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The debate surrounding the causes of the extinctions of 
megafaunal species (terrestrial taxa with adults > 45 kg), 
which occurred during the last glacial period (ca. 110,000-
11,650 calendar years ago; 110-11.65 kyr) in the Late Pleisto-
cene, has continued for over two centuries since Cuvier first 
identified the mammoth and giant ground sloth (1–5). While 
human activity as a result of hunting (“overkill”) and/or 
habitat modification and fragmentation are often cited as 
the principal driving force (1, 6–8), the diversity of extinc-
tion patterns observed on different continents has led to 
increasing recognition of the potential synergistic role of 
climate change (1–4, 9). A major confounding factor in the 
debate has been the coincident Late Pleistocene increase in 
human population size and migration into previously unin-
habited areas, such as the New World, potentially exacerbat-
ing other ecological impacts. 

Traditionally, a key argument against the potential role 
of climate-change impacts has been the paucity of identified 
extinction events during either previous glacial cycles or the 
many well-defined, climatic shifts recorded during the last 
glacial period (3, 4), including the Last Glacial Maximum 
(LGM; ca. 23-19 kyr) (Fig. 1). However, the lack of suitably 

resolved records of climate 
change and radiocarbon calibra-
tion on a common timescale 
makes such interpretations par-
ticularly challenging. The debate 
has also been constrained by the 
heavy reliance on fossil morpho-
logical evidence, precluding the 
identification of major genetic 
transitions or population-level 
turnovers, Recent work using 
ancient DNA (aDNA) has shown 
that morphological analyses of 
the Pleistocene palaeontological 
record can have limited power to 
resolve species-level mammalian 
taxonomy issues or detect broad-
scale genetic transitions at the 
population level, even when spe-
cies suffer major genetic losses 
or almost go extinct (10–15). In-
deed, aDNA and genomic studies 
have revealed a far more dynam-
ic picture of megafaunal popula-
tion ecology, including repeated 
localized extinctions, migrations 
and replacements (10, 12–15). 

The Late Pleistocene was 
characterized by a series of se-
vere and rapid climate oscilla-
tions (regional temperature 
changes of up to 16°C) known as 
Dansgaard-Oeschger (D-O) 

events that have been identified in oceanic, ice and terres-
trial records throughout the Northern Hemisphere (16) (Fig. 
1 and fig. S3). The millennial-length D-O events can be bun-
dled into semi-regular cooling cycles with an asymmetrical 
“saw-tooth” pattern (Bond Cycles) (17) that culminate in 
massive discharges of ice into the North Atlantic, known as 
Heinrich events. However, the precise timing, magnitude, 
and global extent of these events remain sufficiently uncer-
tain to impair research into the effects of such rapid and 
extreme climate shifts on landscape and paleoecological 
change. In particular, there has been limited analysis of the 
potential relationship between rapid climate change and 
major genetic transitions in widespread populations, 
marked by local extirpations or global extinctions of species 
and genetic diversity. 

Megafaunal data 
To investigate this, we examined all available megafaunal 
species with comprehensive radiocarbon-dated series, and 
plotted 31 calibrated major megafaunal transition events 
(defined as geographically widespread or global extinctions, 
or invasions, of species or major clades) that have been de-
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tected in either genetic (13 events) or palaeontological (18 
events) studies against the Greenland ice core record (on 
the GICC05 timescale) (18–20) (Fig. 1). 

The genetic and radiocarbon data reveal a temporally 
staggered, long-term dynamic record of major megafaunal 
transitions across species with diverse ecologies and life 
histories. The events were widely distributed geographically 
across both Eurasia and the New World and included peri-
ods prior to human invasion. Multiple events appear to in-
volve the rapid replacement of one species or population by 
a conspecific or congeneric across a broad area, often mak-
ing the events undetectable in the fossil record on the basis 
of morphology, and potentially even to low-resolution genet-
ic reconstructions of population palaeodemography (21). 
These rapid replacements suggest that putative taphonomic 
biases (e.g., increased fossilization rates during either inter-
stadials or stadials) are not responsible for the apparent 
sudden disappearance/appearance of genetic diversity. Fur-
thermore, common megafaunal fossils such as mammoth 
appear throughout the time period examined (Fig. 1). The 
apparent absence of extinctions during the cold conditions 
of the LGM, when Northern Hemisphere ice sheets reached 
their maximum volume, or to a lesser extent during the 
Younger Dryas stadial (11.7-12.7 kyr) (table S3) at the very 
end of the Pleistocene, is surprising given these events are 
commonly postulated as potential causes of megafaunal ex-
tinctions (3, 22). While palaeontological studies record 
range contractions into glacial refugia for many species dur-
ing this period (4), it appears that in general, cold condi-
tions were not an important driver for extinctions even in 
the presence of anatomically modern humans in Europe. 

