitly considered in explanations
of late Quaternary megafauna extinctions, sending a clarion call to the fragility of the
remaining large-bodied grazers restricted to disjunct fragments of poor-quality habitat
due to anthropogenic environmental change.

megafauna | metapopulation dynamics | ecological mechanisms | synergistic interactions |
reconstructing extinctions

Population processes and their spatial dynamics (1-3) have rarely been considered as
critical determinants of late Quaternary extinctions of megafauna, with efforts instead
being largely directed to understanding the relative roles of climatic change and human
impacts, or their synergy, on the timing and rate of extinctions (4-8). This partly reflects
current difficulties in determining important mechanistic responses of late Quaternary
megafauna to causal drivers of demographic change at fine spatiotemporal resolutions
exclusively using available genetic and paleontological techniques (9). Evidence for causa-
tion, therefore, tends to be highly uncertain, and even conflicting, leading to fierce debates
regarding putative drivers of late Quaternary extinctions and their synergistic interactions
(10-12). A more comprehensive exploration of the demographic, genetic, climatic, and
anthropogenic causes of megafaunal collapse is therefore needed to better establish the
ecological processes and spatiotemporal threats that were integral in the decline of extinct
late Quaternary megafauna. These insights, in turn, should provide salient lessons to
conserve Earth’s remaining large wildlife.

Process-explicit models provide powerful approaches for detecting determinants of
extinctions across space and time (13). When integrated with distribution and demo-
graphic information from fossils and ancient DNA, they can identify the most likely
dynamics of ancient extinctions at high spatiotemporal resolutions (9, 14). Clues to chains
of causality can be identified from these reconstructions of population decline and extinc-
tion, including assessments of independent and potentially interactive effects of natural
and anthropogenic forces on vital demographic and genetic processes (9, 14). Nevertheless,
previous attempts to tease apart various putative drivers of population and range declines
of extinct megafauna have mainly used correlative and not mechanistic techniques (6, 7,
15), thus limiting our understandings of the metapopulation processes and dynamics
responsible for the fates of lost megafauna (13).

The woolly rhinoceros (Coelodonta antiquitatis) was an iconic member of the mam-
moth steppe (16) fauna of central and northern Eurasia (15), originating on the Tibetan

PNAS 2024 Vol.121 No.24 2316419121

https://doi.org/10.1073/pnas.2316419121

Significance

Using a computationally intensive
modeling approach and
extensive paleontological and
ancient DNA information, we
reveal how and why the woolly
rhinoceros went extinct at a fine
spatiotemporal resolution. Our
population reconstructions
indicate that a combination of
climate-driven habitat
fragmentation and low but
persistent levels of hunting by
humans weakened
metapopulation processes and
caused their extinction. Our
results provide a deeper
understanding of the structure
and dynamics of past extinctions
of megafauna, simultaneously
providing valuable lessons to
safeguard Earth’s remaining
large animals.

Author contributions: D.A.F., JJ.A, M.V.L,, C.R, D.N.-B,,
and E.D.L. designed research; D.AFF, S.C.B., and E.C.
performed research; S.H., E.A.,, and A.M. contributed new
reagents/analytic tools; S.C.B. and E.C. analyzed data;
and D.AF, S.C.B., JJ.A, M.V.L, HB., AR, C.R, D.N.-B.,
and E.D.L. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2024 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

Although PNAS asks authors to adhere to United Nations
naming conventions for maps (https://www.un.org/
geospatial/mapsgeo), our policy is to publish maps as
provided by the authors.

"To whom correspondence may be addressed. Email:
damien.formdham@adelaide.edu.au.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2316419121/-/DCSupplemental.

Published June 3, 2024.

10f9


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.un.org/geospatial/mapsgeo
https://www.un.org/geospatial/mapsgeo
mailto:damien.formdham@adelaide.edu.au
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2316419121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2316419121/-/DCSupplemental
mailto:
https://orcid.org/0000-0003-2137-5592
https://orcid.org/0000-0002-0669-1418
https://orcid.org/0000-0001-9867-8247
https://orcid.org/0000-0001-6937-4762
https://orcid.org/0000-0001-9561-0159
https://orcid.org/0000-0002-0494-0126
https://orcid.org/0000-0003-1895-450X
https://orcid.org/0000-0002-3768-9185
https://orcid.org/0000-0003-4585-0300
https://orcid.org/0000-0002-6353-2819
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2316419121&domain=pdf&date_stamp=2024-5-31

