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We identified vertebrate mitochondrial se-
quences by BLAST analysis and constructed
phylogenetic trees (11) using GenBank taxa with
the highest scores, as well as outgroups. Eight
different extinct and extant taxa were detected in
the permafrost samples: woolly mammoth,
steppe bison, horse, reindeer, musk ox, brown
lemming, hare, and an unidentified bovid related
to the musk ox (Table 3; figs. S1 to S3) (11).
Mammoth sequences were obtained for two dif-
ferent regions of cyt b and one of 16S (Table 3;
figs. S1 to S3) (11). In New Zealand, the coastal

sand samples were negative, although sand from
the interior of the in situ bone yielded E. curtus
sequences (Table 3; fig. S4A) (11). In contrast,
the cave sample yielded 12S and control region
sequences of two extinct moa taxa (Megalapteryx
didinus and Pachyornis elephantopus) and avian
species currently absent from the area (Cyanor-
amphus spp.) (Table 3; fig. S4, A and B). Three
of the moa clone sequences appeared to represent
recombination products and were probably arti-
facts created during PCR (10 , 13 ). It is interesting
that such sequence variation characteristic of

damage-related artifacts (10 , 13 ) was observed in
the temperate samples but appeared minimal in
the permafrost samples—for example, only 3 of
11 substitutions in mammoth cyt b sequences
resulted in amino acid replacements (table S4)
(11). Furthermore, the domination of large herbi-
vore sequences in both the permafrost and cave
sediments indicates that a major source may be
high-volume waste products (feces and urine).

The presence of multiple extinct taxa
strongly supports the authenticity of the data,
whereas the dramatically different taxonomic

 

Fig. 1. Change in plant composition and diversity through time in permafrost
core samples. (A) For each time period, the proportion of shrubs, herbs, and
mosses observed is indicated, along with the proportion of all taxa that are
detected or not detected in samples from the previous time point. Clone
sequences!96% identical are assumed to represent one taxon. (B) Changes
in taxonomic diversity through time, as measured by the number of se-

quence groups (clone sequences with!96% similarity) divided by the total
number of clone sequences obtained for that sample. To standardize the
number of clones sequenced, sequence diversity was measured in each
sample with 1000 data sets of 32 (the smallest data set, Table 1) randomly
chosen clones. Black dots represent permafrost samples; white dots repre-
sent New Zealand cave samples.

Table 3. Vertebrate mitochondrial sequences identified in Siberian and New
Zealand samples through phylogenetic analysis (11) (figs. S1 to S4). The
number, length, and genetic location of clone sequences are given, along with
the closest match (%) among living and extinct (†) taxa found in GenBank.

Reference sequences of moa and bison taxa determined in Oxford (*), and
musk ox and lemming determined in Copenhagen (‡), are shown. Reference
parrot sequences (29). Clone sequences in bold were independently obtained
in Oxford.

Sample age (ky B.P.)

Region
(mtDNA)

Sequence
length
(bp)

Taxonomic identifications

New Zealand Siberia

Cave
0.6

Bone
1 to 3 10.4 19 20 to 30 Taxa with highest sequence similarity Seq.

similarity (%)

1 2 cyt b 98 Mammuthus primigenius (mammoth)† 98 to 99
7 cyt b 229 Mammuthus primigenius (mammoth)† 99 to 100

8 4 1 16S 92 to 93 Mammuthus primigenius (mammoth)† 97 to 100
12 16S 90 Equus caballus (horse) 98 to 100
4 16S 88 to 90 Lemus lemus (lemming) 97‡

2 16S 95 Lepus europaeus (hare) 96
2 1 1 Control region 124 to 125 Bison spp. (bison)† 98 to 100*

1 16S 93 Ovibos moschatus (musk ox) 100
1 Control region 129 Ovibos moschatus (musk ox) 82‡

1 Control region 124 Rangifer tarandus (reindeer) 98
15 Control region 202 to 203 Megalapteryx didinus (Upland moa)† 97 to 100*
2 Control region 204 Pachyornis elephantopus (Heavy-

footed moa)†
99*

10 Control region 202 to 203 Euryapteryx curtus (Coastal moa)† 96 to 100*
11 12S 228 to 230 Megalapteryx didinus (Upland moa)† 97 to 100
2 12S 234 Cyanoramphus novaezeelandiae (New

Zealand Parakeet)
98 (29)

" # 30 " # 10 " # 14 " # 30 " # 4
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ity. The transition could thus be accompanied
by phase separation between iron-rich HS
and magnesium-rich LS ferropericlases. This
could explain x-ray diffraction observations
suggesting a breakdown of ferropericlase
(24 ), which were observed in the same pres-
sure range as our spin transition.

The observed transitions indicate that the
lower mantle would be segregated into two
different layers characterized by different iron
partitioning between perovskite and ferroperi-
clase. The transition pressures are consistent
with the depths at which lower mantle layering
has been proposed (1) and provide a mineral
physics basis for an Earth’s lower mantle made
of two distinct layers. Moreover, observations
that the iron-free olivine (forsterite) is more
viscous than iron-bearing phases (25, 26) imply
that, similarly, an iron-free perovskite is likely
to be more viscous than an iron-rich one. This
idea is also corroborated by the fact that viscos-
ity scales in many materials (27) with T/Tm (the
ratio of temperature to melting temperature)
and that the melting point of an iron-free per-
ovskite is much higher than that of an iron-
bearing one (28, 29). In that sense, because
perovskite is the major lower-mantle phase, the
transition could have a fairly strong rheological
signature as inferred from geophysical observa-
tions (30) and could affect the geodynamics in
the lowermost mantle. Further studies could
constrain geodynamical interpretations (2, 3) of
the seismic observations and could enable
quantification of the effect of such a viscous
layer on the dynamics of plumes. Note that such
a layering model requires no isolated convec-
tion cells, because the chemistry of the two
layers is reversible as a function of depth (the
transition is reversible upon decompression);
uplifted materials will recover the partitioning
properties of the top layer.

Iron-free perovskite is stable to very high
pressures and temperatures. It was speculated
that the breakdown of iron-bearing perovskite
(6 ) at the core-mantle boundary (CMB) was
responsible for the chemical heterogeneities
observed in the D! layer. We suggest, how-
ever, that the iron-free end member is the one
that is most likely to be present at those
depths, and that the interaction of iron-rich
ferropericlase with the liquid outer core
should instead be taken into consideration.
Geodynamical modeling of this lowermost
layer could contribute to our understanding of
core-mantle interactions because dominant
iron-depleted perovskite could create an elec-
trically, thermally (31), and rheologically in-
sulating lid above the CMB.
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Diverse Plant and Animal Genetic
Records from Holocene and
Pleistocene Sediments

Eske Willerslev,1 * Anders J. Hansen,1 *† Jonas Binladen,1 Tina B.
Brand,1 M. Thomas P. Gilbert,2 Beth Shapiro,2 Michael Bunce,2

Carsten Wiuf,3 David A. Gilichinsky,4 Alan Cooper2

Genetic analyses of permafrost and temperate sediments reveal that plant and
animal DNA may be preserved for long periods, even in the absence of obvious
macrofossils. In Siberia, five permafrost cores ranging from 400,000 to 10,000
years old contained at least 19 different plant taxa, including the oldest au-
thenticated ancient DNA sequences known, and megafaunal sequences includ-
ing mammoth, bison, and horse. The genetic data record a number of dramatic
changes in the taxonomic diversity and composition of Beringian vegetation and
fauna. Temperate cave sediments in New Zealand also yielded DNA sequences
of extinct biota, including two species of ratite moa, and 29 plant taxa char-
acteristic of the prehuman environment. Therefore, many sedimentary deposits
may contain unique, and widespread, genetic records of paleoenvironments.

Most authenticated ancient DNA studies (1)
have analyzed hard or soft tissue remains of
flora and fauna from the late Pleistocene
[# 100 to 10 ky (thousand years)] or Holo-

cene (past 10 ky). Preserved genetic informa-
tion has provided unique insights into many
evolutionary and ecological processes (2– 6 )
and also provides an important test of meth-
ods for reconstructing past events (7– 9).
However, a broader utility for ancient DNA
studies has been prevented by experimental
difficulties (1, 10) and the rarity of suitable
fossilization. Even in areas with excellent
ancient DNA preservation and large numbers
of specimens, such as Beringia (the late Pleis-
tocene ice-free refugium that stretched from
northeast Siberia across the exposed Bering
land bridge to western Canada), it has been
possible to obtain only limited paleoenviron-
mental views (3). Consequently, we exam-
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stitute, University of Copenhagen, Universitetsparken
15, Denmark DK-2100 Ø. 2Henry Wellcome Ancient
Biomolecules Centre, Department of Zoology, Univer-
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Statistics, University of Oxford, 1 South Parks Road,
Oxford OX1 3TG, UK. 4Soil Cryology Laboratory, In-
stitute for PhysicoChemical and Biological Problems
in Soil Science, Russian Academy of Sciences, 142290,
Pushchino, Moscow Region, Russia.
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cells divide without a ring?
Depending on the cell type,
membrane insertion through
secretion also contributes to
cytokinesis in varying degrees.

How is the ring assembled? A
set of conserved contractile ring
proteins have been identified and
characterized using genetic,
biochemical and proteomic
approaches in model organisms
ranging from yeasts, plants,
worms, and flies to sea urchin
eggs and mammalian cells. These
proteins, many of which organize
actin in some manner, include:
actin, myosin, septins, formins,
Arp2/3 complex, tropomyosin,
coronin, anillin, profilin, IQGAP,
filiamin, MLCK, ROCK and so on.
Actin filaments in the ring may be
derived both from pre-formed
filaments recycled from other
actin structures and from new
filaments newly polymerized by
the ring’s own actin nucleation
centers. Myosin not only
contributes force, but may also
help bring the actin filaments
together into a discrete ring. The
small GTPase Rho is a key
regulator of the process.

How is the ring positioned? In
animal cells, microtubules of the
mitotic spindle somehow position
the ring at a point equidistant from
the two spindle poles. How this
occurs is still highly controversial.
In some cell types, overlapping
astral microtubules from the two
spindle poles that touch the cortex
at the future division site may be
the key spatial determinants, while
in other cell types a bundle of
microtubules known as the spindle
midzone (or central spindle), may
be responsible. Microtubules may
regulate cleavage by sending out
‘signals’ that induce contractile
ring formation, regulate
contractility and direct membrane
traffic. Other cell types use other
spatial cues. For instance, fission
yeast cells use the nucleus to
position the cell division site, while
budding yeast use cortical marks
left over from previous cell
divisions.

How does the contractile ring
divide the cell? A prevalent view
is that that actin and myosin in the

contractile ring exert squeezing
forces leading to cleavage (at least
in many cell types). Recent
evidence shows that components
of the ring are highly dynamic,
suggesting that actin
polymerization is also important for
cleavage and may even contribute
to force production. The ring also
clearly has other roles, including
organizing a membrane domain
and targeting membrane insertion
and trafficking.