The megafaunal transitions appear to be centered 
around D-O warming (interstadial) events leading up to and 
then following the LGM, including a marked cluster of 
events around interstadials 5-7 in northern Europe (ca. 37-
32 kyr) (Fig. 1). A further well-known cluster of extinction 
events occurs during the termination of the Pleistocene (ca. 
14-11 kyr), which has often been linked to the initial entry of 
humans into the New World (ca. 15 kyr) (6–8). However, 
half of the 12 extinction events in this period occur in west-
ern Eurasia where modern humans arrived at least ca. 44 
kyr. Indeed, several taxa (e.g., mammoth) go extinct on the 
mainland of Eurasia considerably later than that of the New 
World, despite a much longer exposure to human hunting 
(3, 4) (Fig. 1). 
 
Greenland-Cariaco climate timescale 
A major challenge for testing whether the genetic transi-
tions were synchronous with D-O events is the placement of 
megafaunal and climate records on a common timescale 
(23). While the Greenland ice cores (18, 19) provide a de-
tailed record of climate change for the North Atlantic, cu-
mulative counting errors can exceed 2% [fig. S1 (20)], 
resulting in calendar timescale offsets of up to 1,000 years 
between Greenland D-O events and radiocarbon calibrated 

megafaunal transitions (23, 24). To enable detailed compari-
sons, the climate and radiocarbon records should be on the 
same absolute timescale, which requires the merging of dif-
ferent high-resolution datasets. Importantly, this also pro-
vides a means to improve the accuracy and precision of the 
chronological framework and to assess the hemispheric na-
ture of the climate shifts. One such approach is to use the 
abrupt shifts at the onset of D-O warming as tie points to 
correlate across multiple climate records (25), because these 
events caused widespread and rapid climate effects by de-
creasing the Northern Hemisphere temperature gradient 
(26), resulting in a poleward migration of the Intertropical 
Convergence Zone (ITCZ) and associated changes in tropical 
rainfall belts (27–31). In this regard, a key record is the Ven-
ezuelan Cariaco Basin marine sequence which captures a 
climate record via shifts in the trade winds associated with 
northward migration of the ITCZ in the tropical Atlantic 
(20, 28), alongside a comprehensive suite of radiocarbon 
ages from planktonic foraminifera in the sediment core. The 
Cariaco sediments are annually laminated during the Late-
glacial and Holocene, providing independent age control 
from 14.7 kyr (32) prior to which distinct millennial-scale 
variability in sedimentological and geochemical proxies has 
been robustly correlated with the uranium series-dated Hu-
lu Cave δ18O speleothem record (with age uncertainties < 
1%) (33). 

We therefore used a D-O event tie-point approach to 
combine the calendar-age estimates obtained from Cariaco 
Basin (28) with the same interstadial events recorded in 
Greenland to allow direct comparison between radiocarbon-
dates and climate change, thereby allowing us to test the 
apparent association between megafaunal extinc-
tion/replacement with warming events (Fig. 1). We find the 
timing of onsets of interstadial warming events in the two 
records to be statistically identical (20) allowing us to use 
OxCal 4.1 (34) to combine the two chronologies, and merge 
the calendar-dated onset of each interstadial in Cariaco with 
the annual layer-counted interstadial onset and duration 
from Greenland to generate a new combined record of the 
timing and duration of abrupt and extreme swings of north 
Atlantic temperature during the past 56 kyr (Fig. 1) (20) (ta-
bles S3 and S4). Our new reconstruction shows that while 
all current estimates of the onset of interstadial events in 
the GICC05 δ18O record are within the errors of our com-
bined Cariaco-Greenland chronology, the uncertainty sur-
rounding these transitions is greatly reduced (by 18-79%) 
(Fig. 1, table S3, and figs. S2 and S4). 
 