20f9

plateau approximately 2.5 million years ago (17). It was a
cold-adapted species covered in thick skin and long fur, with a
body size similar to the extant African white rhinoceros
(Ceratotherium simum) (18). Based on fossil chronology, the
woolly rhinoceros was presumed extinct by the onset of the
warm and wet Allerad oscillation ~13.9 thousand B.P. (ka B.P.),
despite surviving repeated glacial-interglacial cycles of the
Pleistocene (15). However, the recent discovery of woolly rhi-
noceros DNA in early Holocene sediments indicates a later
extinction date of ~9.8 ka B.P. While there is ongoing debate
surrounding this young age estimate (19), redeposition of DNA
is unlikely to be its cause (20).

Dentition patterns and stomach content analysis point toward
the woolly rhinoceros being a grazer, feeding on low vegetation
growing in dry open landscapes (18). Wear-patterns from subfos-
sils indicate that it probably used its front horn to expose herba-
ceous vegetation in shallow snow (17). Radiocarbon-dated fossils
show that the woolly rhinoceros was distributed across northern
Eurasia until ~35 ka B.P., when it experienced a progressive east-
ward range contraction during the late Pleistocene (15). It has
been hypothesized that climate-driven environmental change and
an ecological preference of woolly rhinoceroses for dry-open land-
scapes with low snow cover were the principal causes of their
decline and later extinction (15). This was postulated partly
because, although cold-adapted, the woolly rhinoceros had short
bulky legs without spreading hooves or pads, which would have
made moving through deep snow that formed after the last ice
age diflicult (18), potentially increasing the susceptibility of pop-
ulations to human impacts (5).

There remains, however, much debate regarding the extrinsic
causes of decline of the woolly rhinoceros, the potential roles of
humans, the timing of its extinction, and the population processes
and dynamics leading to its extinction. Mitochondrial DNA
sequence data retrieved from woolly rhinoceros subfossils indicate
a fivefold increase in population size at the onset of the last glacial
maximum (LGM) at ~26 ka B.P. (7). This is also supported by
nuclear DNA, which additionally shows an abrupt—almost
instantaneous—extinction of the woolly rhinoceros in response
to rapid warming at the termination of the Pleistocene (6).
However, the woolly rhinoceros survived past glacial-interglacial
transitions, some more severe than the last (21), only to vanish in
the interglacial period where modern humans were first present.
This included persisting through the Eemian (~130 to 115 ka
B.P), when temperatures in Europe were generally warmer than
those of the 20th century (22). Resolving this discrepancy between
inferences of progressive extinction based on fossils and abrupt
extinction based on DNA, could benefit from a more thorough
(process-based) investigation of how climatic change and human
pressures directly or synergistically affected the ecology and demog-
raphy of the woolly rhinoceros, causing its extinction.

Here, we assess the ecological mechanisms and threats that are
likely to have been integral to population declines and the extinc-
tion of the woolly rhinoceros from 60 ka B.P. at a spatiotemporal
resolution higher than that of previous studies. We did this
by simulating 45,000 plausible spatially explicit scenarios of
process-driven interactions among woolly rhinoceroses, climate,
and humans. We optimized model parameters with pattern-
oriented methods (23) using ecological inferences from hundreds
of high-quality radiocarbon dated fossils (Dataset S1) and inde-
pendently validated these models using available ancient DNA
retrieved from sediments (20). Our 52,000-y continuous recon-
struction of distribution-wide metapopulation dynamics points
toward a pathway to extinction that began long before the Last
Glacial Maximum, when cooling temperatures and low but
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constant hunting by humans trapped woolly rhinoceroses in
isolated, suboptimal habitats along the southern edge of their
range.

Results and Discussion

The simulation models of climate—human—woolly rhinoceros
interactions that could accurately reconstruct fossil evidence of
the decline and extinction of the woolly rhinoceros (occurrence
at fossil sites, timings of regional extirpation, and absence in North
America; Fig. 1) converged on highly constrained parameters. This
indicates that the woolly rhinoceros is likely to have had a broad
realized ecological niche, low population abundance, and a limited
capacity for dispersal (S Appendix, Fig. S1 and Table S1). These
“best models” (the 0.2 % of all models that most closely hit the
validation targets) suggest a pathway to extinction that began long
before the LGM, when cooling temperatures and human hunting
disrupted metapopulation dynamics, ultimately leading to pop-
ulation declines (Fig. 2) and a southward range contraction, con-
fining woolly rhinoceroses to isolated fragments of suboptimal
climatic habitat. In the few locations (mainly the oldest and most
southern fossil sites) where our models projected timing of extir-
pation to have occurred earlier than expected from paleontological
data (Fig. 1), they correctly projected persistence close to these
fossil sites (Movie S1).