It seems that we don’t know
much about this pretty
important universal process?
Yes, cytokinesis is one of the
frontiers of cell biology, filled with
wildly different theories and
controversies, studied in a large
number of different model
organisms in many different ways.
Although certainly a universal
process, it is becoming apparent
that different cell types use similar
but slightly different mechanisms.
The advent of genomics, genetics,
improved microscopy and
proteomics promises rapid
progress in sorting out the themes
and variations in this fundamental
process.

Where can I find out more?
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Molecular caving
Michael Hofreiter1, Jim I. Mead2,
Paul Martin3 and Hendrik N.
Poinar1,4

Cave sediments contain an
inorganic component, which is
derived from the roof and walls of
the cave, as well as influx of
sediment and soil from the
exterior. They also contain an
organic component, which is
derived from the remains of
organisms. The taphonomic
record of any cave is based on the
fossils or trace fossils of animals
that have lived or died in the cave
or have been transported there
after death [1]. Most cave
environments are wet or humid,
which promotes the decay of
almost all organic remains. By
contrast, in dry caves, such as
those typically found on the
Colorado Plateau of southwestern
USA, many organic compounds
and soft-tissue remains have been
preserved. Excavations of
Rampart Cave, Arizona revealed
the soft tissue and bone remains
of 23 vertebrate species, including
the extinct Shasta ground sloth
(Nothrotheriops shastensis) [2]. It
has recently been shown that
animal and plant DNA can be
amplified from up to 300,000 year
old permafrost sediments as well
as from 600 year old cave
sediment from temperate
environments [3]. However, as
DNA is presumed to survive
longer in cold environments [4], it
is unclear whether DNA
amplification will be possible from
older sediments from temperate
regions. We have previously
shown that coprolites from dry
caves are a good source of DNA
[5]. As fecal remnants are
probably the major component of
dry cave sediments, we decided
to look for animal DNA sequences
within cave sediments. We
extracted DNA from a 100mg
sample of cave deposit from
Rampart Cave, Arizona, which
was radiocarbon dated to 10,845
+ 85 yrs BP (Ua-12503). We
amplified a 151 bp fragment of the

Magazine
R693

mitochondrial 12S rDNA in two
PCR reactions and a 141 bp
fragment of the 16SrDNA in one
PCR reaction, cloned the
products and sequenced a total of
60 clones (supplementary
material). Identification of the
sequences was done as in [6] and
[7] (Table 1 and supplementary
material ). The clones yielded five
different 12S sequences and two
different 16S sequences, each
represented by a minimum of
three clones.

One 12S sequence (see
Supplementary material) found in
both amplifications and one of the
two 16S sequences perfectly
matched sequences from a Shasta
ground sloth (Nothrotheriops
shastensis) [5,6]. Phylogenetic
analysis of the sequence places
the sequence together with the N.
shastensis sequence with 94%
bootstrap value. Thus, this
sequence is most likely to
represent the extinct Shasta sloth.

The second 12S sequence
present in both PCRs differs by
one mismatch from Vultur
gryphus (Andean condor, family
Cathartidae, New World vultures),
with the next closest match being
the Californian condor
(Gymnogyps californianus), which
differs by three mismatches. The
second 16S sequence differs
from the Andean condor by 6
mismatches with no other
families matching closely and
thus probably represents the
same source of DNA.
Phylogenetic analysis of the 12S
rDNA sequence shows that it
clusters with the Andean condor,
at low support values (47%) and
with the Californinan condor, also
at low support values (<40%).
Thus, both sets of sequences are

closest to the Andean or
Californian condors, but do not
match them exactly. Moreover,
the only other extant North
American vultures, the turkey
vulture (Cathartes aura), and the
black vulture (Coragpys atratus),
are genetically very distant to the
Andean condor [8] and are thus
are unlikely to be the source of
these sequences. As not all
vultures and condors are
sequenced for this portion of the
12S rDNA, it is at present not
possible to positively identify this
sequence. However, it is likely to
derive from a genus of the
Cathartidae family.

The third 12S sequence,
(sediment 3) was found in two
PCRs and was represented by 7
clones. It differed by 1 mismatch
from a single carnivore species,
the ringtail cat, Bassariscus astutus
(family Procyonidae), with the next
closest match (4 mismatches) to
the family Mephitinae (skunks). The
phylogenetic analysis clusters the
sequence with the ringtail cat at
87% bootstrap value. It could,
therefore, either represent the
extant ringtail cat, with the single
substitution representing an
intraspecific polymorphism, or a
closely related, extinct species.

The fourth 12S sequence,
(sediment 4) was derived from 3
clones and perfectly matched the
rodent family Sciuridae (species
Ammospermophilus harrisii). The
next closest matches also lie
within the Sciuridae by 6, 8 and 11
mismatches, respectively.
Phylogenetic analysis of this
sequence places it closely (97%)
to A. harrisii. Thus, this sequence
represents a member of the genus
Ammospermophilus (Antelope
ground squirrels), which contains

5 New World species that occur
from southeastern Oregon
through Baja California with A.
harrisii, in Arizona and New
Mexico [9]. The fifth 12S sequence
is identical to modern humans.

The four species identified in
this study are among the 23
vertebrates identified from
Rampart Cave, which indirectly
supports the DNA sequence
identifications [2,10]. Thus,
‘molecular caving’ is a potentially
important new tool for the
identification of species from
sediments.

Nevertheless, this method is
limited by several problems. First,
identification of short sequences
using the program BLAST is
problematic. Even
phylogenetically distant species
could by chance be identical for
a short part of the sequence, as
has been shown for choloroplast
rbcL sequences [6]. However, the
short section of 12S rDNA used
in this study is one of the most
variable portions of the gene and
does not appear to be as
problematic, as each of the five
detected sequences matches a
single animal family most closely.
This discrepancy is easily
explained by the fact that animal
mitochondrial DNA sequences,
particularly ribosomal genes,
evolve much faster than plant
chloroplast genes, thus leading
to several differences within
short sequences of closely
related species.

Second, contamination with
modern DNA can influence all
results [11]. It is difficult to assess
the extent of this problem, as only
one study on the molecular
analysis of sequences from
sediments has been published so

Current Biology Vol 13 No 18
R694

Table 1.

ID Families, no. different Bootstrap % Next closest match Putative
0 1 Family/order

12S 1 Megatheridea NID 94 Mylodontidea (5) Megatheridae
2 NID Cathartidae 47 Phoenicopteridae (3) Cathartidae
3 NID Procyonidae 87 Procyonidae (4) Procyonidea

Mephitinae (4)
4 Sciuridae NID 97 Sciuridae (4) Sciuridae 
5 Hominidae Hominidae NA Hominidae Hominidae

16S A Megatheridea NID NA Megatheridae Megatheridea
B NID NID NA Cathartidae (8) Cathartidae

Families from GenBank matching consensus sequences (1-4 from 12S rDNA and A, B from 16S rDNA) at 0, and 1 difference, and the bootstrap
percentages resulting from comparison to their respective closest matches, the next closest matches (number of mismatches in parenthesis)
and the likely source of the DNA signal (family). NID, not in database. NA, not available.

2003

Current Biology 13(18), R694



@PalaeoPete

Ancient DNA Chronology within Sediment Deposits: Are Paleobiological
Reconstructions Possible and Is DNA Leaching a Factor?
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Rasmus Nielsen,§ Kasper Munch,§ Simon Y. W. Ho,* Beth Shapiro,* and Eske Willerslev*§
*Henry Wellcome Ancient Biomolecules Centre, Department of Zoology, University of Oxford, South Parks Road, Oxford,
United Kingdom; !Palaecol Research Ltd, Christchurch, New Zealand; "Department of Biological Sciences and Biotechnology,
Murdoch University, Perth, Australia; and §Centre for Ancient Genetics, Niels Bohr Institute & Biological Institute, University of
Copenhagen, Copenhagen, Denmark

In recent years, several studies have reported the successful extraction of ancient DNA (aDNA) from both frozen and
nonfrozen sediments (even in the absence of macrofossils) in order to obtain genetic ‘‘profiles’’ from past environments.
One of the hazards associated with this approach, particularly in nonfrozen environments, is the potential for vertical
migration of aDNA across strata. To assess the extent of this problem, we extracted aDNA from sediments up to
3300 years old at 2 cave sites in the North Island of New Zealand. These sites are ideal for this purpose as the presence
or absence of DNA from nonindigenous fauna (such as sheep) in sediments deposited prior to European settlement can
serve as an indicator of DNAmovement. Additionally, these strata are well defined and dated. DNA from sheep was found
in strata that also contained moa DNA, indicating that genetic material had migrated downwards. Quantitative polymerase
chain reaction analyses demonstrated that the amount of sheep DNA decreased as the age of sediments increased. Our
results suggest that sedimentary aDNA is unlikely to be deposited from wind-borne DNA and that physical remains of
organisms or their ejecta need to have been incorporated in the sediments for their DNA to be detected. Our study indicates
that DNA from sediments can still offer a rich source of information on past environments, provided that the risk from
vertical migration can be controlled for.

Introduction

Ancient DNA (aDNA) from diverse mammals and
plants has been obtained directly from minor amounts of
permafrost (permanently frozen) sediments many thou-
sands of years old (Willerslev et al. 2003; Lydolph et al.
2005). Likewise, under nonfrozen conditions, trace
amounts of sediment have yielded aDNA sequences of di-
verse vertebrate and plant species, even in the absence of
macrofossils (Hofreiter et al. 2003; Willerslev et al.
2003). The immediate sources of this DNA is unclear. A
possible source of plant DNA in sedimentary deposits is
fine rootlets (Willerslev et al. 2003). A variety of sources
have been suggested for animal DNA, including dung,
urine, skin, hair, and keratin (Lydolph et al. 2005). Also
uncertain is whether the DNA is extracellular and bound
to clay minerals or if cellular DNA is released during the
extraction procedure (Ogram et al. 1988).

To date, most aDNA sedimentary analyses have exam-
ined soil profiles from permafrost regions (Hansen et al.
2001; Willerslev et al. 2003; Willerslev, Hansen, Poinar
2004; Willerslev, Hansen, Rønn, et al. 2004; Lydolph
et al. 2005; Mitchell et al. 2005). In this environment, 2
sources of evidence suggest that DNA leaching and rede-
position are not significant problems: firstly, changes ob-
served in floral and faunal communities through time
agree broadly with those predicted by macrofossil records
(Willerslev et al. 2003; Lydolph et al. 2005); secondly, the
recovered DNA fragments were damaged in clear age-
dependent patterns, despite discontinuous sediment chro-
nology and the presence of free water (Willerslev, Hansen,
Poinar 2004; Hansen et al. 2006). These results are encour-

aging, but the potential for DNA being leached in nonfro-
zen conditions remains to be examined (Pääbo et al. 2004).
This is especially important because temperate and desert
cave sites are major sources of aDNA used in reconstructing
past environments (Poinar et al. 1996,1998; Hofreiter et al.
2000, 2003; Willerslev et al. 2003). DNA leaching would
significantly complicate, or even invalidate, the interpreta-
tion of results in some contexts (Poinar et al. 1996, 1998;
Hofreiter et al. 2000). If the fidelity of DNA sequences can
be established from strata (of defined age), however, then
this technology will enable paleofaunal reconstructions
spanning thousands of years (Willerslev and Cooper 2005).
Apart from leaching, other potential sources of bias in taxon
representation include taxon-dependent factors such as
body size and the likely presence of remains, such as hair,
feathers, eggs, and dung.