Testing climate-extinction associations 
We used statistical resampling to test the distribution of 
megafaunal transitions for randomness relative to extreme 
and abrupt climatic events (either stadials or interstadials), 
using both the existing GICC05 and our new Cariaco-
Greenland chronology (Fig. 1 and table S4) (20). We calcu-
lated the probability that the observed overlap between cli-
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mate events and extinction/invasion events might be non-
random by repeatedly randomizing the temporal position 
(but not duration) of the former and for each iteration, 
counting the number of times overlap was observed with 
the latter. To do this we used the calibrated radiocarbon age 
of the terminal observation of a clade/taxon (youngest age 
for extinctions, oldest for invasions), but also inferred unob-
served temporal (ghost) ranges using the Gaussian-
resampled, inverse-weighted McInerney (GRIWM) method 
(20, 35), which incorporates both sampling density and da-
ting errors to estimate the most plausible temporal range of 
last/first occurrence. A clear non-random relationship was 
observed between interstadial events and megafaunal tran-
sitions for both the terminal observations and GRIWM-
based estimates, with statistical power depending on the 
number of transitions tested, but importantly no such non-
random overlap was detected for stadials (Fig. 2 and Table 1 
(20). It is notable that a non-random association is observed 
despite the uncertainties in the taphonomic, sampling, and 
dating processes involved in the datasets, but it is apparent 
with both the standard published GICC05 record and the 
new combined Cariaco-Greenland chronology (Table 1). A 
correlation can be seen even when terminal Pleistocene 
events are discarded to avoid the potential confounding im-
pacts of human colonization (Fig. 2 and Table 1). The 
Younger Dryas stadial has also often been suggested as a 
prime climatic driver of extinctions (3, 4, 22), but even for 
this event the observed extinction events are distributed 
much more toward the preceding interstadial warm period 
(Fig. 1 and fig. S7), despite the larger dating uncertainties 
caused by radiocarbon plateaux at this time (36). 

Interstadial impacts 
The onsets of interstadials represent the most rapid and 
extreme changes observed in the Late Pleistocene climate 
record (Fig. 1) (20), and these are likely to have caused ab-
rupt shifts in temperature or precipitation (either wetter or 
drier depending on local environments) away from a previ-
ous relatively stable state. These factors would have pro-
moted changes in species ranges and distributions, 
potentially resulting in regional turnover. The local or re-
gional expression of global climate variation (such as D-O 
events) is highly variable (37), and this is consistent with the 
megafaunal transition events being distributed broadly in 
terms of geography, taxonomy and age. This diffuse pattern, 
along with methodological limitations used in simple genet-
ic paleodemographic reconstructions (21), might explain 
why correlations with climate events may have been diffi-
cult to detect previously. The lack of extinctions during the 
LGM is consistent with the stability of the climate during 
this period, albeit cold, in contrast with the large millennial-
scale variability before and after, both of which coincide 
with high rates of extinctions. 

The megafaunal taxa analyzed cover a wide range of life 
histories and ecological roles, and include forest and steppe 

taxa. Many species have a broad niche (e.g., Ursus arctos, 
Bison spp., Neandertals), making it difficult to classify taxa 
into cold- or warm-adapted groups as has previously been 
advocated (3, 4, 38). Furthermore, the rapid and drastic cli-
mate changes associated with both the onset and end of 
interstadials, followed by new climate regimes, are poten-
tially sufficient to disrupt populations of taxa across a wide 
range of niches. The effects of high-amplitude climate 
change, followed by either stadial or interstadial conditions, 
is potentially compatible with previous suggestions that the 
extirpation of cold or open-adapted taxa such as woolly rhi-
no and mammoth occurred during interstadials, and warm-
adapted taxa such as the giant deer during stadials like the 
Younger Dryas (38). However, the widely dispersed tem-
poral record of the megafaunal transitions suggests a mark-
edly individualistic species response (39), presumably 
exaggerated by the localized environmental responses to 
climatic shifts (37). Simulations of paleovegetation patterns 
in the late Pleistocene have emphasized the importance of 
the duration and nature of interstadial events, and their 
impact on the growth of factors such as forests (40). In con-
trast, however, we observe a more pronounced relationship 
between short interstadials (IS 3-7) and megafaunal events, 
rather than with the longer interstadials, such as 8 and 12, 
which might have been expected to allow larger-scale 
changes in the extent and nature of forest cover. 

