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Andrew Ugan3,42,43, Michael K. Borregaard2, M. Thomas P. Gilbert1, Rasmus Nielsen4,5, Simon Y. W. Ho6, Ted Goebel7,
Kelly E. Graf7, David Byers8, Jesper T. Stenderup1, Morten Rasmussen1, Paula F. Campos1, Jennifer A. Leonard9,10,
Klaus-Peter Koepfli11,12, Duane Froese13, Grant Zazula14, Thomas W. Stafford Jr1,15, Kim Aaris-Sørensen1, Persaram Batra16,
Alan M. Haywood17, Joy S. Singarayer18, Paul J. Valdes18, Gennady Boeskorov19, James A. Burns20,21, Sergey P. Davydov22,
James Haile1, Dennis L. Jenkins23, Pavel Kosintsev24, Tatyana Kuznetsova25, Xulong Lai26, Larry D. Martin27,
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Robert S. Sommer33, Taras Sipko34, Eric Scott35, Marc A. Suchard36,37, Alexei Tikhonov32, Rane Willerslev38, Robert K. Wayne11,
Alan Cooper39, Michael Hofreiter40, Andrei Sher34{, Beth Shapiro41, Carsten Rahbek2 & Eske Willerslev1

Despite decades of research, the roles of climate and humans in driving the dramatic extinctions of large-bodied
mammals during the Late Quaternary period remain contentious. Here we use ancient DNA, species distribution
models and the human fossil record to elucidate how climate and humans shaped the demographic history of woolly
rhinoceros, woolly mammoth, wild horse, reindeer, bison and musk ox. We show that climate has been a major driver of
population change over the past 50,000 years. However, each species responds differently to the effects of climatic shifts,
habitat redistribution and human encroachment. Although climate change alone can explain the extinction of some
species, such as Eurasian musk ox and woolly rhinoceros, a combination of climatic and anthropogenic effects appears to
be responsible for the extinction of others, including Eurasian steppe bison and wild horse. We find no genetic signature
or any distinctive range dynamics distinguishing extinct from surviving species, emphasizing the challenges associated
with predicting future responses of extant mammals to climate and human-mediated habitat change.
Towards the end of the Late Quaternary, beginning around 50,000
years ago, Eurasia and North America lost approximately 36% and
72% of their large-bodied mammalian genera (megafauna), respectively1. The debate surrounding the potential causes of these extinctions has focused primarily on the relative roles of climate and
humans2–5. In general, the proportion of species that went extinct

was greatest on continents that experienced the most dramatic climatic
changes6, implying a major role of climate in species loss. However, the
continental pattern of megafaunal extinctions in North America and
Australia approximately coincides with the first appearance of
humans, suggesting a potential anthropogenic contribution to species
extinctions3,5.
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Demographic trajectories of different taxa vary widely and depend
on the geographic scale and methodological approaches used3,5,7. For
example, genetic diversity in bison8,9, musk ox10 and European cave
bear11 declines gradually from approximately 50,000–30,000 calendar
years ago (kyr BP). In contrast, sudden losses of genetic diversity are
observed in woolly mammoth12,13 and cave lion14 long before their
extinction, followed by genetic stability until the extinction events. It
remains unresolved whether the Late Quaternary extinctions were a
cross-taxa response to widespread climatic or anthropogenic stressors,
or were a species-specific response to one or both factors15,16.
Additionally, it is unclear whether distinctive genetic signatures or
geographical range-size dynamics characterize extinct or surviving
species—questions of particular importance to the conservation of
extant species.
To disentangle the processes underlying population dynamics and
extinction, we investigate the demographic histories of six megafauna
herbivores of the Late Quaternary: woolly rhinoceros (Coelodonta
antiquitatis), woolly mammoth (Mammuthus primigenius), horse
(wild Equus ferus and living domestic Equus caballus), reindeer/
caribou (Rangifer tarandus), bison (Bison priscus/Bison bison) and
musk ox (Ovibos moschatus). These taxa were characteristic of Late
Quaternary Eurasia and/or North America and represent both extinct
and extant species. Our analyses are based on 846 radiocarbon-dated
mitochondrial DNA (mtDNA) control region sequences, 1,439
directly dated megafaunal remains and 6,291 radiocarbon determinations associated with Upper Palaeolithic human occupations in
Eurasia. We reconstruct the demographic histories of the megafauna
herbivores from ancient DNA data, model past species distributions and determine the geographical overlap between humans and
megafauna over the past 50,000 years. We use these data to investigate
how climate change and anthropogenic impacts affected species
dynamics at continental and global scales, and contributed to the
extinction of some species and the survival of others.