In this study, we used sediments from 2 cave sites in
New Zealand to gain insights to the origin of sedimentary
aDNA and to test for DNA leaching in nonfrozen sedi-
ments. New Zealand has an environment ideal for investi-
gating possible DNA leaching because the preservation of
bones and other materials is excellent. Most importantly,
New Zealand had a limited range of large vertebrates,
mostly birds, prior to the arrival of humans; terrestrial mam-
mals were entirely absent, with the exception of 3 bat spe-
cies. This distinctive faunal composition allows leaching to
be readily identified, because the presence of nonindige-
nous mammal species in presettlement strata is necessarily
the result of downward movement of DNA in the sediments.
For example, sheep (Ovis aries), whose numbers currently
exceed 40 million, were introduced to New Zealand by
European settlers only from the 1830s; they did not reach
the study area until approximately 1870. It is also well es-
tablished that the large, indigenous, herbivorous ratite
birds known as moa (Aves; Dinornithiformes) became
extinct by approximately 550 years ago (Holdaway and
Jacomb 2000), and so the presence of moa DNA in Euro-
pean layers would imply upward movement of sedimentary

Key words: aDNA, sediment, environmental reconstructions, extinc-
tions, leaching.
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sites are just a few meters from the open air and the sedi-
ments grade continuously into the outside soil.

Sampling, DNA Extraction, and Amplification

Contamination with extraneous DNA is an ever-present
concern in any aDNA study, and it is the responsibility of
the researcher to demonstrate that adequate experimental
and authentication procedures are carried out (Cooper and
Poinar 2000; Gilbert et al. 2005). Samples were taken from
freshly excavated sections in the 2 shelters, beginning at the
bottom of each section and proceeding to more recent levels
(fig. 2). Disposable tools were used and changed between
samples to avoid cross-contamination. All manipulation of
ancient samples before polymerase chain reaction (PCR)
amplification were performed in dedicated aDNA laborato-
ries at the HenryWellcome Ancient Biomolecules Centre at
the University of Oxford and the Centre for Ancient Genet-
ics at the University of Copenhagen, in areas free from other
molecular research. One negative extraction and 1 amplifi-
cation control was used for every 8 samples extracted, and
each positive results cloned a minimum of 8 times in agree-
ment with suggested aDNA criteria (Handt et al. 1994;
Willerslev et al. 1999; Hansen et al. 2001; Gilbert et al.
2003, 2005; Willerslev and Cooper 2005).

DNA from a total of 1 g of wet weight sediment per
sample was extracted in 2 subsamples of 0.5 g sediment,
dissolved in 600 ll lysis buffer (Bulat et al. 2000) 400
lg/ml proteinase K (Roche Applied Science, Mannheim,
Germany) disrupted with 4 runs of a FastPrep 120 (BIO
101) at speed 6.5 for 45 s, with 2 min on ice between runs
and incubated at 65 !C for at least 4 h under agitation. The
solution was adjusted with NaCl to 1.15 M, treated with 1/2
volume of chloroform/octanol (24:1), and agitated slowly
overnight at room temperature, and the water phase isolated
with centrifugation at 12,000 g for 2 min and transferred to

a separate microtube for incubation at 2–3 !C for at least
1 h. The precipitate was centrifuged at 12,000 g for 2 min
and the supernatant purified using silica spin columns and
binding buffer (Qiagen DNA purification kit II), followed
by washes in 0.5 ml Salton wash 1 and 2 (BIO 101) and
0.5 ml AW1 and AW2 (Qiagen tissue kit). The DNA was
eluted twice with 100 ll elution buffer (Qiagen purification
kit II) and stored at !20 !C.

PCR was used to amplify an 88 bp (moa) and 60 bp
(sheep) fragment of control region mitochondrial DNA
(mtDNA), avian 153 bp fragment of 12S mtDNA, and plant
rbcL and trnL chloroplast DNA using primers listed in table
S1 (Supplementary Material online), using 5 ll of DNA ex-
tractions, 35–55 cycles of PCR (1.5 min initial denaturation
at 94 !C, 45 s at 94 !C, 45 s at 45–60 !C, 1.5 min at 68 !C,
and a final cycle of 10 min at 68 !C). PCR products were
cleaned using a QIAquick PCR Purification Kit (Qiagen,
Crawley, UK). Amplification products from the 2 separate
extracts of each sample were pooled, cloned, purified, and
sequenced on both strands (Willerslev et al. 1999). Se-
quences were aligned using ClustalW in BioEdit (Hall
1999) and possible recombination among the clone se-
quences investigated (Willerslev et al. 1999).

Quantitative Real-Time PCR (qPCR)

A SYBRGreen based qPCR assay was used to deter-
mine the relative quantity of sheep DNA within the Huka-
nui Pool DNA extracts. Amplifications targeted a 71 bp
fragment of the sheep mtDNA control region, using qPCR
primers Sheep-87F and Sheep-157R (table S1, Supplemen-
taryMaterial online). Before the qPCR analysis, the primers
were prescreened on both sheep DNA-positive and -negative
soil extracts and blanks, to ensure that they generated
a single correct product, with no primer–dimer or nonspe-
cific products that might contribute to erroneous results.

FIG. 2.—Stratigraphic sections in Hukanui Pool and Hukanui #7a sites showing sampling sites and strata. The Hukanui #7a section is viewed into
a corner of an excavation square, and the slope of the interfaces is exaggerated. Note the irregular interface at the base of the Taupo ignimbrite reflecting the
disturbance of the sediment surface by the incoming tephra.
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criterion of authenticity obviously dismisses
many putative taxa that are present at low
abundance or have heterogeneous distributions,
as is typical of environmental samples (16), but
efficiently minimizes the influence of possible
low-level contamination and misidentifications
due to DNA damage (17).

Approximately 31% of the sequences from
the John Evans Glacier silty sample were as-
signed to plant taxa that passed the authentica-
tion and identification criteria. These belong to
the order Rosales, the family Salicaceae, and the
genus Saxifraga (Table 1). This result is con-
sistent with the John Evans Glacier forming no
more than a few thousand years ago in a high
Arctic environment (18), characterized by low
plant diversity and sparse vegetation cover sim-
ilar to that currently surrounding the glacier,
which consists mainly of Arctic willow (Salica-
ceae), purple saxifrage (Saxifraga), Dryas (Ro-
sales), and Arctic poppy (Papaver) (19). Thus,
by confirming the expected result, the John Evans
Glacier study can be regarded as a positive con-
trol, showing that DNA data from silty ice reli-
ably record the local ecology.

In contrast to the John Evans Glacier silty
sample, the 45% of the Dye 3 DNA sequences
that could be assigned to taxa reveal a commu-
nity very different from that of Greenland today.
The taxa identified include trees such as alder
(Alnus), spruce (Picea), pine (Pinus), and mem-
bers of the yew family (Taxaceae) (Table 1).
Their presence indicates a northern boreal for-
est ecosystem rather than today’s Arctic environ-
ment. The other groups identified, including
Asteraceae, Fabaceae, and Poaceae, are mainly

Table 1. Plant and insect taxa obtained from the JEG and Dye 3 silty ice
samples. For each taxon (assigned to order, family, or genus level), the
genetic markers (rbcL, trnL, or COI), the number of clone sequences
supporting the identification, and the probability support (in percentage)

are shown. Sequences have been deposited in GenBank under accession
numbers EF588917 to EF588969, except for seven sequences less than 50
bp in size that are shown below. Their taxon identifications are indicated
by symbols.

Order Marker Clones Support (%) Family Marker Clones Support (%) Genus Marker Clones Support (%)
JEG sample
Rosales rbcL 3 90–99
Malpighiales rbcL

trnL
2
5

99–100
99–100

Salicaceae rbcL
trnL

2
4

99–100
100

Saxifragales rbcL 3 92–94 Saxifragaceae rbcL 2 92 Saxifraga rbcL 2 91
Dye 3 sample
Coniferales rbcL

trnL
44
27

97–100
100

Pinaceae* rbcL
trnL

20
25

100
100

Picea
Pinus†

rbcL
trnL

20
17

99–100
90–99

Taxaceae‡ rbcL
trnL

23
2

91–98
100

Poales§ rbcL
trnL

67
17

99–100
97–100

Poaceae§ rbcL
trnL

67
13

99–100
100

Asterales rbcL
trnL

18
27

90–100
100

Asteraceae rbcL
trnL

2
27

91
100

Fabales rbcL
trnL

10
3

99–100
99

Fabaceae rbcL
trnL

10
3

99–100
99

Fagales rbcL
trnL

10
12

95–99
100

Betulaceae rbcL
trnL

8
11

93–97
98–100

Alnus rbcL
trnL

7
9

91–95
98–100

Lepidoptera COI 12 97–99
*Env_2, trnL ATCCGGTTCATGAAGACAATGTTTCTTCTCCTAAGATAGGAAGGG. Env_3, trnL ATCCGGTTCATGAAGACAATGTTTCTTCTCCTAATATAGGAAGGG. Env_4, trnL ATCCGGTTCATGAGGACAATGTTTCTTCTCCTAATA-
TAGGAAGGG. †Env_5, trnL CCCTTCCTATCTTAGGAGAAGAAACATTGTCTTCATGAACCGGAT. Env_6, trnL TTTCCTATCTTAGGAGAAGAAACATTGTCTTCATGAACCGGAT. ‡Env_1, trnL ATCCGTATTATAG-
GAACAATAATTTTATTTTCTAGAAAAGG. §Env_7, trnL CTTTTCCTTTGTATTCTAGTTCGAGAATCCCTTCTCAAAACACGGAT.

Fig. 1. Sample location and core schematics. (A) Map showing the locations of the Dye 3 (65°11'N,
45°50'W) and GRIP (72°34'N, 37°37'W) drilling sites and the Kap København Formation (82°22'N,
W21°14'W) in Greenland as well as the John Evans Glacier (JEG) (79°49'N, 74°30'W) on Ellesmere
Island (Canada). The inset shows the ratio of D– to L–aspartic acid, a measure of the extent of protein
degradation; more highly degraded samples (above the line) failed to yield amplifiable DNA. (B)
Schematic drawing of ice core/icecap cross section, with depth [recorded in meters below the
surface (m.b.s.)] indicating the depth of the cores and the positions of the Dye 3, GRIP, and JEG
samples analyzed for DNA, DNA/amino acid racemization/luminescence (underlined), and 10Be/36Cl
(italic). The control GRIP samples are not shown. The lengths (in meters) of the silty sections are
also shown.
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herbaceous plants and are represented by many
species found in northern regions at present
(Table 1). The presence of these herb-dominated
families suggests an open forest where helio-
phytes thrived. Additionally, we recorded taxa
that are common in present-day Arctic and/or
boreal regions but lacked identity between inde-
pendent laboratories. These are yarrow (Achillea),
birch (Betula), chickweed (Cerastium), fescue
(Festuca), rush (Luzula), plantain (Plantago),
bluegrass (Poa), saxifrage (Saxifraga), snowberry
(Symphoricarpos), and aspen (Populus). Al-
though not independently authenticated at the
sequence level, the presence of these taxa adds
further support to the former existence of a
northern boreal forest ecosystem at Dye 3.