Extinction Dynamics. Our modeling indicates that the woolly
rhinoceros did indeed experience an on-going eastward contraction
of its distribution from ~35 ka B.P. (onset of the GI-7 interstadial),
and this range contraction and population decline accelerated as
climatic conditions warmed—causing higher precipitation and
snowfall (25)—following GIS-3 (23.3 ka B.P) and the most recent
ice age (Fig. 2 and Movie S1). From the onset of the Holocene
(~11.7 ka B.P), the woolly rhinoceros is likely to have persisted
primarily in Siberia, finally going extinct in north-east Siberia
at ~8.7 ka B.P. (Fig. 1) due to interactions between changes in
local environmental conditions, deteriorating metapopulation
processes, and human impacts (Fig. 3). This timing and location
of extinction closely matches independent evidence from ancient
sedimentary DNA (Fig. 1).

Reconciling inferences of demographic change from the fossil
chronology in process-explicit simulations required the woolly
rhinoceros to become trapped in suboptimal climatic habitat at
the end of the Pleistocene, and to persist from this time onward
in a scattering of isolated populations (Fig. 3). From as eatly as
~33 ka B.P, our results suggest that some populations of the
woolly rhinoceros failed to utilize large adjoining patches of highly
suitable habitat during periods of rapid environmental change
(Movie S2). This is despite them being intermittently connected
to occupied populations by corridors of seasonally suitable, but
snow-covered habitat.

Populations of the woolly rhinoceros are likely to have continued
to decline during the early Holocene, because of climate-driven
environmental change (Fig. 4) and its negative impact on habitat
quality and connectivity among populations (Fig. 3). By 9.7 ka B.,
the strength of vital metapopulation processes most likely weakened,
because populations of the woolly rhinoceros were so few and iso-
lated from each other that demographic rescue (3) from source-type
populations could no longer occur (Fig. 3). Environmental and
demographic stochastic processes in these disconnected and small
populations probably strengthened, causing population-level fitness
to decline (1), ultimately triggering extinction. This was despite
persistence and expansion of extensive areas of suitable, but now
isolated, habitat during the early Holocene (Fig. 3).
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Fig. 1. Timing of woolly rhinoceros extirpation across Eurasia. (A) Grid-cell colors on the map show simulated time of extirpation. Circles show fossil locations,
with colors representing the youngest age estimate (mean age + 1 SD). The blue diamond shows the youngest radiocarbon dated woolly rhinoceros fossil. The
purple triangle shows youngest estimate of occurrence from sedimentary ancient DNA (20). Gray cells were never occupied. (B) Histograms shows the ability of
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targets are displayed as dotted black lines. Purple colored bars show selected models. Green colored bars show all models; shades of green represent different
rounds of pattern-oriented modeling, with lighter colors representing earlier rounds. /nset map (C) shows the regions: Europe (green), west Siberia (orange),

east Siberia (purple), and North America (yellow).

Causal Drivers. Anatomically modern humans arrived in Eurasia
as early as 55 ka B.P, spreading to many of its most remote and
extreme environments by 45 ka B.P. (26). Here, woolly rhinoceroses
co-occurred with modern humans for tens of thousands of years,
and Neanderthals (Homo neanderthalensis) and other hominins
for even longer, where they exploited woolly rhinoceroses and

other wildlife for food (27). Although hunting has so far not

PNAS 2024 Vol.121 No.24 2316419121

been considered an important driver of population decline or
extinction of the woolly rhinoceros (6, 7, 15), isotopic analysis
suggests that the species comprised up to 30% of the protein
intake for humans in some areas of Eurasia (28). Accordingly,
our 52,000-y reconstruction of spatial population processes and
abundances of the woolly rhinoceros indicates that hunting of
this species by humans is likely to have played an important,
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Fig. 2. Abundance of woolly rhinoceroses across 52,000 y. Total population abundances (on a log-scale) for Europe (green), west Siberia (orange), and east
Siberia (purple). Gray lines show the areal annual mean temperature for each region. Shaded areas show the 95% Cl. Dotted lines indicate the boundaries of

major stadial/interstadials (24). Regional boundaries are shown in Fig. 1.

albeit, largely overlooked role in its decline (Fig. 4), with humans
removing an average of 10% (SD = 5%) of woolly rhinoceros
populations per generation.