Responses differ among species and continents
The direct link between climate change, population size and species
extinctions is difficult to document10. However, population size is
probably controlled by the amount of available habitat and is indicated by the geographical range of a species17,18. We assessed the role
of climate using species distribution models, dated megafauna fossil
remains and palaeoclimatic data on temperature and precipitation.
We estimated species range sizes at the time periods of 42, 30, 21 and
6 kyr BP as a proxy for habitat availability (Fig. 1 and Supplementary
Information section 1). Range size dynamics were then compared
with demographic histories inferred from ancient DNA using three distinct analyses (Supplementary Information section 3): (1) coalescentbased estimation of changes in effective population size through time
(Bayesian skyride19), which allows detection of changes in global genetic diversity; (2) serial coalescent simulation followed by approximate
Bayesian computation, which selects among different models describing continental population dynamics; and (3) isolation-by-distance
analysis, which estimates potential population structure and connectivity within continents. If climate was a major factor driving species
population sizes, we would expect expansion and contraction of a
species’ geographical range to mirror population increase and decline,
respectively.
We find a positive correlation between changes in the size of available
habitat and genetic diversity for the four species—horse, reindeer,
bison and musk ox—for which we have range estimates spanning all
four time-points (the correlation is not statistically significant for reindeer: P 5 0.101) (Fig. 2 and Supplementary Information section 4).
Hence, species distribution modelling based on fossil distributions
and climate data are congruent with estimates of effective population
size based on ancient DNA data, even in species with very different lifehistory traits. We conclude that climate has been a major driving force
in megafauna population changes over the past 50,000 years. It is
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Figure 1 | Modelled potential ranges of megafauna species at 42, 30, 21 and
6 kyr BP. Ranges were modelled using the megafauna fossil record and
palaeoclimatic data for temperature and precipitation; ice sheet extent was not
included as a co-variable. Range measurements were restricted to the regions
for which fossils were used to build the models, rather than all potentially
suitable Holarctic area. NA, not available.

noteworthy that both estimated modelled ranges and genetic data
are derived from a subset of the entire fossil record (Supplementary
Information sections 1 and 3). Thus, changes in effective population
size and range size might change with the addition of more data,
especially from outside the geographical regions covered by the present
study. However, we expect that the reported positive correlation will
prevail when congruent data are compared.
The best-supported models of changes in effective population size
in North America and Eurasia during periods of dramatic climatic
change over the past 50,000 years are those in which populations
increase in size (Fig. 3 and Supplementary Information section 3).
This is true for all taxa except bison. However, the timing is not
synchronous across populations. Specifically, we find highest support
for population increase beginning approximately 34 kyr BP in Eurasian
horse, reindeer and musk ox (Fig. 3a). Eurasian woolly mammoth and
North American horse increase before the Last Glacial Maximum
(LGM) approximately 26 kyr BP. Models of population increase in
woolly rhinoceros and North American woolly mammoth fit equally
well before and after the LGM, and North American reindeer populations increase later still. Only North American bison shows a population decline (Fig. 3b), the intensity of which probably swamps the
signal of global population increase starting at approximately 35 kyr BP
identified in the skyride plot (Fig. 2a).
These increases in effective population size probably reflect responses to climate change. By 34 kyr BP, the relatively warmer
Marine Isotope Stage (MIS) 3 interstadial marked the transition to
cold, arid full-glacial conditions of MIS 2, which began approximately
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humans, as the key driver of these species-specific and, in some cases,
continent-specific demographic changes. This conclusion is supported by the significant correlations between modelled range sizes
and effective population sizes (Fig. 2).
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Figure 2 | Temporal changes in global genetic diversity and range size in
horse, bison, reindeer and musk ox. The x-axis is in calendar years; the y-axis
is the product of effective population size and generation time (Net).
Generation times are given in parentheses. Comparable estimates of associated
range sizes (square kilometres) are from Fig. 1. The temporal span of the
radiocarbon-dated samples used in each approach is shown as vertical lines
below each panel; each line represents one dated individual.