Our results lend strong empirical support to the hypoth-
esis that environmental changes associated with rapid cli-
matic shifts were important factors in the extinction of 
many megafaunal lineages. Indeed, the rapid replacement of 
local genetic populations by congeners or conspecifics (e.g., 
cave bears, bison, mammoth) revealed by ancient DNA sug-
gests that broader-scale metapopulation structures or pro-
cesses (e.g., long-distance dispersal, refugia and rescue 
effects across spatially distributed subpopulations) were 
involved in maintaining ecosystem stability during the re-
peated phases of sudden climate change in the Pleistocene 
Holarctic. If so, human presence could have had a major 
and negative impact on megafaunal metapopulations by 
interrupting subpopulation connectivity, especially by con-
centrating on regular pathways between resource-rich zones 
(1), potentially leaving minimal signs of direct hunting. By 
interrupting metapopulation processes (e.g., dispersal, re-
colonization), humans could have both exacerbated regional 
extinctions brought on by climate changes and allowed 
them to coalesce, potentially leading to the eventual regime 
shifts and collapses observed in megafaunal ecosystems. The 
lack of evidence for larger-scale ecological regime shifts dur-
ing earlier periods of the Glacial (i.e., >45 kyr) when inter-
stadial events were common, but humans were not, 
supports a synergistic role for humans in exacerbating the 
impacts of climate change and extinction in the terminal 
events. 
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Fig. 1. Megafaunal transition events and Late Pleistocene climate records. Major megafaunal transition events 
(region-wide extirpations or global extinctions, or invasions, of species or major clades) identified in Late Pleistocene 
Holarctic megafaunal datasets through ancient DNA or paleontological studies, plotted on a reconstruction of Northern 
Hemisphere climate from the Greenland ice core (GICC05) δ18O record (black wiggle curve). GICC05 interstadial (IS) 
warming events are shown with light grey boxes. There is an apparent absence of megafaunal events during the Last 
Glacial Maximum (LGM; blue) and to a lesser extent, the cold Younger Dryas stadial (YD), and a marked association with 
interstadials. AMS radiocarbon dates (red bar ± 2 sd, using Phase calibration in OxCal 4.1) calibrated using the dendro-
dated IntCal <12.5ky dataset (36), and Cariaco Basin (Hulu Cave) dataset for older ages (28, 33), or GRIWM-based 
estimates of ghost ranges (black bar, 95% confidence interval) are given for each event (20). Eurasian taxa are shown in 
blue and New World in black, with animals facing right representing extinctions and those facing left representing 
invasions (.Inv). The chronologically revised Greenland record, developed by combining the Cariaco Basin and Greenland 
ice core records, is also shown (dark grey wiggle curve) for the period >11.5ky (as it is identical with GICC05 until this 
point) (20). Light pink bars (below) represent the error margins (1 sd) for the estimated onset of GI events in the 
published GICC05 chronology (19, 20). Heinrich events (Hx) are shown with marine isotope stages (MISx) in light grey at 
top (41). NEA-GS-3b was identified via Atlantic marine sediment cores and radiocarbon dating (42). Calibrated 
radiocarbon ages (midpoints without laboratory dating errors) from mammoth remains in Eurasia (black circles) and 
New World (crosses) are plotted across the bottom of the figure to demonstrate the lack of obvious taphonomic hiatus 
during the time period analyzed (20). The approximate timing of the first presence of modern humans in North America 
(New World) and Europe are shown as vertical grey dashed lines. Abbreviated taxonomic names, with geographic area 
appended where necessary, are given: Arctodus.Ber (Arctodus simus East Beringia); Bison.pri (Bison priscus Europe); 
Bison.x (Bison n. sp. Europe); Cervus.ela (Cervus elephas New World); Coelod.ant.Bri (Coelodonta antiquitatis Britain); 
Coelod.ant.Rus (Coelodonta antiquitatis Russia); Coelodonta.ant.Wra (Coelodonta antiquitatis Wrangel Island); Croc.croc 
(Crocuta crocuta spelaea Europe); Equus.cab (Equus caballus East Beringia); Equus.fra (Equus francisci East Beringia); 
Homo.nea (Homo neanderthalensis Europe); Mammuth.pri (Mammuthus primigenius); Mammut.ame (Mammut 
americanum); Megaloceros.gig (Megaloceros giganteus Western Europe); Ovibos.mos (Ovibos moschatus Beringia); 
Palaeolox.nau (Palaeoloxodon naumanni Japan); Panth.leo.Ber (Panthera leo spelaea Beringia); Panth.leo.spe (Panthera 
leo spelaea Eurasia); Saiga.tat (Saiga tatarica Eurasia); Ursus.arc (Ursus arctos East Beringia); Ursus.spe1 and 2 (Ursus 
spelaea Germany); Ursus.spe.Eur (Ursus spelaea Europe). Further details of the geographic region and nature of each 