Prior to the LGM, densities of humans are most likely to have
been relatively high in areas along the southern distribution of the
woolly rhinoceros (S Appendix, Fig. S2). Here, our modeling sug-
gests that hunting at levels typically less than that for other mammoth
steppe fauna (SI Appendix, Table S1)—including woolly mammoth
(9) and steppe bison (14)—contributed to declines in population
abundances of woolly rhinoceroses (Fig. 4 and S/ Appendix, Fig. S3).
In north-eastern Siberia and northern Europe, where human densities
were typically lower (averaging < 2 % of densities at the southern
extent of the woolly rhinoceros’ distribution; S7 Appendix, Fig. S2)
(29), our results, using paleoclimate simulations, point toward tem-
perature and snow cover as being more dominant factors regulating
population abundances of the woolly rhinoceros during this time
period (Fig. 4 and S7 Appendix, Figs. S4 and S5).

Following the LGM, our modeling indicates that temperature
and snow depth drove the largest changes in population abun-
dances across the entire remaining distribution of the woolly
rhinoceros (Fig. 4). While interactive effects of humans on pop-
ulation abundances of woolly rhinoceroses are likely to have
remained secondary to climatic factors for the rest of its exist-
ence, they were vital for extinction. Paleontological evidence
suggests that humans hunted woolly rhinoceroses during the
last deglaciation (28), and our simulations show that low levels
of hunting after (as well as before) the LGM are critical to
reconstruct the extinction of the woolly rhinoceros in the early
Holocene (S7 Appendix, Figs. S3 and S6).

Proximate impacts of climatic warming during the Pleistocene—
Holocene transition are likely to have largely stemmed from resultant
shifts in vegetation composition across Eurasia, which affected food
availability for grazers, as well as other trophic groups (16, 20). Our
modeling shows that these climate-driven changes probably

https://doi.org/10.1073/pnas.2316419121

weakened metapopulation structures (Movie S1), making the woolly
rhinoceros potentially more susceptible to human impacts (5). From
14.6 to 12.8 ka B.P, woolly rhinoceroses were generally found at
highest abundance in south-east Siberia (Movie S1) where smaller
increases in winter snow depth (Fig. 4 and S7 Appendix, Figs. S5-S7)
probably enabled food to be more readily accessible and dispersal
among populations to be higher. Temperatures continued to rise
across Eurasia after 12.8 ka B.P. (GS-1; Fig. 2) (24), with larger tem-
perature increases in southern Siberia compared to northern Siberia
(81 Appendix, Fig. S8), likely causing more severe declines in abun-
dances in southern populations (Movie S1). Cooler and drier
Holocene conditions in north-east Siberia (S Appendix, Figs. S8 and
S9) favored preferred graminoid and forb tundra (25), prolonging
range-wide persistence of the woolly rhinoceros in those regions (7).
While regulation of plant structure and biomass by herbivores during
the Pleistocene has been suggested, its importance remains uncertain
(30, 31), making it a fertile topic for future research using our mod-
eling technique.

Hindcasting our validated model of climate~human—woolly
rhinoceros interactions back to the Eemian, when temperatures
were similar to today (22), indicated a wide distribution for the
woolly rhinoceros at 120 ka B.P. (S Appendix, Fig. S10), owing to
its broad ecological tolerance (S/ Appendix, Fig. S11) and the
absence of anatomically modern humans. Bayesian sensitivity anal-
ysis of posterior model parameters (32) confirmed that woolly rhi-
noceroses had a wide ecological tolerance (SI Appendix, Table S1).
It also showed that reconciling inferences of range collapse and
extinction from fossils and ancient DNA requires low and sus-
tained levels of hunting by humans. Importantly, hindcasts at the
most recent interglacial, provide evidence that our simulations
appropriately captured the upper warm tolerance of woolly rhi-
noceroses in climate-driven ecological responses, including those
identified as critical for the extinction of the woolly rhinoceros in
the early Holocene.
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Spatial Population Processes. Disruption of metapopulation
dynamics has rarely been directly considered in explanations of late
Quaternary megafauna extinctions, despite having the potential to
cause devastating effects on the persistence of species at landscape
scales (33). This is somewhat surprising, given previous suggestions
that metapopulation processes, including the weakening of source-
sink dynamics (2), and the establishment of ecological traps (33,
34), have heightened the risk of extinction for extant relatives
of the woolly rhinoceros (34-36). Our modeling shows that
reconciling available paleontological data, and their inferences,
requires complex interactions between climate change, human
activities, and population processes of woolly rhinoceroses, causing
their range to contract to isolated, suboptimal climatic habitats
at the end of the last ice age (Movie S1). It also indicates that