30 kyr BP20,21. Although the pre-LGM density of humans in Siberia
remains uncertain, Pleistocene archaeological sites in the Siberian far
north are scarce22 and humans were presumably absent from North
America before at least 15 kyr BP23. These point to climate, rather than
b
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Figure 3 | Best-supported demographic models inferred by approximate
Bayesian computation model-selection. a, Eurasia; b, North America. Grey
dots on the time axis indicate periods with range size estimates. Yellow dots
indicate the periods of demographic increase or decline, which were tested
against each other in the approach. White values inside coloured bars reflect
support for the best-supported model (for example, Eurasian woolly
mammoth, increase at 26 kyr BP). The intensity of increase or decline (for
example, 310) and effective population size at the time of the youngest sample
(for example, 5,000 individuals) are shown. We indicate in grey cases where
multiple models received similar levels of support.

Both woolly rhinoceros and woolly mammoth suffered global extinctions during the Late Quaternary. Neither shows evidence of a decline
in genetic diversity leading to their extinction at either continental or
global scales (Supplementary Figs 3.2 and 3.6). However, the fossil
records of the two species differ: woolly rhinoceros remains widely
distributed across Eurasia until it disappears from the fossil record
approximately 14 kyr BP (Supplementary Fig. 2.2), whereas the woolly
mammoth range retreats northwards during its last millennia
(Supplementary Figs 2.3 and 5.2c, d). We find increased isolationby-distance preceding extinction (Supplementary Fig. 3.1 and Supplementary Information section 3), suggesting that populations of
both species became increasingly fragmented, although the results
are not statistically significant for woolly mammoth. The high and
sustained levels of genetic diversity in these species might reflect the
fixation of multiple distinct haplotypes in increasingly isolated and
diminishing subpopulations. For woolly mammoth, this pattern is
also supported by fossil evidence24.
Our data suggest similar possibilities of increased isolation-bydistance before the extinctions of musk ox in Eurasia (approximately
2.5 kyr BP25,26) and of steppe bison in the north of the North American
plains, which potentially survived until only a few hundred years ago8
(Supplementary Fig. 3.1). Such fragmentation is commonly observed
in wide-ranging species undergoing population decline, owing to
populations aggregating in patches of high-quality habitat27. In contrast, we find low levels of isolation-by-distance in wild horse and in
Eurasian and North American reindeer, suggesting these populations
remained relatively panmictic over time.

Disentangling the roles of climate and humans
To evaluate the potential role of humans in the local and global
megafauna extinctions, we measured the following: (1) the spatial
overlap between the modelled range of each megafauna species and
the Eurasian Palaeolithic archaeological record at 42, 30 and 21 kyr BP;
(2) the presence of megafauna remains in Palaeolithic archaeological
assemblages from Europe (48–18 kyr BP) and Siberia (41–12 kyr BP);
and (3) variation in fossil abundance and the temporal and spatial
distributions of known Palaeolithic archaeological sites and the
Eurasian megafauna fossil record at 1,000-year intervals. For the last
category, we added 1,557 indirectly dated megafaunal remains to the
1,439 directly dated specimens to increase sample sizes. Although
associated with greater age-estimate uncertainties, the integrity of
each of the indirectly dated samples was evaluated before inclusion
following the guidelines listed in Supplementary Information section 5.
Woolly rhinoceros and Eurasian woolly mammoth experience a fiveto tenfold increase in effective population size between 34 kyr BP and
19 kyr BP (Fig. 3), at least 10,000 years after first human contact as
inferred from the overlap between estimated ranges and archaeological
sites (Supplementary Figs 1.2 and 1.5). This result directly contradicts
models of population collapse from human overkill (blitzkrieg)2 or
infectious diseases following the first human contact (hyperdisease)28.
We find no evidence that Palaeolithic humans greatly impacted musk
ox populations, in agreement with previous conclusions that humans
were not responsible for the extinction of musk ox in Eurasia10. Musk ox
remains are found in only 1% of European archaeological sites and 6% of
Siberian sites, and do not overlap noticeably in range with Palaeolithic
humans in either Europe or Siberia (Fig. 4). However, the decline in the
potential range of musk ox by 60% between 21 and 6 kyr BP (Fig. 1), the
increase in isolation-by-distance at 19 kyr BP (Supplementary Fig. 3.1
and Supplementary Table 3.3) and the positive correlation between
climate-driven range size and genetic diversity (Fig. 2b) all point
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towards climate as the main driver of musk ox population dynamics,
including the decrease in genetic diversity after the LGM (Fig. 2a). The
importance of climate is further supported by the physiology of
musk ox, which might be a more sensitive indicator of environmental
warming than the other species. Musk ox has extreme temperature
sensitivity and is unable to tolerate high summer temperatures;
the 10 uC summer isotherm approximates the southern limit of its
present-day range29.
