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Summary

Although the iconic mammoth of the Late Pleistocene, the
woolly mammoth (Mammuthus primigenius), has tradition-
ally been regarded as the end point of a single anagenetically
evolving lineage, recent paleontological and molecular stud-
ies have shown that successive allopatric speciation events
must have occurred within Pleistocene Mammuthus in Asia,
with subsequent expansion and hybridization between nom-
inal taxa [1, 2]. However, the role of North American mam-
moth populations in these events has not been adequately
explored from an ancient-DNA standpoint. To undertake
this task, we analyzed mtDNA from a large data set consist-
ing of mammoth samples from across Holarctica (n = 160)
and representing most of radiocarbon time. Our evidence
shows that, during the terminal Pleistocene, haplotypes
originating in and characteristic of New World populations
replaced or succeeded those endemic to Asia and western
Beringia. Also, during the Last Glacial Maximum, mammoth
populations do not appear to have suffered an overall de-
cline in diversity, despite differing responses on either
side of the Bering land bridge. In summary, the “Out-
of-America” hypothesis holds that the dispersal of North
American woolly mammoths into other parts of Holarctica
created major phylogeographic structuring within Mammu-
thus primigenius populations, shaping the last phase of
their evolutionary history before their demise.

Results and Discussion

Conventionally, the mammoth diversity of the New World is
thought to have originated in two discrete waves. In the first,
the Eurasian species Mammuthus trogontherii entered North
America circa 1.8-1.5 mega-annum (Ma); there, according to
most paleontological interpretations, it later evolved into the
temperate-adapted Columbian mammoth, M. columbi. A sec-
ond independent wave would have introduced woolly mam-
moths into northwestern North America circa 200 kiloannum
(ka), a date that remains poorly constrained [3-5]. Although
re-evaluations of Eurasian paleontological records [6, 7] have
replaced the anagenetic view of mammoth evolution with one
involving bouts of allopatric speciation, vicariance, and intro-
gressive hybridization over a lengthy interval, the contribution
of New World populations to this model has remained unclear.

To shed new light on the presumed nature of species suc-
cession, phylogeography, and diversity of mammoths in the
Late Pleistocene Holarctic, we extracted DNA from 135
securely identified samples of Mammuthus. After assessing
the level of preservation of host DNA in each with a quantitative


https://core.ac.uk/display/82009001?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:poinarh@mcmaster.ca

Phylogeography of Holarctic Woolly Mammoths
1321

— ASIAN ELEPHANTS

AFRICAN ELEPHANTS

Figure 1. A Rooted Reticulated Tree for All Haplogroups
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RRT distribution of 80 haplotypes within five haplogroups (A-E). Posterior probabilities >0.75 are indicated at nodes. Empty circles represent missing
haplotypes. The size of each circle is proportional to its frequency within the data set. Both the preferred pathway (i.e., compatible with the Bayesian
analysis; indicated by black branches) and alternative reticulations (indicated by shaded branches) are shown.

PCR assay (Supplemental Data available online), we amplified,
cloned, and sequenced 743 bp of the hypervariable region
mtDNA from 108 individuals (Table S1). To this data set we
added 52 previously published sequences [8, 9] that shared
705 bp with our fragment. Of the combined total (160 samples),
63 stem from northwestern North America and 97 from Eurasia
(Supplemental Data). Of 131 '*C-dated samples (see Supple-
mental Data for date calibrations in ka), 105 returned finite es-
timates and may thus be placed within “radiocarbon time”
(i.e., within the last 50 kiloyears before present [ky B.P.]). Apart
from a relative excess of old '*C-dated specimens, the distri-
bution of our sequences documents the continuous occupa-
tion of both continents throughout radiocarbon time until their
extinction in mainland Eurasia and North America circa 10 ky
B.P. (~11.5 ka). Extinction occurred considerably later on
some high-latitude islands. The molecular data reported here
also include the first Holocene sequence from a Wrangel
Island mammoth.