PNAS 2024 Vol.121 No.24 2316419121

otherwise stabilizing source-sink dynamics weakened during the
Pleistocene—~Holocene transition, ultimately leading to extinction
in the early Holocene (Fig. 3).

Evidence that populations of woolly rhinoceroses failed to col-
onize highly suitable climatic habitats from ~33 ka B.P, despite
there being putative corridors for dispersal, can be attributed
potentially to a combination of high energy costs associated with
moving through deep winter snow (18), and impacts of human
populations on dispersing woolly rhinoceroses (SI Appendix,
Fig. S2). Modeling indicates that the formation of such ecological
traps intensified following the LGM, when climatic conditions
changed rapidly, preventing northward migrations to suitable
areas, including the Taymyr peninsula. Thus, the woolly rhinoc-
eros was trapped in the southern (trailing) edge of its contracting
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range, and this probably led to its eventual extinction thousands
of years later (Movie S1).

Furthermore, our modeling confirms that a low capacity for
dispersal is likely to have contributed to woolly rhinoceroses not
crossing the Bering Strait and colonizing suitable climatic habitat
in North America. Long-distance dispersal rates, generally less
than 150 km per generation (S/ Appendix, Fig. S12), were needed
to reconstruct the absence of woolly rhinoceroses in North
America, as well as other validation metrics (occurrence at fossil
sites, and timings of regional extirpation). This supports previous
suggestions that a morphology not suited for movement over long
distances, particularly through wet boggy habitat, prevented
woolly rhinoceroses from crossing the Bering Land Bridge and
colonizing the New World (15, 30).

https://doi.org/10.1073/pnas.2316419121

Differences remain between the extinction timeline and dynam-
ics uncovered here using our process-driven modeling approach,
and those inferred previously from ancient DNA retrieved from
macrofossils (6, 7). These dissimilarities probably arise because the
demographic responses captured in our analysis are at a higher
spatiotemporal resolution than those in previous genetic studies.
A relative scarcity of high-quality ancient DNA data from the
woolly rhinoceros has precluded the direct consideration of impor-
tant dynamic interactions between spatial demographic processes
and extrinsic factors in past genetic estimates of its population
change. These include humans weakening dispersal and recoloni-
zation processes of the woolly rhinoceros during the late Pleistocene,
causing increased vulnerability to climatic warming in the Holocene
due to deteriorating regulatory metapopulation processes.
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While our results mechanistically reconstructed the likely pat-
tern of range contraction and extinction of the woolly rhinoceros
in accordance with independent evidence from ancient DNA
analysis of sediments (Fig. 1), this additional verification of our
results was done with few samples, including only one from the
early Holocene (20). Looking ahead, we expect that the precision
of our simulations of the spatiotemporal abundance of the woolly
rhinoceros, and its timing and location of extinction, will continue
to improve with further fossil discoveries, more extensive ancient
DNA analysis of sediments, projections of human population
growth and migration that account for topographical processes
and cultural changes in Eurasia, and improved paleoclimatic sim-
ulations of rainfall and snowfall.

Our finding that climate-driven habitat fragmentation and low
but persistent levels of hunting by humans are likely to have syn-
ergistically weakened metapopulation processes, causing the decline
and ultimate extinction of the woolly rhinoceros, has strong con-
servation implications. Most remaining megafauna persist in a tiny
fraction of their historical range due to an insidious combination
of land-use change and human hunting (35). Sixty-one terrestrial
megaherbivores 21,000 kg existed during the late Pleistocene (37),
however, only eight such species survive today. Five are rhinocer-
oses, four of which are endangered, three critically (38).