We find little regional overlap between Palaeolithic humans and
woolly rhinoceros in Siberia after the LGM (that is, after 20 kyr BP);
the species is found in fewer than 11% of Siberian archaeological sites
during this time (Fig. 4). This suggests that woolly rhinoceros was not a
common prey species for humans, and that overhunting is an unlikely
explanation for their extinction in Siberia. However, we note that geographical overlap existed between humans and woolly rhinoceros in
Europe during the two millennia preceding extinction (Fig. 4), and
therefore cannot exclude the hypothesis that humans influenced the final
collapse of the species in this region. The continued presence of woolly
rhinoceros in the fossil record throughout Siberia and parts of Europe up
until the species extinction event (Supplementary Fig. 2.2) suggests that
the final collapse of the species was synchronous across its range.
The data from woolly mammoth are inconclusive about the causes
of extinction. We find that the range of Eurasian woolly mammoth
a

overlaps continuously with humans throughout the Palaeolithic
(Fig. 4), in agreement with previous results based on a more limited
data set30. Woolly mammoth remains are found in 40% and 35% of all
European and Siberian Palaeolithic sites, respectively, and mammoth
subsistence hunting by Clovis peoples in North America has been
documented31. However, the prevalence of woolly mammoth in
Siberian sites declines after the LGM (43% of sites before 19 kyr BP
compared with 30% after; Fig. 4). This decline could indicate a
northward range shift of woolly mammoth ahead of humans30
(Fig. 5.2c, d), an increasing scarcity of woolly mammoths in southern
Siberia or an increasing human preference for other prey species.
In wild horse, the large mid-Holocene range of over 9 million km2
(Fig. 1 and Supplementary Table 1.3) suggests the potential for a large
Eurasian population at this time, and is not consistent with climate
driving the final disappearance of the species in the wild. Rather, the
decline in genetic diversity observed after the LGM in horse and bison,
and to a lesser degree in reindeer (Fig. 2), might reflect the impact of
expanding human populations in Europe and Asia. The presence of the
three species in the archaeological record suggests that their populations
are more likely to have been influenced by humans. Bison and horse are
the most common megafauna herbivores found in archaeological sites
(Fig. 4), with horse present in 58% and 66% of European and Siberian
sites, respectively. Furthermore, horse shows extensive geographical
b
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Figure 4 | Spatial and temporal association between megafauna and Upper
Palaeolithic humans. a, Europe; b, Siberia. Column graphs represent known
cultural occupations containing at least one of the six species, averaged over
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represent the frequency of each species in the binned assemblages. Area graphs
show the fraction of megafauna surface area shared with humans at 1,000-year
intervals, calculated from the mean 6one standard deviation of latitude and
longitude; data represented in Supplementary Fig. 5.2. Graphs use coordinates
of data associated with both direct and indirect dates.
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overlap with humans in both Europe and Siberia after the LGM,
although large population sizes might have insulated horses to some
extent from the effects of selective hunting by humans.
In bison, the pre-human decline in genetic diversity starting
approximately 35 kyr BP and the strong correlation between range
size and genetic diversity (Fig. 2) indicate climate as a main driver
of demographic change. This conclusion is supported by the fivefold
decline in effective population size (Fig. 3) and increased isolation-bydistance approximately 11 kyr BP in North America (Supplementary
Fig. 3.1 and Supplementary Table 3.3). The timing of these demographic changes coincides with the pronounced climatic shifts associated with the Pleistocene/Holocene transition32, although they also
coincide with fossil evidence of growing populations of potential
competitors such as Alces and Cervus33. The accelerated rate of decline
in genetic diversity after approximately 16 kyr BP (Fig. 2) is coincident
with the earliest known human expansion in the Americas23, and the
significant presence of bison in 77% of the Siberian archaeological
assemblages points to their popularity as a prey species (Fig. 4).