To establish whether our data set comprises a truly
representative sample, we constructed a Bayesian analysis
of the Stirling probability of theoretically expected haplotype
richness (Supplemental Experimental Procedures and
Figure S2). When applied to the current dataset (80 distinctly
different haplotypes), this analysis shows that we sampled
70%-89% of the theoretical haplotype richness expected for
Late Pleistocene mammoths from Beringia—an adequate
basis for predictive modeling (Supplemental Data).

Phylogeographic Pattern and Spatiotemporal Distribution
To analyze the phylogenetic structure and distribution pattern
of mitochondrial (mt) diversity, we produced a rooted reticu-
lated tree (RRT) utilizing both Bayesian and network methods
(Figure 1; see Supplemental Data for methodological consider-
ations). On the basis of internal branch support and sampling
of high-frequency stem haplotypes, we partitioned this diver-
sity on the RRT as five haplogroups (A-E, Figure 1), clustered
into three main clades (A, B, and C+D+E) bounded by high
posterior probabilities (PP = 0.93-1.00). The clade C+D+E
shows additional structuring, with a D+E clade (PP =1.00) aris-
ing from a paraphyletic C (PP for monophyly of group C = 0.00).
As the color coding in Figure 1 indicates, group A haplotypes
were found to be exclusively Asian in distribution, whereas
those in group C occurred exclusively in North America
throughout radiocarbon time; the remaining groups (B, D,
and E) were unevenly represented on both sides of the Bering
Strait. The predominantly Asiatic distribution of haplogroups D
and E and the endemism of haplogroups A and C together
indicate a high level of intercontinental differentiation, perhaps
because of filtering effects operating within the Bering land
bridge [10].

This pattern is even more striking when the temporal spread
of the full set of dated sequences is considered together with
the spatial distribution of haplotypes (Figure 2). Group C was
the only haplogroup present in northwestern North America
during the first period, which covers finite ages greater than
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44 ka and infinite estimates (see Figure 2A). Mammoth popula-
tions were more varied in Eurasia at this time: Haplogroups A
and D were represented at high frequencies in Asia (44%
each), with few E haplotypes (12%) and only a single occur-
rence (in Estonia) of group B (Table S5).

For subsequent intervals (44-22 ka, Figure 2B; 22-5 ka,
Figure 2C), the distribution pattern is notably different: All
mammoth samples fall within groups C (74% in North America
versus 0% in Asia), D (18% versus 36%), and E (5% versus
64%), except for a single specimen from Yukon belonging to
group B (Table S5). In Siberia, groups D and E apparently re-
placed the formerly abundant group A, as previously deter-
mined by Barnes et al. [8]. During the interval prior to the final
extinction of mammoths (Figure 2C), group D became re-
stricted to eastern Yakutia and Chukotka, whereas in north-
western North America, groups C, D, and E persisted until
the regional disappearance of mammoths in mainland Alaska,
circa 13-12 ka [11].

New World Origins of Terminal Pleistocene Siberian
Populations

Itis important to examine how the dating of haplogroup differ-
entiation affects interpretation of the emerging phylogeo-
graphical picture. To investigate this, we derived divergence
dates with the software BEAST (version 1.4.6 [12]) under a re-
laxed molecular-clock model, using all dated mammoths as tip
calibrations in combination with two internal calibrations: (1)

Figure 2. Geographic Distribution of Radiocar-
bon-Dated Mammoth Samples

HE c/DE)

il Haplotypes (including finite and infinite dates)

are plotted on the map in three successive time
intervals. Groups’ sizes are proportional to the
number of samples.

first appearance of elephantids circa
7.5 Ma, as suggested by paleontological
records [13] and confirmed by molecular
analyses of complete mt genomes
within Elephantoidea [14], and (2)
a Bayesian estimate of the differentia-
tion date of 11 dated complete mam-
moth mt genomes derived from our
analyses (see Supplemental Data).

Three differentiation nodes portrayed
in Figure 3 are especially pertinent to
our analysis. Node | separates the
branches leading to the three major
clades (A, B, and C+D+E), node Il marks
the differentiation of clade C+D+E, and
node Ill marks that of clade D+E.