Today, rhinoceroses persist in highly fragmented ranges across
Africa and Asia. On both continents, they are generally found only
in isolated, suboptimal habitats (36), many of which are forecast to
experience rapid climate-driven decline and further fragmentation
over the coming decades (39). Low dispersal capacities, confounded
by anthropogenic dispersal barriers and poaching, severely threaten
these remaining charismatic and irreplaceable megafaunas, with
issues of increased inbreeding and genetic load already written in
their genomes (40). Without enhanced conservation efforts, these
extant species will continue to find themselves trapped in subopti-
mal habitats, isolated and unable to respond to climatic warming,
as the woolly rhinoceros once did, following a similar fate.

Materials and Methods

Process-driven statistical-simulation models of climate-human-woolly rhinoc-
eros interactions, which integrate extensive palaeoecological information, were
developed to reconstruct critical interactions between intrinsic demographic pro-
cesses and extrinsic environmental factors that caused the decline and extinction
of the woolly rhinoceros (13). Pattern-oriented modeling techniques (23) and
Approximate Bayesian Computation (41) were used to identify vital processes,
find accurate parameters, and validate models (42).

Niche Estimation. Radiocarbon dated and georeferenced fossils of woolly
rhinoceroses from the Late Pleistocene and Holocene were sourced from pub-
licly accessible databases and published literature (S/ Appendix, Materials and
Methods). Their reliability was assessed using a numeric ranking based on the
Mead-Meltzer scale, updated to reflect advances in radiocarbon dating and to bet-
terincorporate archeological evidence (43). All reliable fossils were age-calibrated
using OxCal (44) and the IntCal13 calibration curve (45).

The HadCM3B-M2.1 coupled general circulation model (GCM) was used to
generate monthly climatic parameters from 60 ka B.P. to the present (1950 CE)
(46) at a resampled resolution of 1°x1° (S/ Appendix, Materials and Methods).
Tests show that the model reproduces an accurate representation of land and
seatemperatures, precipitation, and ocean circulation (47). We intersected fossil
locations and time periods (calibrated age = 1 SD) with paleosimulations of cli-
matic parameters (temperature, precipitation, evapotranspiration) that are likely
to have affected the population dynamics of the woolly rhinoceros and character-
ized an n-dimensional hypervolume of climatic suitability through time (9). The
resulting hypervolume, which represents the full potential climatic niche of the
woolly rhinoceros (48), was exhaustively subsampled to derive its realized niche
using process-driven statistical-simulation techniques (see below). By capturing
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occurrence climate relationships at fossil sites through time, including periods
when modern humans were low in abundance in Eurasia (S/ Appendix, Fig. S2),
this multitemporal ecological niche modeling approach limited any niche trun-
cation (49).

Spatial projections of climate suitability for the woolly rhinoceros in Eurasia
were generated from 60 ka B.P. to 8 ka B.P. at 17-y (generational) time steps for
each plausible realized niche (n = 3,000 subsamples of the full hypervolume of
climate suitability). We used a Lambert Azimuthal Equal Area projection centered
on 104° east and 60° north, with a resolution of 100 km x 100 km. A projection
of climatic suitability was also made for the Eemian (130 to 15 ka B.P.). See
SI Appendix, Materials and Methods for further information on the fossil data
and projections of climate suitability.

Humans. The peopling of Eurasia, and their relative abundances, were modeled
using the climate informed spatial genetic model (CISGeM), which accurately
reconstructs the arrival times of anatomically modern humans and contempo-
rary distributions of global and regional genetic diversity (50, 51). Recently, it
has been coupled to macroecological models to establish megafauna-human
interactions (9, 14). Local effective population size (N,) is simulated in CISGeM
as a function of net primary productivity (NPP), genetic history, and local
demography.

CISGeM was used to calculate a time-series of relative local population change
for humans from 120 ka B.P. to 0 B.P. at 25-y time steps. Arrival, occupancy, and
density (N,) were forced by spatiotemporal estimates of climate and sea level
changes over the past 125 ky using HadCM3B-M2.1 GCM.To account for param-
eter uncertainty in spatiotemporal projections of N, we ran 4,900 unique models
(each with different parameter settings) using established model parameters (50).
N, values were then scaled between 0 and 1 using the 95th percentile of maxi-
mum values and used in the process-driven climate-human-woolly rhinoceros
interaction model as potential spatiotemporal measures of relative abundance
of humans. CISGeM and its application are described in detail in S/ Appendix,
Materials and Methods.