To date, the youngest well-dated fossil evi-
dence of native forest in Greenland is from macro-
fossils in the deposits of the Kap København
Formation from the northernmost part of
Greenland and dates back to around 2.4 Ma
(1, 2). Other less well dated traces of forests in
Greenland include wood at two other late
Cenozoic sites in northern Greenland (20),
pollen spectra of unknown age in marl con-
cretions found in a late glacial moraine, and
wood and spruce seeds in eastern Greenland
(21). The core from Dye 3, located almost ex-
actly 2000 km to the southwest of the Kap
København Formation (Fig. 1A), therefore, pro-
vides direct evidence of a forested southern-
central Greenland.

The invertebrate sequences obtained from
the Dye 3 silty ice are related to beetles (Cole-
optera), flies (Diptera), spiders (Arachnida), brush-
foots (Nymphalidae), and other butterflies and

moths (Lepidoptera) (taxonomic identification
probability support between 50 and 99%). How-
ever, only sequences of the Lepidoptera are sup-
ported by more than 90% significance (Table
1). Thus, although detailed identifications of
the COI sequences are in general not strongly
supported, the results show that DNA from a
variety of invertebrates can be obtained from
sediments even in the absence of macrofossils,
as was previously shown for plants, mammals,
and birds (9–11).

Several observations suggest that the DNA
sequences we obtained from the Dye 3 ice
are of local origin and not the result of long-
distance dispersal. The reproducible retrieval
of diverse DNA from the silty basal ice but not
from similar or larger volumes of the overlying
“clean” ice largely precludes long-distance at-
mospheric dispersal of microfossils as a source
of the DNA.

Although pollen grains are found in the
Greenland ice sheet, including the Dye 3 silty
ice (7), the concentrations are in general too low
[~15 grains per liter (22, 23)] for them to be
present in the sample volumes studied. Further-
more, long-term survival of DNA in pollen has
proved fairly poor (24), and the vast majority of
angiosperm pollen does not contain cpDNA
(25). These factors effectively exclude pollen as
the general source of plant DNA from the silty
ice. Moreover, the Dye 3 silty ice appears to
have originated as solid precipitation without
going through stages of superimposed ice and
most likely formed by mixing in the absence of
free water (i.e., ice that has never melted) (26),
effectively excluding subsurface transportation.
As explained in (27), the ice is believed to be
predominantly of local origin, having been
shielded from participating in the large-scale
glacier flow by a bedrock trough, in agreement
with the solid ice–mixing hypothesis (26). Thus,
being of local origin, the DNA sequences from
the Dye 3 silty ice must be derived from the
plants and animals that inhabited this region the
last time that it was ice-free, because possible
older DNA records from previous ice-free
periods will vanish with the establishment of
a new ecosystem, or at least be out-competed
during PCR by DNA from the most recent
record. The plant taxa suggest that this period
had average July temperatures that exceeded
10°C and winter temperatures not colder than
–17°C, which are the limits for northern boreal
forest and Taxus, respectively (1). Allowing
for full recovery of the isostatic depression that
is produced by 2 km of ice, Dye 3 would have
been ~1 km above sea level. In combination,
these factors suggest that a high-altitude
boreal forest at Dye 3 may date back to a
period considerably warmer than present.

There are no established methods for dating
basal ice, and it remains uncertain whether the
overlying clean ice of Dye 3 is temporally con-
tiguous with the lower silty section. Therefore,
to obtain a tentative age estimate for the Dye 3

silty ice and its forest community, we applied
a series of dating techniques: 10Be/36Cl isotope
ratios, single-grain luminescence measurements,
amino acid racemization coupled with modeling
of the basal ice temperature histories of GRIP
and Dye 3, and maximum likelihood estimates
for the branch length of the invertebrate COI
sequences (7). All four dating methods suggest
that the Dye 3 silty ice and its forest community
predate the Last Interglacial (LIG) [~130 to 116
thousand years ago (ka)] (Fig. 2), which con-
trasts with the results of recent models suggest-
ing that Dye 3 was ice-free during this period
(28, 29). Indeed, all four dating methods give
overlapping dates for the silty ice between 450
and 800 ka (Fig. 2), exceeding the current
record of long-term DNA survival from Siberian
permafrost of 300 to 400 ka (9). However, be-
cause of the many assumptions and uncertainties
connected with the interpretation of the age esti-
mates (7), we cannot rule out the possibility of a
LIG age for the Dye 3 basal ice.

Our results reveal that ancient biomolecules
from basal ice offer a means for environmen-
tal reconstruction from ice-covered areas and
can yield insights into the climate and the ecol-
ogy of communities from the distant past. Be-
cause many deep ice cores exist from both
hemispheres and further drillings are planned,
this approach may be used on a larger scale. Basal
ice at even lower temperatures than Dye 3 might
contain an archive of genetic data of even greater
antiquity.
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Ancient Biomolecules from
Deep Ice Cores Reveal a Forested
Southern Greenland
Eske Willerslev,1* Enrico Cappellini,2 Wouter Boomsma,3 Rasmus Nielsen,4
Martin B. Hebsgaard,1 Tina B. Brand,1 Michael Hofreiter,5 Michael Bunce,6,7
Hendrik N. Poinar,7 Dorthe Dahl-Jensen,8 Sigfus Johnsen,8 Jørgen Peder Steffensen,8
Ole Bennike,9 Jean-Luc Schwenninger,10 Roger Nathan,10 Simon Armitage,11
Cees-Jan de Hoog,12 Vasily Alfimov,13 Marcus Christl,13 Juerg Beer,14 Raimund Muscheler,15
Joel Barker,16 Martin Sharp,16 Kirsty E. H. Penkman,2 James Haile,17 Pierre Taberlet,18
M. Thomas P. Gilbert,1 Antonella Casoli,19 Elisa Campani,19 Matthew J. Collins2

It is difficult to obtain fossil data from the 10% of Earth’s terrestrial surface that is covered by thick
glaciers and ice sheets, and hence, knowledge of the paleoenvironments of these regions has
remained limited. We show that DNA and amino acids from buried organisms can be recovered
from the basal sections of deep ice cores, enabling reconstructions of past flora and fauna. We
show that high-altitude southern Greenland, currently lying below more than 2 kilometers of ice,
was inhabited by a diverse array of conifer trees and insects within the past million years. The
results provide direct evidence in support of a forested southern Greenland and suggest that many
deep ice cores may contain genetic records of paleoenvironments in their basal sections.

The environmental histories of high-latitude
regions such as Greenland and Antarctica
are poorly understood because much of

the fossil evidence is hidden below kilometer-
thick ice sheets (1–3). We test the idea that the
basal sections of deep ice cores can act as
archives for ancient biomolecules.

The samples studied come from the basal
impurity-rich (silty) ice sections of the 2-km-
long Dye 3 core from south-central Greenland
(4), the 3-km-long Greenland Ice Core Project
(GRIP) core from the summit of the Greenland
ice sheet (5), and the Late Holocene John Evans
Glacier on Ellesmere Island, Nunavut, northern
Canada (Fig. 1). The last-mentioned sample was
included as a control to test for potential exotic
DNA because the glacier has recently overridden
a land surface with a known vegetation cover
(6). As an additional test for long-distance
atmospheric dispersal of DNA, we included
five control samples of debris-free Holocene
and Pleistocene ice taken just above the basal
silty samples from the Dye 3 and GRIP ice
cores (Fig. 1B). Finally, our analyses included
sediment samples from the Kap København
Formation from the northernmost part of
Greenland, dated to 2.4 million years before
the present (Ma yr B.P.) (1, 2).

The silty ice yielded only a few pollen grains
and no macrofossils (7). However, the Dye 3
and John Evans Glacier silty ice samples showed
low levels of amino acid racemization (Fig. 1A,
inset), indicating good organic matter preserva-
tion (8). Therefore, after previous success with
permafrost and cave sediments (9–11), we at-
tempted to amplify ancient DNA from the ice.
This was done following strict criteria to secure
authenticity (12–14), including covering the sur-

face of the frozen cores with plasmid DNA to
control for potential contamination that may
have entered the interior of the samples through
cracks or during the sampling procedure (7).
Polymerase chain reaction (PCR) products of
the plasmid DNA were obtained only from ex-
tracts of the outer ice scrapings but not from the
interior, confirming that sample contamination
had not penetrated the cores.

Using PCR, we could reproducibly amplify
short amplicons [59 to 120 base pairs (bp)] of
the chloroplast DNA (cpDNA) rbcL gene and
trnL intron from ~50 g of the interior ice melts
from the Dye 3 and the John Evans Glacier silty
samples. From Dye 3, we also obtained 97-bp
amplicons of invertebrate cytochrome oxidase
subunit I (COI) mitochondrial DNA (mtDNA).
Attempts to reproducibly amplify DNA from
the GRIP silty ice and from the Kap København
Formation sediments were not successful. These
results are consistent with the amino acid race-
mization data demonstrating superior preser-
vation of biomolecules in the Dye 3 and John
Evans Glacier silty samples, which is likely
because these samples are colder (Dye 3) or
younger (John Evans Glacier) than the GRIP
sample (Fig. 1A, inset). We also failed to amplify
DNA from the five control samples of Holocene
and Pleistocene ice taken just above the silty
samples from the Dye 3 and GRIP ice cores
(volumes: 100 g to 4 kg; Fig. 1B) (7). None of
the samples studied yielded putative sequences
of vertebrate mtDNA.

A previous study has shown that simple com-
parisons of short DNA sequences to GenBank
sequences by means of the Basic Local Align-
ment Search Tool (BLAST) make misidentifica-
tion likely (15). Therefore, we assigned the
obtained sequences to the taxonomic levels of
order, family, or genus using a new rigorous
statistical approach (7). In brief, this Bayesian
method calculates the probability that each se-
quence belongs to a particular clade by consid-
ering its position in a phylogenetic tree based on
similar GenBank sequences. In the calculation
of these probabilities, uncertainties regarding phy-
logeny, models of evolution, and missing data
are taken into account. Sequences with >90%
posterior probability of membership to a taxo-
nomic group were assigned to that group. Addi-
tionally, a given plant taxon was only considered
genuine if sequences assigned to that taxon were
found to be reproducibly obtained in separate
analyses (by independent laboratories for the
Dye 3 sample and within the laboratory for the
John Evans Glacier control sample). This strict
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criterion of authenticity obviously dismisses
many putative taxa that are present at low
abundance or have heterogeneous distributions,
as is typical of environmental samples (16), but
efficiently minimizes the influence of possible
low-level contamination and misidentifications
due to DNA damage (17).