megafaunal event are presented in tables S1 and S2. 
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Fig. 2. Randomization tests of the timing of megafaunal transitions with interstadial events. Graphical 
representation of the simulation results presented in Table 1. The trend lines (dashed lines) show that the 
probability of generating the observed overlaps of megafaunal transition events with interstadials randomly 
(P) is inversely related to the number of events examined, while in contrast the probabilities for stadials were 
all > 0.60 (Table 1) (20). A strong correlation (steep gradient) was observed between megafaunal transitions 
(extinctions/invasion events) and interstadials using both: (top row; panels A and B) terminal AMS 14C dates 
and (bottom row; panels C and D) GRIWM estimates (which use a statistical model of extinction times, based 
on a time series of records). The correlation was observed using either the GICC05 (shown), or new combined 
Cariaco-Greenland (Table 1 and fig. S6), chronologies. The plotted data are from simulations excluding events 
with wide confidence intervals, as inclusion nearly always resulted in a greater chance of overlap being 
random (i.e., higher P values, see 20). To explore the effect of different combinations of megafaunal-
transition events, certain subsets were removed and the simulations repeated: (i) excluding invasion events 
(right-hand panels B, D)—resulting in lower P of randomness; (ii) with a constrained-range overlap (red *) 
applied to reduce error margins around an event where a rapid replacement by a congener or conspecific was 
observed (20)—producing little difference in the results; and (iii) with post-LGM events from either the New 
World (○) or Eurasia (□) only (to remove the potential effects of terminal Pleistocene human-associated 
impacts)—where low P were observed, but sample-size constraints limited the number of simulations able to 
detect non-random interstadial overlap (20). The results of these additional simulations are distributed along 
most of the power relationship, suggesting the correlations are not driven by any particular grouped subset of 
the data. 
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Table 1. Randomization tests of the timing of megafaunal transitions with major climate events. 
Randomization tests of the timing of major megafaunal transitions with either interstadial or stadial events 
on the existing GICC05 and new combined Cariaco-Greenland timescales (20). The probabilities of 
generating the observed overlaps of extinction/invasion events at random with interstadials (P(rand) 
interstadials), and stadials (P(rand) stadials), are shown for both GRIWM and the Phase-calibrated terminal 
AMS dates, along with probabilities expressed on the complementary log-log scale. The correlation tests 
revealed non-random overlap relationships between the number of events n and interstadials for both the 
GICC05 and Cariaco-Greenland timescales. In contrast, probabilities for overlaps at random with stadial 
events were > 0.6 for both GRIWM and terminal AMS dates. Simulations producing low probabilities of 
generating the pattern of overlaps at random are cumulatively highlighted with asterisks (P < 0.1), in bold (P 
< 0.05), and in italics (P < 0.01). The power relationships for correlations with the GICC05 timescale are 
shown in Fig. 2. Simulations including terminal Pleistocene events from only the New World (NW) or 
Eurasia (Eur.) or neither (Pre-LGM) were used to explore the potentially confounding influences of human 
impact. Simulations using extinctions only (Extns) are indicated. The GICC05 timescale did not include 
interstadial NEA-GS-3b (table S3) as it is not detected in ice core records (42). 
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All All ✓ ✓ ✓ 28 29 0.031 0.228 0.801 0.999 0.126 0.220 0.998 0.998 
All All ✓ ✓ ✗ 28 29 0.109 0.009* 0.995 0.999 0.470 0.082* 0.989 0.999 
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Eur. Extns ✗ ✗ ✗ 13 16 0.159 0.265 0.999 0.987 0.221 0.044 0.992 0.997 
NW All ✓ ✓ ✗ 23 25 0.335 0.060* 0.385 0.996 0.354 0.075* 0.975 0.830 
NW All ✗ ✓ ✗ 23 24 0.377 0.014 0.977 0.996 0.283 0.099* 0.621 0.840 
NW All ✗ ✗ ✓ 16 27 0.215 0.088* 0.943 0.960 0.382 0.231 0.775 0.865 
NW All ✗ ✗ ✗ 16 27 0.528 0.128 0.919 0.608 0.347 0.055* 0.883 0.899 
NW Extns ✗ ✗ ✓ 13 17 0.034 0.041 0.848 0.929 0.111 0.124 0.943 0.956 
NW Extns ✗ ✗ ✗ 13 17 0.041 0.026 0.636 0.967 0.094* 0.061* 0.986 0.952 
Pre- 
LGM All ✓ ✓ ✗ 18 20 0.432 0.993 0.987 0.977 0.958 0.942 0.990 0.682 
Pre- 
LGM All ✗ ✓ ✗ 17 19 0.918 0.966 0.999 0.611 0.961 0.879 0.999 0.818 
Pre- 
LGM Extns ✗ ✗ ✓ 8 12 0.648 0.763 0.918 0.790 0.641 0.902 0.964 0.679 
Pre- 
LGM Extns ✗ ✗ ✗ 8 12 0.688 0.743 0.999 0.641 0.999 0.944 0.999 0.842 

http://www.sciencemag.org/content/early/recent
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