Climate-Human-Woolly Rhinoceros Interactions. Metapopulation dynamics
were simulated as landscape-level population processes for the woolly rhinoceros,
operating at a 17-y generational time steps from 60 ka B.P. Models centered on
best estimates for demographic processes (population growth rate and variance,
dispersal proportion and distance, Allee effect), environmental attributes (niche
breadth, climatic specialization), and human interactions (human abundance,
rates of exploitation, functional response) were varied across plausible ranges
using Latin hypercube sampling, to provide a robust coverage of multidimen-
sional parameter space (9). This procedure produced 45,000 conceivable models
(i.e., individual parameterizations) with different combinations of demographic
processes, environmental affinities, and climate and human impacts. Each model
was run for a single replicate (52). The structure and parameters of the process-
driven model of climate-human-woolly rhinoceros interactions are described in
detail in S/ Appendix, Materials and Methods.

Pattern-oriented modeling (23) was used to evaluate different conceivable
model parameterizations, by cross matching simulations with inferences of under-
lying population dynamics from paleoarchives, using Approximate Bayesian
Computation (41). Specifically, simulations of metapopulation dynamics and
their driving forces were validated against a five-parameter multivariate target,
which characterized patterns of range collapse and extinction of the woolly rhi-
noceros observed from the fossil record at multiple scales. Bayes factors and
posterior-predictive checks were used to detect when the posterior parameters
had converged. The top 100 feasible parameterizations (0.22 %) of climate-
human-woolly rhinoceros interactions were able to reconstruct occurrence at
fossil sites at the correct time (**C age = 1 SD), accurately predict the timing of
regional extinction events (corrected for the Signor-Lipps effect; (53)), and project
a distribution restricted to Eurasia (15). These "best” models were retained and
used to generate weighted ensemble averaged estimates of spatial abundance,
extirpation time, total population size, population fragmentation, and harvest
rates. Estimates were weighted by inverse of the Euclidean distance of the model
from the idealized targets, giving higher weights to models that best reproduced
our validation targets. Further validation of the selected models was then done
using independent estimates of extirpation inferred from ancient sedimentary
DNA(20).
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Statistical Analysis. Bayesian linear models (32) were used to identify which
model parameters had the largest influence on minimizing the Euclidian
distance between simulated and inferred demographic change. Models were
constructed with uniform priors (8, ~ R2(0.5)) and 10 chains, each with
50,000 samples, with the first 10,000 samples being discarded as burn-in.
We ensured model convergence using Gelman-Rubin statistics (where values
less than or equal to 1.1 were considered acceptable), tested for effective
sample size, and visually examined trace-plots. We quantified the existence,
significance, and size of the effect of each parameter using a Bayesian effects
framework (54).

To disentangle the spatiotemporal processes and drivers that caused the
extinction of the woolly rhinoceros, we extracted a time series of abundance
and harvest rate (from our validated process-driven simulation model) at each
geographiclocation where a woolly rhinoceros fossil has been found and reliably
radiocarbon dated, starting at 60 ka B.P.This information was matched with a time
series of modeled annual average temperatures and annual average snow depths
(46)for each site. Spatiotemporal generalized linear mixed-effects models were
used to quantify spatiotemporal determinants of abundance from 60 ka B.P. for
12 distinct glacial/interglacial periods (15) using the sdmTMB package for R (55).
Harvest, temperature, snow depth, and year were modeled as main effects, with
spatially varying intercepts and coefficients for the first three variables. Regression
coefficients were used to explain dominant drivers leading to population declines
and extinction of woolly rhinoceroses. Statistical analyses are described in more
detail in SI Appendix, Materials and Methods.

Eemian Hindcast. We tested whether our process-driven modeling approach
could reconstruct the persistence of woolly rhinoceroses during Pleistocene
interglacial events that they had previously survived. This was done by simulat-
ing best estimates of climate-human-woolly rhinoceros interactions (based on

1. R.Lande, Risks of population extinction from demographic and environmental stochasticity and
random catastrophes. Am. Nat. 142, 911-927 (1993).

2. 1. Hanski, Patch-occupancy dynamics in fragmented landscapes. Trends Ecol. Evol. 9,131-135
(1994).

3. R.A.Hufbauer et al, Three types of rescue can avert extinction in a changing environment.

Proc. Natl. Acad. Sci. U.S.A. 112, 10557-10562 (2015).