Because most of the mt diversity
found among Late Pleistocene Holarctic
mammoths is almost exclusively ac-
counted for by clade C+D+E (92% of all
samples), we begin analysis with node
Il and the origin of ancestral group C.
The singular North American distribution
of this group (Figures 1 and 2), its para-
phyletic structure (Figure 3 and
Figure S3), and the sampling of putative
ancestral haplotypes C1 and C21 (Fig-
ure 1) strongly point to the differentiation
of this clade within North America at some point during the
Middle Pleistocene (node Il, 95% highest posterior density
[HPD]: 749-281 ka, median age 464 ka). Although the coales-
cent date almost certainly predates actual North American dif-
ferentiation, it does provide an upper bound. Notably, the me-
dian of the Bayesian estimate is more than twice as old as the
conventional paleontological estimate for the first appearance
of M. primigenius in northwestern North America [3, 4],
whereas the younger bound is only moderately older. This ap-
parent conflict needs to be placed in context: There are far
fewer identified Middle Pleistocene sites in northwestern
North America than in Eurasia [2, 6, 7]. Those that have been
found have been difficult to date securely, further hindering
comprehensive taxonomic review of North American mam-
moths (P.M., unpublished data). In any case, the disparity in
these first-appearance estimates should shrink in the future
with better sampling [15].

Lineages within North American group C gave birth to clade
D+E, which expanded back into Eurasia circa 301 ka (node i,
95% HPD: 398-214 ka) to become thereafter the predominant
haplogroup within terminal Pleistocene mammoth popula-
tions. The westward migration of the precursor of clade D+E
and its successful expansion in Siberia are not anticipated
by paleontological models, which, in the absence of any mor-
phological evidence to the contrary, have tacitly assumed that
Eurasian mammoth populations received no more than minor
contributions from North American vicars [2, 13]. Barnes
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Figure 3. Maximum Credibility Tree Showing Dates of Divergence

All five haplogroups are shown with their associated 95% HPD interval for the three main splitting events (Nodes |, Il, and lll; see main text) given in calendar
years before present. LGM, Last Glacial Maximum; P/H, Pleistocene/Holocene boundary. Time is displayed in logarithmic scale.

et al. [8] reported a possible instance of expansion from east-
ern to western Beringia, but their sample size was small (n = 6,
only 3 of which supported expansion). Our data strengthen this
hypothesis and show unequivocally that haplogroup C, an en-
demic and dominant group of North American mammoths,
was basal to all remaining Asian mammoth populations
(including that on Wrangel Island).

We emphasize that our molecular results are not in conflict
with morphological evidence for the origin of Middle Pleisto-
cene mammoths in northeastern Siberia [7]. However, they
are clearly inconsistent with the assumption that the diversity
recovered in Late Pleistocene Siberia was exclusively and per-
sistently endemic. It is relevant to note that these results are
consistent with those derived for Late Pleistocene Bison [16]:
Siberian and Asian populations of this taxon also share a
North American origin. Whether population histories involving
wholesale replacement were the exception or the rule among
Pleistocene Holarctic megafauna is a very interesting ques-
tion, which should be addressable in the near future.

Endemic Siberian Mammoth Turnover: Drift versus
Replacement

When mammoths from North America migrated westward
through Beringia circa 300 ka, they were confronted with au-
tochthonous Asian populations from which they had been
separated for a long time. The median estimate of the date of

—
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origin of these populations, i.e., when clades A and B parted
from C+D+E (node I in Figure 3), is 888 ka, although the range
is wide (95% HPD: 1588-429 ka). Our date for this node is
notably consistent with recent estimates obtained from whole
mt genomes (95% HPD: 2430-380 Ka, median circa 1.0 Ma[1]),
which independently justify the calibrations used for our
analyses (Supplemental Data). The information available for
haplogroup B (n = 2) is too limited for useful analysis.