Reindeer are the most abundant of the six taxa today. As with horse,
they show continuous geographical overlap with Palaeolithic humans
in Eurasia (Fig. 4). Reindeer are common in both European and
Siberian Palaeolithic assemblages, are found in 67% of Siberian sites
after the LGM and were an important prey species for humans in both
Eurasia and North America34. Unlike bison and horse, the potential
range of reindeer declines by 84% between 21 and 6 kyr BP (Fig. 1 and
Supplementary Table 1.3). Despite the apparently detrimental influences of both humans and climate change, wild and domestic reindeer
currently number in the millions across the Holarctic35. Although
individual populations are affected by changing climate36, the species
is not currently under threat of extinction. The success of reindeer
may be explained by high fecundity37 and ecological flexibility38. In
addition, continued low levels of isolation-by-distance suggest high
mobility and near-panmixia of populations over millennia (Supplementary Fig. 3.1 and Supplementary Table 3.3).

past 50,000 years; (2) serial-coalescent simulations and the approximate Bayesian
computation model-selection approach39 to assess demographic change in
Eurasia and in North America, and in the global data set; (3) isolation-by-distance
to investigate changes in population structure over time in the two continental
subpopulations. Palaeoclimatic estimates of precipitation and temperature were
used to model the potential geographical range of each species at 42, 30, 21 and
6 kyr BP, using only contemporaneous radiocarbon-dated megafauna fossils
(63 kyr) for each period. Range measurements were restricted to Holarctic
regions for which fossils were used to build the models. Using a Bayesian hierarchical modelling framework, these changes in range size were compared with
changes in effective population size estimated from the Bayesian skyrides. To
assess the spatial and temporal association between humans and megafauna, we
(1) analysed variations in fossil abundance and spatial and temporal overlap
between the human Upper Palaeolithic and megafauna fossil records in Europe
and Siberia, (2) inferred the area of overlap between the human data from (1) and
the megafauna ranges at 42, 30 and 21 kyr BP, and (3) assembled a list of the
cultural occupations in Europe and Siberia with megafauna presence, to determine which taxa were directly associated with Palaeolithic humans. For details on
methods see Supplementary Information.
Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
Received 22 April; accepted 16 September 2011.
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Conclusions
We find that neither the effects of climate nor human occupation alone
can explain the megafauna extinctions of the Late Quaternary. Rather,
our results demonstrate that changes in megafauna abundance are
idiosyncratic, with each species (and even continental populations
within species) responding differently to the effects of climate change,
habitat redistribution and human encroachment. Although reindeer
remain relatively unaffected by any of these factors on a global scale,
climate change alone explains the extinction of Eurasian musk ox and
woolly rhinoceros, and a combination of climatic and anthropogenic
effects appears to be responsible for the demise of wild horse and steppe
bison. The causes underlying the extinction of woolly mammoth
remain elusive.
We have shown that changes in habitat distribution and population
size are intrinsically linked over evolutionary time, supporting the
view that populations of many species will decline in the future owing
to climate change and habitat loss. Intriguingly, however, we find no
distinguishing characteristics in the rate or pattern of decline in those
species that went extinct compared with those that have survived. Our
study demonstrates the importance of incorporating lessons from the
past into rational, data-driven strategies for the future to address our
most pressing environmental challenges: the ongoing global massextinction of species and the impacts of global climate change and
humans on the biodiversity that remains.
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METHODS SUMMARY
Our data comprise 846 radiocarbon-dated ancient mitochondrial DNA
sequences, 1,439 directly dated and 1,557 indirectly dated megafauna specimens,
and 6,291 dated remains associated with Upper Palaeolithic humans in Eurasia.
For population genetic analysis, we used the following: (1) the Bayesian skyride
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METHODS
Data. Mitochondrial DNA sequences and accelerator mass spectrometry
radiocarbon dates were collected from the past and present geographical ranges
of six megafauna herbivores from Eurasia and North America: woolly rhinoceros
(Coelodonta antiquitatis), woolly mammoth (Mammuthus primigenius), horse
(wild Equus ferus and living domestic Equus caballus), reindeer/caribou (Rangifer
tarandus), bison (Bison priscus/Bison bison) and musk ox (Ovibos moschatus)
(Supplementary Fig. 2.1 and Supplementary Information sections 2 and 3). Our
data comprise 846 radiocarbon-dated ancient mitochondrial DNA sequences
(274 of which are new), 1,439 directly dated megafauna specimens (357 of which
are new) and 6,291 dated remains associated with Upper Palaeolithic humans in
Eurasia. In one analysis of the spatial and temporal association between humans
and megafauna detailed below, we included an additional 1,557 indirectly dated
megafaunal remains.