Approximately 31% of the sequences from
the John Evans Glacier silty sample were as-
signed to plant taxa that passed the authentica-
tion and identification criteria. These belong to
the order Rosales, the family Salicaceae, and the
genus Saxifraga (Table 1). This result is con-
sistent with the John Evans Glacier forming no
more than a few thousand years ago in a high
Arctic environment (18), characterized by low
plant diversity and sparse vegetation cover sim-
ilar to that currently surrounding the glacier,
which consists mainly of Arctic willow (Salica-
ceae), purple saxifrage (Saxifraga), Dryas (Ro-
sales), and Arctic poppy (Papaver) (19). Thus,
by confirming the expected result, the John Evans
Glacier study can be regarded as a positive con-
trol, showing that DNA data from silty ice reli-
ably record the local ecology.

In contrast to the John Evans Glacier silty
sample, the 45% of the Dye 3 DNA sequences
that could be assigned to taxa reveal a commu-
nity very different from that of Greenland today.
The taxa identified include trees such as alder
(Alnus), spruce (Picea), pine (Pinus), and mem-
bers of the yew family (Taxaceae) (Table 1).
Their presence indicates a northern boreal for-
est ecosystem rather than today’s Arctic environ-
ment. The other groups identified, including
Asteraceae, Fabaceae, and Poaceae, are mainly

Table 1. Plant and insect taxa obtained from the JEG and Dye 3 silty ice
samples. For each taxon (assigned to order, family, or genus level), the
genetic markers (rbcL, trnL, or COI), the number of clone sequences
supporting the identification, and the probability support (in percentage)

are shown. Sequences have been deposited in GenBank under accession
numbers EF588917 to EF588969, except for seven sequences less than 50
bp in size that are shown below. Their taxon identifications are indicated
by symbols.

Order Marker Clones Support (%) Family Marker Clones Support (%) Genus Marker Clones Support (%)
JEG sample
Rosales rbcL 3 90–99
Malpighiales rbcL

trnL
2
5

99–100
99–100

Salicaceae rbcL
trnL

2
4

99–100
100

Saxifragales rbcL 3 92–94 Saxifragaceae rbcL 2 92 Saxifraga rbcL 2 91
Dye 3 sample
Coniferales rbcL

trnL
44
27

97–100
100

Pinaceae* rbcL
trnL

20
25

100
100

Picea
Pinus†

rbcL
trnL

20
17

99–100
90–99

Taxaceae‡ rbcL
trnL

23
2

91–98
100

Poales§ rbcL
trnL

67
17

99–100
97–100

Poaceae§ rbcL
trnL

67
13

99–100
100

Asterales rbcL
trnL

18
27

90–100
100

Asteraceae rbcL
trnL

2
27

91
100

Fabales rbcL
trnL

10
3

99–100
99

Fabaceae rbcL
trnL

10
3

99–100
99

Fagales rbcL
trnL

10
12

95–99
100

Betulaceae rbcL
trnL

8
11

93–97
98–100

Alnus rbcL
trnL

7
9

91–95
98–100

Lepidoptera COI 12 97–99
*Env_2, trnL ATCCGGTTCATGAAGACAATGTTTCTTCTCCTAAGATAGGAAGGG. Env_3, trnL ATCCGGTTCATGAAGACAATGTTTCTTCTCCTAATATAGGAAGGG. Env_4, trnL ATCCGGTTCATGAGGACAATGTTTCTTCTCCTAATA-
TAGGAAGGG. †Env_5, trnL CCCTTCCTATCTTAGGAGAAGAAACATTGTCTTCATGAACCGGAT. Env_6, trnL TTTCCTATCTTAGGAGAAGAAACATTGTCTTCATGAACCGGAT. ‡Env_1, trnL ATCCGTATTATAG-
GAACAATAATTTTATTTTCTAGAAAAGG. §Env_7, trnL CTTTTCCTTTGTATTCTAGTTCGAGAATCCCTTCTCAAAACACGGAT.

Fig. 1. Sample location and core schematics. (A) Map showing the locations of the Dye 3 (65°11'N,
45°50'W) and GRIP (72°34'N, 37°37'W) drilling sites and the Kap København Formation (82°22'N,
W21°14'W) in Greenland as well as the John Evans Glacier (JEG) (79°49'N, 74°30'W) on Ellesmere
Island (Canada). The inset shows the ratio of D– to L–aspartic acid, a measure of the extent of protein
degradation; more highly degraded samples (above the line) failed to yield amplifiable DNA. (B)
Schematic drawing of ice core/icecap cross section, with depth [recorded in meters below the
surface (m.b.s.)] indicating the depth of the cores and the positions of the Dye 3, GRIP, and JEG
samples analyzed for DNA, DNA/amino acid racemization/luminescence (underlined), and 10Be/36Cl
(italic). The control GRIP samples are not shown. The lengths (in meters) of the silty sections are
also shown.
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Causes of late Quaternary extinctions of large mammals
(‘‘megafauna’’) continue to be debated, especially for continental
losses, because spatial and temporal patterns of extinction are
poorly known. Accurate latest appearance dates (LADs) for such
taxa are critical for interpreting the process of extinction. The
extinction of woolly mammoth and horse in northwestern North
America is currently placed at 15,000–13,000 calendar years before
present (yr BP), based on LADs from dating surveys of macrofossils
(bones and teeth). Advantages of using macrofossils to estimate
when a species became extinct are offset, however, by the im-
probability of finding and dating the remains of the last-surviving
members of populations that were restricted in numbers or con-
fined to refugia. Here we report an alternative approach to detect
‘ghost ranges’ of dwindling populations, based on recovery of
ancient DNA from perennially frozen and securely dated sediments
(sedaDNA). In such contexts, sedaDNA can reveal the molecular
presence of species that appear absent in the macrofossil record.
We show that woolly mammoth and horse persisted in interior
Alaska until at least 10,500 yr BP, several thousands of years later
than indicated from macrofossil surveys. These results contradict
claims that Holocene survival of mammoths in Beringia was re-
stricted to ecologically isolated high-latitude islands. More impor-
tantly, our finding that mammoth and horse overlapped with
humans for several millennia in the region where people initially
entered the Americas challenges theories that megafaunal extinc-
tion occurred within centuries of human arrival or were due to an
extraterrestrial impact in the late Pleistocene.

extinction ! permafrost ! megafauna ! Beringia

Around the time of the Pleistocene/Holocene transition, the
Americas experienced a wave of faunal extinctions, culmi-

nating in the loss of more than half of its large mammals (the
‘‘megafauna’’). The woolly mammoth and horse disappeared
during this event (1). The underlying cause of these extinctions
has been the subject of a lengthy but unresolved debate, with
proposed mechanisms including rapid overkill (‘‘blitzkrieg’’) by
human hunters, changes in climate and vegetation, or a combi-
nation of these (2–4). Others have suggested that hyperdisease
(5) or an extraterrestrial impact 12,900 ! 100 years before
present (yr BP)* (6, 7) were contributory factors. Discriminating
between these alternative explanations for megafauna extinction
in the Americas requires accurate age estimates for the pre-
sumed ‘‘last’’ occurrence of particular species.

The youngest reliably dated macrofossil (usually a bone or
tooth) of an extinct species is commonly taken to represent the
approximate time of its disappearance. In practice, however,
there is a very low probability of discovering fossil remains of the
last members of any species, so ages for extinction based on dated
macrofossil finds will likely be older than the true ages (raising

the possibility of ‘‘ghost ranges’’ of unknown duration). Known
as the Signor–Lipps effect (SLE), such sampling bias is an
inevitable feature of the structure of any paleontological data set
(8). The extent of this bias depends on fossil abundances and
sampling intensity over time and can be estimated statistically
under particular assumptions of constant or declining rates of
fossil deposition and preservation (9). In regions where
megafauna persisted over extended time spans, extensive mac-
rofossil-dating surveys are required to detect small, late-
surviving populations (10, 11). Estimating extinction times is a
common problem in paleontology (1, 5), so alternative and
complementary approaches to the direct dating of faunal re-
mains are needed.

Previous studies have shown that mitochondrial DNA
(mtDNA) putatively derived from the feces, urine, epidermal
cells, and hair of a diverse range of vertebrates may be preserved
for long periods in suitable sedimentary environments, such as
those in the Arctic, even in the absence of identified macrofossils
(12–16). This so-called ‘‘sedimentary’’ ancient DNA (sedaDNA)
has been shown to be of local origin (12, 13, 17), requiring an
animal to have been physically present at the site for its DNA to
be deposited (13). Although leaching of DNA may occur be-
tween layers in nonfrozen depositional settings (13), several
studies have demonstrated that this problem does not appear to
affect either perennially frozen sediments (17–20) or sediments
frozen recently (15). Furthermore, in cases where strata have
remained undisturbed, DNA extracted from modern surface
sediments at localities in the Arctic and temperate regions has
yielded the genetic signatures of extant fauna only (12, 16), which
suggests that DNA is not readily reworked from older deposits
and incorporated into younger deposits. As each animal deposits
large quantities of DNA into the environment during its lifetime,
but only a single skeleton after death, the analysis of sedaDNA
offers the potential to detect small, late-surviving populations of
now-extinct species, which macrofossil surveys would likely miss
due to severe limitations on sampling and/or dating. That such
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environmentally preserved DNA can be used to establish the
presence of restricted animal populations that are otherwise
hardly detectable in the landscape has been demonstrated for
extant species (21), but remains to be tested for extinct taxa.

We used the sedaDNA approach to investigate how long
woolly mammoths and horses may have persisted in Alaska,
widely accepted as a possible point of entry for humans into the
Americas (22). The duration of any overlap between these
species and people in this region should, in principle, provide a
test of alternative theories of megafaunal extinction.

Results and Discussion
The Study Site. The study site is located near Stevens Village in
the Yukon Flats, on the south bank of the braided Yukon River
in interior Alaska (65° 59’N, 148° 57’W; Fig. 1). The floodplain
is 4–6 km wide and capped by locally derived aeolian sediments
deposited in the late Pleistocene and early Holocene (23). The
site consists of 2 m of fluvial sand overlain by 12 m of calcareous
loess, interbedded with at least seven buried soils (paleosols),
each in the early stages of soil development (Inceptisols).
Permafrost at the site is ‘‘dry’’ with no visible ice present. All
samples were obtained from frozen material by excavating
horizontally to a depth of 1–2 m into the exposure. We com-
pleted detailed descriptions of the soils and interbedded sedi-
ments, including fine laminae, to ensure that no vertical struc-
tures suggestive of movement by water were present. We then
collected duplicates of 15 permafrost core samples for sedaDNA
analysis and three sediment samples for dating by optically
stimulated luminescence (OSL); see SI Text, Dating of Exposure.
The OSL ages are compatible with the radiocarbon (14C)
chronology, based on 13 ages for plant macrofossils recovered
from the paleosols. The chronology indicates that the earliest

paleosol developed !11,000 yr BP and that deposition of loess
did not cease until shortly after 8,000 yr BP (Tables S1 and S2).