It may be reasonably assumed from the exclusive Siberian
distribution of haplogroup A that this latter group must have
inhabited this part of Eurasia through much if not all of the
Middle Pleistocene (Figure S4). Its long duration, widespread
distribution, and relative frequency (f = 44%) in northeastern
Siberia prior to 44 ka (Figure 2A) contrasts sharply with its sub-
sequent complete disappearance (Figures 2B and 2C). This
situation has two possible explanations. The simpler of the
two is demographic, i.e., genetic drift, as suggested previously
by Barnes et al. [8]. However, although we did not detect a per-
sistent demographic bottleneck by using Bayesian skyline
analysis as implemented in BEAST [12], we did find indications
of a general overall population decline around this time,
whether samples were considered as panmictic or separated
by geography (Figure 4). Here, haplogroup A might be seen
as having suffered natural decline, with later and unrelated re-
placement by immigrants stemming from North America. A
less likely scenario, competitive replacement, may warrant
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Figure 4. Skyline Plot of the Mammoth Data Set Spanning the Late
Pleistocene

The thick red line corresponds to the average Ner for all dated mammoths
(95% HPD shown as the red shaded area). Averages obtained for either
western Beringia (represented by squares) or eastern Beringia (represented
by diamonds) are shown for comparison. The “+” signs indicate the maxi-
mum Ner recovered for each set of mammoths. The asterisk marks the
putative extinction of A. The underlying skyline plot (in gray) is redrawn
from that for ancient Bison (after Drummond et al. [22]).

consideration if only because the timing of clade D+E’s expan-
sion and clade A’s collapse in both distribution and diversity
during the Late Pleistocene seem unlikely to have been coinci-
dental.

Although our estimate of the age of the split between clades
A and C+D+E (node |, Figure 3) only slightly predates the ear-
liest fossils tentatively assigned to M. primigenius (circa 800-
600 ka [7]) from northeastern Siberia, it is significantly older
than the time (circa 400 ka) at which typical M. primigenius
morphology first becomes clearly dominant in the Siberian
fossil record [7, 17]. Although the paleontological chronology
is not based on secure dating, it nevertheless raises some in-
teresting points concerning the systematic implications of our
molecular analyses. The co-occurrence of both A and D+E
clades within Late Pleistocene Siberian mammoth populations
could in theory have two alternative explanations. Our results
are most easily interpreted as the consequence of early intro-
gression events, such as those presumed on morphological
grounds to have occurred between derived early M. primige-
nius and more primitive mammoths in Eurasia [2, 7]. In this in-
terpretation, the genetic signatures of the C+D+E clade are in
fact mitochondrial “fossils” of ancestrally distinct lineages
(such as M. trogontherii) that had been maintained within suc-
cessor populations of M. primigenius. Long-term retention of
ancient polymorphisms in sister taxa has been detected in
African [18, 19] and Asian elephants [20], in which philopatric
matriarchal herds, low evolutionary rates, and large long-
term effective population sizes help to preserve mitochondrial
polymorphisms that might otherwise have been lost through
drift [19] or other processes.

Alternatively, the taxon to which group A haplotypes be-
longed may have actually corresponded to one of the earlier
chronospecies (M. trogontherii or some other primitive mam-
moth). Although dates derived from whole mtDNA genomes
[1], as well as statistical analysis of molar features of Eurasian
mammoths, provide some incidental support for this argument
[6], it is clear that more work is needed before this explanation
can be seriously entertained.

Mammoth Population Dynamics through Time

Our Bayesian skyline analysis (Figure 4) reveals that, after slow
and regular growth up to and during Marine Isotope Stage
(MIS) 4, the effective size of mammoth populations decreased
significantly (approximately 3-fold) during MIS 3 (65—25 ka).
This overall decrease seems to be the result of two indepen-
dent trends: a slow negative growth affecting western Berin-
gian populations early in the Late Pleistocene, potentially
compensated by a positive growth in eastern Beringian popu-
lations until circa 50 ka, when their population size also started
to decrease (Figure 4). However, given the wide confidence in-
tervals of the skyline analysis, a high and constant effective
population size during the Late Pleistocene cannot be ruled
out, and thus the results should be treated with caution.