4. A.D.Bamosky, P. L. Koch, R. S. Feranec, S. L. Wing, A. B. Shabel, Assessing the causes of late
pleistocene extinctions on the continents. Science 306, 70-75 (2004).

5. A Cooper et al., Abrupt warming events drove Late Pleistocene Holarctic megafaunal tumnover.
Science 349, 602-606 (2015).

6. E.lord et al., Pre-extinction demographic stability and genomic signatures of adaptation in the
woolly rhinoceros. Curr. Biol. 30, 3871-3879.63877 (2020).

7. E.D.Lorenzen etal., Species-specific responses of Late Quaternary megafauna to climate and
humans. Nature 479, 359-364 (2011).

8. F.A.Smith, R. E. Elliott Smith, S. K. Lyons, J. L. Payne, Body size downgrading of mammals over the
late Quaternary. Science 360, 310-313 (2018).

9. D.A.Fordham et al., Process-explicit models reveal pathway to extinction for woolly mammoth
using pattern-oriented validation. Ecol. Lett. 25, 125-137 (2022).

10. S.Wroe et al., Climate change frames debate over the extinction of megafauna in Sahul (Pleistocene
Australia-New Guinea). Proc. Natl. Acad. Sci. U.S.A. 110,8777-8781(2013).

11. F.Saltré et al., Climate change not to blame for late Quaternary megafauna extinctions in Australia.
Nat. Commun. 7,10511(2016).

12. J.L Metcalf et al., Synergistic roles of climate warming and human occupation in Patagonian
megafaunal extinctions during the Last Deglaciation. Sci. Adv. 2, 1501682 (2016).

13. J.Pilowsky, R. K. Colwell, C. Rahbek, D. A. Fordham, Process-explicit models reveal the structure and
dynamics of biodiversity patterns. Sci. Adv. 8, eabj2271(2022), 10.1126/sciadv.abj2271.

14. J. A Pilowsky et al., Range and extinction dynamics of the steppe bison in Siberia: A pattern-oriented
modeling approach. Global Ecol. Biogeogr. 31, 2483-2497 (2022),10.1111/geb.13601.

15. A.J.Stuart, A. M. Lister, Extinction chronology of the woolly rhinoceros Coelodonta antiquitatis in the
context of late Quaternary megafaunal extinctions in northern Eurasia. Q. Sci. Rev. 51,1-17 (2012).

16. E.Willerslev et al., Fifty thousand years of Arctic vegetation and megafaunal diet. Nature 506, 47-51
(2014).

17. R.-D.Kahlke, F. Lacombat, The earliestimmigration of woolly rhinoceros (Coelodonta tologoijensis,
Rhinocerotidae, Mammalia) into Europe and its adaptive evolution in Palaearctic cold stage
mammal faunas. Q. Sci. Rev. 27, 1951-1961(2008).

18.  G. G. Boeskorov, Some specific morphological and ecological features of the fossil woolly rhinoceros
(Coelodonta antiquitatis Blumenbach 1799). Biol. Bull. 39, 692-707 (2012).

19. J.H. Miller, C. Simpson, When did mammoths go extinct? Nature 612, E1-E3 (2022).

20. Y.Wang et al., Late Quaternary dynamics of Arctic biota from ancient environmental genomics.
Nature 600, 86-92 (2021).

21. J.R.Petitetal,, Climate and atmospheric history of the past 420,000 years from the Vostok ice core,
Antarctica. Nature 399, 429-436(1999).

22. F.Kaspar, N.Kiihl, U. Cubasch, T. Litt, A model-data comparison of European temperatures in the
Eemian interglacial. Geophys. Res. Lett. 32, 111703 (2005).

23. V.Grimm et al., Pattern-oriented modeling of agent-based complex systems: Lessons from ecology.
Science 310, 987-991(2005).

https://doi.org/10.1073/pnas.2316419121

pattern-oriented modeling) under climate and environmental conditions at 120
ka B.P—a snapshot of Eemian conditions. While close-range hunting of woolly
rhinoceroses by Neanderthals is likely, it was not considered in these simulations
because of high uncertainty in spatiotemporal abundances of early hominids
and their hunting strategies (56). Moreover, these simulations did not account
forimportant ecological and spatiotemporal processes leading into the Eemian,
making their projections of range and abundance, somewhat optimistic (9). This
includes projections of persistence in low densities in what are likely to have been
densely forested habitats at the last interglacial.
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