We also collected 10 control samples from the surface of the
modern soil at the Stevens Village exposure, 17 samples of
Yukon River water from near bluffs composed of late Pleisto-
cene/early Holocene sediments, and 12 samples of surface
sediment from river bars (Table S5 and Fig. S4). These control
samples were used to test the possibility that sedaDNA derived
from older Pleistocene deposits is present in modern river water
or in modern floodplain sediments, from where it could have
been transported by wind on to the surface of the Stevens Village
site and incorporated into the early Holocene deposits.

Sequence Retrieval and Determination. Established procedures
were applied to guard against contamination of the sedaDNA
samples during the collection and subsequent DNA retrieval
from the permafrost cores (12, 24). Mitochondrial DNA
(mtDNA) sequences were obtained through the use of both
generic mammalian, and species-specific, primers, using either
conventional PCR and cloning methods, coupled with Sanger
sequencing, or high-throughput sequencing-by-synthesis (GS
FLX) of PCR products (SI Text, DNA Methodology). Sequence
identification followed a statistical approach for taxon assign-
ment (25, 26) and a BLAST search of GenBank (SI Text,
Taxonomic Assignments). Both identification methods yielded
congruent results and reveal that mtDNA of woolly mammoth,
bison, moose, horse, and snowshoe hare are preserved in the
frozen sediments (Fig. 1, Table 1, and Fig. S3 for sequence
alignment). sedaDNA from moose and hare were restricted to
two and three layers, respectively, of the 15 total permafrost
layers, despite these species being present throughout the entire
time range covered by the site (Fig. 1). This supports previous
observations that an animal has to be physically present at a site
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The reconstruction of human-driven, Earth-shaping dynamics is important for understanding

past human/environment interactions and for helping human societies that currently face

global changes. However, it is often challenging to distinguish the effects of the climate from

human activities on environmental changes. Here we evaluate an approach based on DNA

metabarcoding used on lake sediments to provide the first high-resolution reconstruction of

plant cover and livestock farming history since the Neolithic Period. By comparing these data

with a previous reconstruction of erosive event frequency, we show that the most intense

erosion period was caused by deforestation and overgrazing by sheep and cowherds during

the Late Iron Age and Roman Period. Tracking plants and domestic mammals using lake

sediment DNA (lake sedDNA) is a new, promising method for tracing past human practices,

and it provides a new outlook of the effects of anthropogenic factors on landscape-scale

changes.
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centimeters at the water/sediment interface. However, in the case
of Lake Anterne, the sediments are mainly clastics, which induce
fast compaction and limit the thickness where mixing is possible.
After compaction, vertical advection becomes minimal19,22.
Thus, we assume that the temporal succession of our DNA
record was not disturbed.

The reliability of a lake sedDNA record also depends on
potential bias linked to the analytical techniques (possible
contamination, amplification and sequencing errors). However,
strict precautions were taken in the laboratory at each step of the
experiment to avoid contamination. All the laboratory steps
(sediment core sampling, DNA extraction and DNA amplifica-
tion) were performed in a room where no DNA research had
previously been performed and in rooms that were specifically
dedicated to ancient DNA. In addition, replicates during the
sampling, extraction and amplification steps allowed an optimal
chance to obtain mammal and plant DNA sequences and enabled
us to detect sporadic contamination, which is expected to be
present in only one of eight replicates. Appropriate data
treatment was also performed to filter out amplification and/or
sequencing errors. These measures and the quasi-absence of
contamination in the negative controls confirmed the quality of
our data. Moreover, the temporal consistency of the plant and
mammal DNA analyses (no random distribution of the data)
further strengthens the confidence in our lake sedDNA data.

Finally, other results from independent archives and proxies
provided an independent validation of a portion of our lake

sedDNA results. Indeed, the pattern of tree cover that was
revealed by our lake sedDNA is concordant with previous
regional palynological studies that were performed near the
Anterne catchment (Sur Villy, 2,235 m asl; Ecuelles, 1,850 m
asl)31,32. Moreover, in support of the reconstruction of livestock
farming that was obtained using mammal DNA, one enclosure
and two stone-dwelling remnants were found near the lake
(Fig. 1b,c and Supplementary Fig. 1). The foundation of the
dwelling closest to the lake was dated to the Second Iron Age
(2,335–2,155 cal. yr BP), but, according to ceramic analysis
(unpublished data) and 14C dating on charcoal (1,865–1,705 cal.
yr BP), the most intense occupation most likely occurred at the
beginning of the Roman Period. One hundred and fifty-two bone
remains that were found at the site were determined (unpublished
data) as follows: one hundred and forty-three were attributed to
sheep (Ovis aries) or goat (Capra hircus), six were attributed to
sheep and three were attributed to domestic rooster (Gallus gallus
domesticus). The presence of these bones allowed, at least in part,
for the validation of our mammal DNA results. The lack of cattle
bones may have occurred because these animals were not eaten
on site or because of the limited archaeological research in this
zone. The transition at B1,200 AD from a mix of sheep and
cowherds to a dominance of cowherds has been previously
documented through historical archives5,33 of the same period
(between 1,300 and 1,500 AD) in the French and Swiss Alps,
which again validates our DNA results. However, our study is
the first to track such land-use changes using a natural archive.
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Figure 1 | Location and presentation of the study area. Presentations of the location of Lake Anterne (a, the upper scale bar label is 100 km and the lower
is 60 mi), and of the catchment area (b , the scale bar label is 1 km) with the lake coring site represented by the black dot and the archaeological
remains represented by a red square (stone-dwelling remnants) and triangle (enclosure). The Lake Anterne catchment area is 2.55 km2, the lake area is
0.12 km2 and the deeper depth is 13.2 m. Panel c presents a picture of the locations of the archaeological remains and panel d a picture of the lake
catchment that shows its sensitivity to erosion processes.
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region in 76 BC. Furthermore, the presence of equine DNA at 200
BC (Fig. 2) suggests that intensive farming activities had already
been organized by the Gallic people in this high-altitude pasture.
Nevertheless, because we recorded an expansion of Alnus sp. and
a lower increase in the frequency of erosive events than during the
Roman Period, grazing pressure and, consequently, farming
activity were most likely less important (Fig. 2). The Roman
intensification of livestock farming, which required more space
for grazing, most likely explains the complete disappearance of
Alnus sp31,32. (Fig. 2). Finally, at the end of the Iron Age, the
green alder shrub expansion, which stabilized the soil cover, and
the dry climatic conditions27,36 supported a major role of sheep
and cowherds in catchment erosion.

The metabarcoding approach applied on lake sediments reveals
valuable and novel data on the occupation dynamics of the
European Alps, as it provided the first high-resolution recon-
structed history of livestock farming over six millennia at the
species level. Nevertheless, independent and complementary data
(sedimentological, palynological, archaeological and historical)
are certainly important when validating and interpreting lake
sedDNA analyses. By combining sedimentological data and lake
sedDNA evidence, we showed that overgrazing by sheep and
cowherds associated with deforestation triggered the most
important erosion crisis of the Holocene in the Anterne

catchment, which occurred during the Roman Period. Finally,
we provided evidence for an important role of livestock farming
on erosion dynamics, which allowed for the discrimination of the
effects of climate and anthropogenic drivers. SedDNA would be
of great interest to the archaeological and anthropological
communities. In addition to classical palaeoenvironmental
approaches, the use of lake sedDNA will likely become a new
approach for reconstructing Holocene palaeoenvironments to
better understand the human/climate/environment interactions
during the Anthropocene.

Methods
Study site. Lake Anterne is a high-altitude lake (2,063 m asl, 0.12 km2 and 13.2 m
maximum water depth) that is located in the Northern French Alps (Fig. 1a,b).
Lake Anterne has a small catchment (2.55 km2) with steep slopes that are com-
posed of easily erodible rocks (calcshales, namely, Bajocian; and black shales,
namely, Bathonian–Oxfordian). The following three main soil types were identified
in these rocks: leptosols (B50% of the catchment area), cambisols (B25%) and
acid soils (podzosols/stagnosols; B15%)26. These soil types represent different
stages of soil development (from less- to more-developed soils). Given the presence
of easily erodible material on steep slopes, the lake sedimentation is mainly due to
erosion processes (Fig. 1d). This sedimentation consists of clastic laminations that
were formed by erosive events (mainly floods triggered by precipitation events)33.
The lake is frozen 6–7 months per year, which favours anoxic conditions at the lake
bottom. During summer, anoxic conditions also occur periodically (Giguet-Covex
unpublished data) and are most likely due to organic matter decomposition by
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centimeters at the water/sediment interface. However, in the case
of Lake Anterne, the sediments are mainly clastics, which induce
fast compaction and limit the thickness where mixing is possible.
After compaction, vertical advection becomes minimal19,22.
Thus, we assume that the temporal succession of our DNA
record was not disturbed.

The reliability of a lake sedDNA record also depends on
potential bias linked to the analytical techniques (possible
contamination, amplification and sequencing errors). However,
strict precautions were taken in the laboratory at each step of the
experiment to avoid contamination. All the laboratory steps
(sediment core sampling, DNA extraction and DNA amplifica-
tion) were performed in a room where no DNA research had
previously been performed and in rooms that were specifically
dedicated to ancient DNA. In addition, replicates during the
sampling, extraction and amplification steps allowed an optimal
chance to obtain mammal and plant DNA sequences and enabled
us to detect sporadic contamination, which is expected to be
present in only one of eight replicates. Appropriate data
treatment was also performed to filter out amplification and/or
sequencing errors. These measures and the quasi-absence of
contamination in the negative controls confirmed the quality of
our data. Moreover, the temporal consistency of the plant and
mammal DNA analyses (no random distribution of the data)
further strengthens the confidence in our lake sedDNA data.