The estimate of effective population size (Ne) inferred with
BEAST is dependent on the generation length (1) of the taxon
analyzed (Ner in Figure 4). With an assumed average of 20
years generation time in mammoths, comparable to modern
elephants [21], the average Ne for the Late Pleistocene in the
study by Barnes et al. [8] ranged between 1500 and 3500. By
contrast, our average Ne was 40,000-150,000, or 10- to 100-
fold higher (see Figure 4 and Supplemental Data). Interestingly
our analysis recovers a Ner for mammoths similar to that
recovered for ancient bison [16, 22]. These estimates are an
order of magnitude lower than a recent estimate by Nogués-
Bravo et al. [23], who concluded that several millions of
mammoths lived contemporaneously in Beringia.

It is of equally great interest that both bison [16, 22] and
mammoths exhibited population expansion during MIS 4 and
contraction during the interstadial conditions of MIS 3. An
identical flux has also been documented in bears [24] and
horses [25], all of which suggests that demographic studies
can and do reveal the effects of climate change on natural
populations during this period. However, it is also true that
mammoths apparently reacted earlier and more drastically to
change than did bison populations, which remained static until
the Last Glacial Maximum (LGM). Thereafter, roles reversed:
Bison experienced a sharp and rapid decrease in numbers in
the period just prior to the Pleistocene/Holocene boundary,
whereas mammoths appeared to have passed through the
LGM and its aftermath with only limited effects on their popu-
lation size and diversity (Figure 4).

The classical understanding of Pleistocene mammoth
populations, typically told as a tale of two continents, should
be revised to take these dynamic patterns into account, thus
revealing a clearer picture of the tempo and mode of both
evolution and extinction in Mammuthus.

Experimental Procedures

DNA Extraction, Amplification, Cloning, and Sequencing

DNA was extracted from 135 mammoth samples distributed over their Hol-
arctic range. Samples of 100 mg (+20%) were extracted in batches of 12
(including one extraction blank) in a dedicated clean room separated from
PCR, post-PCR, and sequencing facilities (http://socserv.mcmaster.ca/
adna/labs.htm), following a protocol previously published [26]. After
concentration to a final volume of 100 pl in 0.1X TE (pH 8.0), the extracts
were screened for mammoth DNA with a specific 84 bp qPCR assay
(Supplemental Data).

A 743 bp fragment of mtDNA that spanned the cytochrome b, tRNA Thr
and Pro, and the Hypervariable Region | was obtained for 108 specimens
(containing between 20 and 200,000 copies of the gPCR fragment per L
of extract) with one to five overlapping PCR amplicons. All nucleotide posi-
tions were covered by a minimum of two clones each from two independent
PCRs, yielding a total of 1392 clones (Supplemental Data). Sequences were
aligned with the 705 bp in common from 52 previously published sequences
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[8, 9, 27, 28]. Of the total sample (160 mammoths), 63 stem from northwest-
ern North America and 97 from Eurasia.

Phylogenetic Methodology

The construction of the RRT relies on both network analysis (UMP method
[29]) for the network structure and Bayesian phylogenetic analysis under
a no-clock model (with MRBAYES; [30]) for rooting and statistical support
(see Supplemental Data).

The dating of the main cladogenesis, as well as the spatial distribution of
specimens, relies on radiocarbon-dated specimens. We show that because
of fragment-length limitations, the methodology using only tip calibration of
the Bayesian analysis with BEAST [12] yields erroneous rate and date esti-
mates (see Supplemental Data for a detailed analysis). Therefore, in addition
to tip calibrations, two node calibrations were used to derive a Bayesian
estimate of the age of the nodes discussed here.

Population-Biology Analyses

The coalescent analyses with BEAST derived the demographics of the
mammoth populations on the basis of a Bayesian skyline model [22]. The
coalescent analysis was performed on the total 138 dated mammoths
exclusively, as well as on the mammoths separated into geographic
partitions (western Beringia versus eastern Beringia).

Accession Numbers

The GenBank accession numbers for the Pleistocene/Holocene sequences
reported in this paper are FJ015093-FJ015152.

Supplemental Data

Supplemental Data include Supplemental Experimental Procedures, Sup-
plemental Discussion, five figures, and five tables and can be found with
this article online at http://www.current-biology.com/cgi/content/full/18/
17/1320/DCH1/.
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