Species distribution modelling. We assessed changes in potential range size of
each species over the past 50,000 years using 829 radiocarbon-dated megafauna
fossils calibrated with the IntCal09 calibration curve40 and palaeoclimatic estimates
of precipitation and temperature41. Potential ranges were estimated for the four
periods for which palaeoclimatic data are available, 42, 30, 21 and 6 kyr BP, using
only contemporaneous fossils (63 kyr) for each period (Supplementary Fig. 1.2).
We compared temporal changes in potential range size (from species distribution
models) and genetic diversity (from Bayesian skyrides19) during the past 50 kyr BP to
assess the relation between these independent proxies of population size. If climate
were a major driver of changes in population size, we would expect these two
measures to be positively correlated. Estimating past ranges using species distribution models can be affected by an incomplete or biased fossil record as well as
inaccuracies in the palaeoclimate simulations used in the models; uncertainties
associated with these issues are depicted in our estimates of range size and how it
correlates to genetic diversity (Supplementary Fig. 4.3). Range measurements were
restricted to regions for which fossils were used to build the models, rather than all
potentially suitable Holarctic areas. Fossil localities represent a subset, rather than
an exhaustive search, of the literature available, and modelled ranges consequently
represent a subset of the entire past distribution of the species. Too few fossils were
available to estimate the potential ranges of woolly rhinoceros and woolly
mammoth at 6 kyr BP, as the former was extinct and the latter was restricted to
two island populations. Thus, too few periods with range estimates for these two
species precluded statistical comparison with the genetic data, which spanned
50,000 years. For further details see Supplementary Information sections 1 and 4.
Ancient genetic analysis. We used three analytical approaches capable of incorporating serially sampled data to reconstruct the past population dynamics of each
megafauna herbivore species. (1) The Bayesian skyride approach19 estimates
changes in genetic diversity through time as a proxy for effective population size,
and was used to estimate the global demographic trajectory of each species.
Because these data sets comprise samples from both a broad temporal and
geographical extent, it is likely that they violate, at least during some of their

evolutionary history, the assumption of panmixia made by the coalescent models
currently implemented in BEAST42. However, the skyride makes the least stringent
prior assumptions among these coalescent models, and therefore is the most likely
to accommodate the temporal changes in structure that might characterize each of
these species. (2) Serial-coalescent simulations and the approximate Bayesian
computation model-selection approach39 were used to test for demographic
change in the continental subpopulations (Eurasia and North America) and in
the global data set. Time points were chosen to represent midpoints between the
four periods (42, 30, 21 and 6 kyr BP) for which we modelled potential megafauna
ranges, and periods of dramatic climatic changes: the beginning (26 kyr BP) and
end (19 kyr BP) of the LGM, the onset of the Younger Dryas (12.9 kyr BP) and the
beginning of the Holocene (11 kyr BP). (3) Isolation-by-distance was used to test for
changes in population structure over time in the continental subpopulations. Note
that as with the species distribution models, the demographic events inferred from
the ancient DNA data are conditional upon the samples included in the analysis.
Hence, although we use the broad geographical terms of Eurasia and North
America, the regions are limited to the localities covered by the sequenced samples
(Supplementary Fig. 2.1). For further details on the genetics data see
Supplementary Information section 2. For further details on the statistical analysis
see Supplementary Information section 3.
Spatial association between megafauna and Palaeolithic humans. The presence
of humans within the range of a species might directly or indirectly influence the
capacity of the species to occupy that habitat. As a proxy for human impact, we
assessed the spatial and temporal association between humans and megafauna
using three approaches. (1) We compiled the human Upper Palaeolithic fossil
record (50–12 kyr BP), including 6,291 radiocarbon determinations associated with
human occupations in Europe and Siberia. We analysed variations in fossil abundance and spatial and temporal overlap at 1,000-year intervals between humans and
the megafauna fossil record. To increase sample sizes for this particular analysis,
we augmented the 1,439 directly dated megafauna specimens with an additional
1,557 indirectly dated megafaunal remains. Although associated with greater ageestimate uncertainties, the integrity of each indirectly dated sample was evaluated
before inclusion following the guidelines listed in Supplementary Information
section 5. (2) We inferred the area of overlap between the archaeological record
from (1) and the megafauna ranges at 42, 30 and 21 kyr BP estimated using species
distribution models. (3) We assembled a list of 380 cultural occupations in Europe
(48–18 kyr BP) and 98 sites in Siberia (41–12 kyr BP) with megafauna presence, to
determine which taxa were directly associated with Palaeolithic humans. For
further details see Supplementary Information section 5.
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