Finally, other results from independent archives and proxies
provided an independent validation of a portion of our lake

sedDNA results. Indeed, the pattern of tree cover that was
revealed by our lake sedDNA is concordant with previous
regional palynological studies that were performed near the
Anterne catchment (Sur Villy, 2,235 m asl; Ecuelles, 1,850 m
asl)31,32. Moreover, in support of the reconstruction of livestock
farming that was obtained using mammal DNA, one enclosure
and two stone-dwelling remnants were found near the lake
(Fig. 1b,c and Supplementary Fig. 1). The foundation of the
dwelling closest to the lake was dated to the Second Iron Age
(2,335–2,155 cal. yr BP), but, according to ceramic analysis
(unpublished data) and 14C dating on charcoal (1,865–1,705 cal.
yr BP), the most intense occupation most likely occurred at the
beginning of the Roman Period. One hundred and fifty-two bone
remains that were found at the site were determined (unpublished
data) as follows: one hundred and forty-three were attributed to
sheep (Ovis aries) or goat (Capra hircus), six were attributed to
sheep and three were attributed to domestic rooster (Gallus gallus
domesticus). The presence of these bones allowed, at least in part,
for the validation of our mammal DNA results. The lack of cattle
bones may have occurred because these animals were not eaten
on site or because of the limited archaeological research in this
zone. The transition at B1,200 AD from a mix of sheep and
cowherds to a dominance of cowherds has been previously
documented through historical archives5,33 of the same period
(between 1,300 and 1,500 AD) in the French and Swiss Alps,
which again validates our DNA results. However, our study is
the first to track such land-use changes using a natural archive.
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Figure 1 | Location and presentation of the study area. Presentations of the location of Lake Anterne (a, the upper scale bar label is 100 km and the lower
is 60 mi), and of the catchment area (b , the scale bar label is 1 km) with the lake coring site represented by the black dot and the archaeological
remains represented by a red square (stone-dwelling remnants) and triangle (enclosure). The Lake Anterne catchment area is 2.55 km2, the lake area is
0.12 km2 and the deeper depth is 13.2 m. Panel c presents a picture of the locations of the archaeological remains and panel d a picture of the lake
catchment that shows its sensitivity to erosion processes.
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For most plant groups, DNA permits identification at lower taxon-
omic levels than pollen14. In addition, environmental DNA records
have proven to reflect not only the qualitative but also the quantitative
diversity of above-ground plant12 and animal taxa9, as determined
from modern subsurface soils.

Leaching of DNA through successive stratigraphic zones may be an
issue in temperate conditions9,11 but not in permafrost6 or in sediments
that have only recently thawed15. Re-deposition of sediments and organics
can confound results, which is also the case for pollen and macrofossils7,16,
but can be avoided and accounted for by careful site selection and by
excluding rare DNA sequence reads16. For Quaternary permafrost
settings, at least, taphonomic bias due to differences in DNA survival
across plant groups does not appear to be of concern (see Methods
section 4.0 on taphonomy), as has been shown by a comparative per-
mafrost ancient DNA study of plants and their associated fungi8.

Reconstruction of Arctic vegetation from permafrost
We collected 242 sediment samples from 21 sites across the Arctic
(Fig. 1 and Extended Data Table 1). Ages were determined by accel-
erator mass spectrometry radiocarbon (14C) dating, and are reported
here in thousands of calibrated (calendar) years BP (Extended Data
Fig. 1 and Supplementary Data 1). We sequenced the short P6 loop
sequence of the trnL plastid (gene encoding chloroplast transfer RNA
for leucine) region and a part of the ITS1 spacer region through meta-
barcoding (Methods section 3.0), generating a total of 14,601,839 trnL
plant DNA sequence reads and 1,652,857 internal transcribed spacer
(ITS) reads. Reads were identified by comparison with (1) the Arctic
trnL taxonomic reference library14, which we extended with ITS sequences
for three families; (2) a new north boreal trnL taxonomic reference library
constructed by sequencing 1,332 modern plant samples representing

835 species; and (3) GenBank, using the program ecoTag (Supplemen-
tary Data 2 and Methods section 3.0). Basic statistics, in silico analyses,
and additional experiments were carried out to check data reliability
(Extended Data Fig. 2 and Extended Data Table 2). We grouped the
identified molecular operational taxonomic units (MOTUs) into three
distinct intervals (Fig. 2a): (1) pre-Last Glacial Maximum (LGM) (50–
25 kyr BP), a period of fluctuating climate; (2) LGM (25–15 kyr BP), a
period of constantly cold and dry conditions; and (3) post-LGM (15–
0 kyr BP), which includes the current interglacial, characterized by rela-
tively higher temperatures17.

Shifts in plant community composition
To address compositional changes in vegetation across space and time
we used a generalized linear model and permutational multivariate ana-
lysis of variance (PERMANOVA) (Supplementary Data 3 and Methods
section 6.0). We find that (1) the composition of plant MOTU assem-
blages differed significantly across the three intervals (pseudo-F 5 6.77,
P , 0.001, Extended Data Fig. 3a–e), with pre-LGM and post-LGM
plant assemblages differing the most (Extended Data Fig. 3f); (2) the
greater the spatial distance separating a pair of samples within each time
period, the less similar their composition (P , 0.001); and (3) LGM
assemblages were the most homogeneous across space and post-LGM
assemblages were the most heterogeneous (Fig. 2).

LGM pollen spectra show high floristic richness compared to other
intervals (for example, ref. 1). This is due to the limited occurrence of
woody taxa with high pollen production, which in turn proportion-
ately emphasizes less-productive taxa. By contrast, our DNA data reveal
that plant diversity was lowest during LGM relative to other intervals
(Fig. 2a). Plant assemblages became more similar to each other and
the estimated number of MOTUs decreased from pre-LGM to LGM
(Fig. 2a), with many taxa absent that had previously been well represented
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Figure 1 | Sample localities. A total of 242 permafrost samples were collected
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other possibilities1. An abundant megafauna would have caused signi-
ficant trampling31, enhancing gap-based recruitment32, which could favour
forbs33. Coupled with nitrogen input from wide-ranging herbivores34,
forbs may out-compete grasses35. Furthermore, a diet rich in forbs may
help to explain how numerous large animals were sustained; forbs may
be more nutrient-rich (for example, ref. 35) and more easily digested36

than grasses. However, a feedback loop that maintained nutritious and
productive forage and supported large mammalian populations in gla-
cial climate regimes may have been impossible to maintain after degla-
ciation, as C:N ratios increased with global warming37, and the potential
breakdown of the megafauna–forb interaction would have been exac-
erbated by declining mammalian populations. In contemporary tundra
and steppe (the latter often called grasslands), graminoids are generally
perceived to be the dominant growth form in large herbivore habitats
(for example, refs 38, 39). Our data, which unearth 50 kyr of Arctic
vegetation history, call this perception into question.

METHODS SUMMARY
Plant fragments or soil matrix organics were 14C-dated using accelerator mass spec-
trometry and measured ages were converted into calendar years40. Permafrost sam-
pling, DNA extraction, PCR amplification and taxon identification (for example,
ref. 41) followed established procedures. Most vascular taxa are covered by ref. 42,
and nomenclature is provided accordingly; for the remaining taxa nomenclature
follows ref. 43. Dissimilarity between plant assemblages was quantified using pairwise

Bray–Curtis distance44. Variation in assemblage dissimilarity was decomposed using
PERMANOVA45 and visualized using non-metric multidimensional scaling46,47.
We used a distance decay approach48 and a generalized linear model to model vari-
ation in plant community assemblages over space and time. Growth form compo-
sition of communities was compiled from species trait databases49. Differences in
the trait composition of assemblages in adjacent climatic periods were compared to
a null model assuming random assortment from the previous interval. Nematode
faunas of 35 contemporary sediment samples were morphologically determined.
Presence of two indicator families (Teratocephalidae for tundra and Cephalobidae
for steppe) was genetically determined in 17 ancient sediment samples. Mega-
faunal DNA and faeces and gut content were determined genetically following
established methods. For a detailed discussion, see Methods.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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Fifty thousand years of Arctic vegetation
and megafaunal diet
Eske Willerslev1*, John Davison2*, Mari Moora2*, Martin Zobel2*, Eric Coissac3*, Mary E. Edwards4*, Eline D. Lorenzen1,5*,
Mette Vestergård1*, Galina Gussarova6,7*, James Haile1,8*, Joseph Craine9, Ludovic Gielly3, Sanne Boessenkool6{, Laura S. Epp6{,
Peter B. Pearman10, Rachid Cheddadi11, David Murray12, Kari Anne Bråthen13, Nigel Yoccoz13, Heather Binney4, Corinne Cruaud14,
Patrick Wincker14, Tomasz Goslar15,16, Inger Greve Alsos17, Eva Bellemain6{, Anne Krag Brysting18, Reidar Elven6,
Jørn Henrik Sønstebø6, Julian Murton19, Andrei Sher20{, Morten Rasmussen1, Regin Rønn21, Tobias Mourier1, Alan Cooper22,
Jeremy Austin22, Per Möller23, Duane Froese24, Grant Zazula25, François Pompanon3, Delphine Rioux3, Vincent Niderkorn26,
Alexei Tikhonov27, Grigoriy Savvinov28, Richard G. Roberts29, Ross D. E. MacPhee30, M. Thomas P. Gilbert1, Kurt H. Kjær1,
Ludovic Orlando1, Christian Brochmann6* & Pierre Taberlet3*

Although it is generally agreed that the Arctic flora is among the youngest and least diverse on Earth, the processes that
shaped it are poorly understood. Here we present 50 thousand years (kyr) of Arctic vegetation history, derived from the
first large-scale ancient DNA metabarcoding study of circumpolar plant diversity. For this interval we also explore
nematode diversity as a proxy for modelling vegetation cover and soil quality, and diets of herbivorous megafaunal
mammals, many of which became extinct around 10 kyr BP (before present). For much of the period investigated, Arctic
vegetation consisted of dry steppe-tundra dominated by forbs (non-graminoid herbaceous vascular plants). During the
Last Glacial Maximum (25–15 kyr BP), diversity declined markedly, although forbs remained dominant. Much changed
after 10 kyr BP, with the appearance of moist tundra dominated by woody plants and graminoids. Our analyses indicate
that both graminoids and forbs would have featured in megafaunal diets. As such, our findings question the predom-
inance of a Late Quaternary graminoid-dominated Arctic mammoth steppe.

It can be argued that Arctic vegetation during the proximal Quater-
nary (the last circa 50 kyr) is less well understood than the ecology and
population dynamics of the mammals that consumed it, despite the
overall uniformity and low floristic diversity of Arctic vegetation1,2. Ana-
lyses of vegetation changes during this interval have been based mainly
on fossil pollen. Although highly informative, records tend to be biased
towards high pollen producers such as many graminoids (grasses, sedges
and rushes) and Artemisia, which can obscure the abundance of other
forms such as many insect-pollinated forbs1. Arctic pollen records are
rarely comprehensively identified to species level, which underestimates
actual diversity3. These problems are to some extent ameliorated by plant
macrofossil studies (for example, ref. 4), which may provide detailed
records of local vegetation. However, macrofossil studies are far less

common, have their own taxonomic constraints, and usually cannot
provide quantitative estimates of abundance.

In recent years, a complementary approach has emerged that uses
plant and animal ancient DNA preserved in permafrost sediments5.
Such environmental DNA6 does not derive primarily from pollen,
bones or teeth, but likely from above- and below-ground plant bio-
mass, faeces, discarded cells and urine preserved in sediments7–9. Like
macrofossils, environmental DNA appears to be local in origin6,10–12

and, in principle, the survival of a few fragmented DNA molecules is
sufficient for retrieval and taxonomic identification13.

Environmental DNA can supply the fraction of the plant community
not readily identifiable by pollen analysis and, to some extent, macro-
fossils, particularly in vegetation dominated by non-woody growth forms7.
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For most plant groups, DNA permits identification at lower taxon-
omic levels than pollen14. In addition, environmental DNA records
have proven to reflect not only the qualitative but also the quantitative
diversity of above-ground plant12 and animal taxa9, as determined
from modern subsurface soils.

Leaching of DNA through successive stratigraphic zones may be an
issue in temperate conditions9,11 but not in permafrost6 or in sediments
that have only recently thawed15. Re-deposition of sediments and organics
can confound results, which is also the case for pollen and macrofossils7,16,
but can be avoided and accounted for by careful site selection and by
excluding rare DNA sequence reads16. For Quaternary permafrost
settings, at least, taphonomic bias due to differences in DNA survival
across plant groups does not appear to be of concern (see Methods
section 4.0 on taphonomy), as has been shown by a comparative per-
mafrost ancient DNA study of plants and their associated fungi8.

Reconstruction of Arctic vegetation from permafrost
We collected 242 sediment samples from 21 sites across the Arctic
(Fig. 1 and Extended Data Table 1). Ages were determined by accel-
erator mass spectrometry radiocarbon (14C) dating, and are reported
here in thousands of calibrated (calendar) years BP (Extended Data
Fig. 1 and Supplementary Data 1). We sequenced the short P6 loop
sequence of the trnL plastid (gene encoding chloroplast transfer RNA
for leucine) region and a part of the ITS1 spacer region through meta-
barcoding (Methods section 3.0), generating a total of 14,601,839 trnL
plant DNA sequence reads and 1,652,857 internal transcribed spacer
(ITS) reads. Reads were identified by comparison with (1) the Arctic
trnL taxonomic reference library14, which we extended with ITS sequences
for three families; (2) a new north boreal trnL taxonomic reference library
constructed by sequencing 1,332 modern plant samples representing

835 species; and (3) GenBank, using the program ecoTag (Supplemen-
tary Data 2 and Methods section 3.0). Basic statistics, in silico analyses,
and additional experiments were carried out to check data reliability
(Extended Data Fig. 2 and Extended Data Table 2). We grouped the
identified molecular operational taxonomic units (MOTUs) into three
distinct intervals (Fig. 2a): (1) pre-Last Glacial Maximum (LGM) (50–
25 kyr BP), a period of fluctuating climate; (2) LGM (25–15 kyr BP), a
period of constantly cold and dry conditions; and (3) post-LGM (15–
0 kyr BP), which includes the current interglacial, characterized by rela-
tively higher temperatures17.

Shifts in plant community composition
To address compositional changes in vegetation across space and time
we used a generalized linear model and permutational multivariate ana-
lysis of variance (PERMANOVA) (Supplementary Data 3 and Methods
section 6.0). We find that (1) the composition of plant MOTU assem-
blages differed significantly across the three intervals (pseudo-F 5 6.77,
P , 0.001, Extended Data Fig. 3a–e), with pre-LGM and post-LGM
plant assemblages differing the most (Extended Data Fig. 3f); (2) the
greater the spatial distance separating a pair of samples within each time
period, the less similar their composition (P , 0.001); and (3) LGM
assemblages were the most homogeneous across space and post-LGM
assemblages were the most heterogeneous (Fig. 2).

LGM pollen spectra show high floristic richness compared to other
intervals (for example, ref. 1). This is due to the limited occurrence of
woody taxa with high pollen production, which in turn proportion-
ately emphasizes less-productive taxa. By contrast, our DNA data reveal
that plant diversity was lowest during LGM relative to other intervals
(Fig. 2a). Plant assemblages became more similar to each other and
the estimated number of MOTUs decreased from pre-LGM to LGM
(Fig. 2a), with many taxa absent that had previously been well represented
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other possibilities1. An abundant megafauna would have caused signi-
ficant trampling31, enhancing gap-based recruitment32, which could favour
forbs33. Coupled with nitrogen input from wide-ranging herbivores34,
forbs may out-compete grasses35. Furthermore, a diet rich in forbs may
help to explain how numerous large animals were sustained; forbs may
be more nutrient-rich (for example, ref. 35) and more easily digested36

than grasses. However, a feedback loop that maintained nutritious and
productive forage and supported large mammalian populations in gla-
cial climate regimes may have been impossible to maintain after degla-
ciation, as C:N ratios increased with global warming37, and the potential
breakdown of the megafauna–forb interaction would have been exac-
erbated by declining mammalian populations. In contemporary tundra
and steppe (the latter often called grasslands), graminoids are generally
perceived to be the dominant growth form in large herbivore habitats
(for example, refs 38, 39). Our data, which unearth 50 kyr of Arctic
vegetation history, call this perception into question.

METHODS SUMMARY
Plant fragments or soil matrix organics were 14C-dated using accelerator mass spec-
trometry and measured ages were converted into calendar years40. Permafrost sam-
pling, DNA extraction, PCR amplification and taxon identification (for example,
ref. 41) followed established procedures. Most vascular taxa are covered by ref. 42,
and nomenclature is provided accordingly; for the remaining taxa nomenclature
follows ref. 43. Dissimilarity between plant assemblages was quantified using pairwise

Bray–Curtis distance44. Variation in assemblage dissimilarity was decomposed using
PERMANOVA45 and visualized using non-metric multidimensional scaling46,47.
We used a distance decay approach48 and a generalized linear model to model vari-
ation in plant community assemblages over space and time. Growth form compo-
sition of communities was compiled from species trait databases49. Differences in
the trait composition of assemblages in adjacent climatic periods were compared to
a null model assuming random assortment from the previous interval. Nematode
faunas of 35 contemporary sediment samples were morphologically determined.
Presence of two indicator families (Teratocephalidae for tundra and Cephalobidae
for steppe) was genetically determined in 17 ancient sediment samples. Mega-
faunal DNA and faeces and gut content were determined genetically following
established methods. For a detailed discussion, see Methods.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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Figure 4 | Plant growth form composition over
time and across sample types, estimated by high-
throughput sequencing of DNA from 242
permafrost samples. a, Proportions of DNA reads
corresponding to taxa exhibiting different growth
forms, binned over 5 kyr time intervals. The
analysis included all sediment samples except 21
Svalbard samples and three further samples for
which no growth form information was available.
b, Number of MOTUs exhibiting different growth
forms as a proportion of total MOTU richness in all
informative samples for each palaeoclimatic
period. c, The proportional abundance of forbs in
samples from Main River, Siberia (dated 47,100–
19,850 yr BP) where megafauna were or were not
detected. d, Proportions of DNA reads
corresponding to different growth forms in
megafauna diet, determined from analysis of eight
gut and coprolite samples from late Quaternary
megafauna species (woolly mammoth, woolly
rhinoceros, bison and horse). Letters A–H
correspond to the individual samples (Fig. 1). The
95.4% calibrated age range of each sample is shown;
‘. 55’ indicates that the sample was too old to
provide a finite radiocarbon age. e, Reliability of the
trnL approach for estimating forb and graminoid
abundance in diet analyses. Sheep were fed with
known amounts of forbs (Trifolium repens) and
graminoids (Lolium perenne), and the rumen
content analysed using the same DNA-based
approach as implemented above. Grey dots are raw
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Extended Data Figure 3 | Temporal classification of samples, assemblage
variation in time and data robustness. a–d, K-means clustering of permafrost
plant assemblages. a, Cluster identity of samples derived from pre-LGM, LGM
and post-LGM periods for values of K between 2 and 10. Each bar represents
a separate sample; different colours reflect different cluster identities. b, The
Calinski–Harabasz criterion for different levels of K. Higher values indicate
stronger support for a level of partitioning. c, d, Heat maps showing the
proportional occurrence of samples from pre-LGM, LGM and post-LGM
periods in different clusters, for K 5 2 (c) and K 5 3 (d). Colours vary from red
(low values) to white (high values). e–g, Assemblage variation in time and
space. e, Nonmetric multidimensional scaling (NMDS) ordination revealed
significant variation (PERMANOVA, P , 0.01) in fossil/ancient plant
assemblage composition during the three palaeoclimatic periods. f, The effect of
spatial distance on similarity when assemblages from different palaeoclimatic
periods were compared. The vertical axis represents similarity in floristic
composition measured as 1-Bray–Curtis similarity, the horizontal axis depicts

ln of distance between sampled communities in kilometres. The greater the
spatial distance between pairs of assemblages, the more dissimilar they were.
However, the rate of the decay differed depending on which two climatic
periods were compared (full model P , 0.001). The weakest distance decay in
similarity was observed in the case of comparisons between pre-LGM and
post-LGM assemblages. Even if pre-LGM and post-LGM samples came from
the same geographic area, their floristic compositions were dissimilar. g, Results
of randomization tests. Mean proportional composition of different growth
form types in LGM and post-LGM samples. The bars around sample means
indicate 95% quantiles derived from 999 bootstrap replicates (where bootstrap
N was set to the number of samples in the post-LGM data set; see methods for
details). h, Counts of MOTUs exhibiting different growth forms binned over
5-kyr time intervals. The analysis included 218 of the 242 sediment samples,
as described in Fig. 4. Numbers immediately below the columns indicate
sample sizes. Median (central dot), quartile (box), maximum and minimum
(whiskers) counts are shown.
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Abstract

DNA metabarcoding is an increasingly popular method to characterize and quantify

biodiversity in environmental samples. Metabarcoding approaches simultaneously

amplify a short, variable genomic region, or “barcode,” from a broad taxonomic

group via the polymerase chain reaction (PCR), using universal primers that anneal

to flanking conserved regions. Results of these experiments are reported as occur-

rence data, which provide a list of taxa amplified from the sample, or relative abun-

dance data, which measure the relative contribution of each taxon to the overall

composition of amplified product. The accuracy of both occurrence and relative

abundance estimates can be affected by a variety of biological and technical biases.

For example, taxa with larger biomass may be better represented in environmental

samples than those with smaller biomass. Here, we explore how polymerase choice,

a potential source of technical bias, might influence results in metabarcoding experi-

ments. We compared potential biases of six commercially available polymerases

using a combination of mixtures of amplifiable synthetic sequences and real sedi-

mentary DNA extracts. We find that polymerase choice can affect both occurrence

and relative abundance estimates and that the main source of this bias appears to

be polymerase preference for sequences with specific GC contents. We further

recommend an experimental approach for metabarcoding based on results of our

synthetic experiments.

K E YWORD S

bias, eDNA, environmental DNA, metabarcoding, soil, trnL P6 loop

1 | INTRODUCTION

Metabarcoding, which is erroneously described as barcoding or

metagenomics in some literature, is the technique in which a univer-

sal primer pair is used to amplify multiple templates from a mixture

of many different taxa or haplotypes. Metabarcoding is often used in

conjunction with environmental DNA (eDNA), or DNA that is col-

lected from environmental sources such as water, sediment, air and

faeces (Deiner et al., 2017). Metabarcoding is an increasingly popular

tool in ecological and palaeoecological research, mainly due to its

simplicity and low cost. eDNA can be used, for example, to charac-

terize biodiversity of a particular taxonomic group (Ushio et al.,

2017) or to estimate the ranges of rare, extinct or cryptic species

(Haile et al., 2009; Jerde, Mahon, Chadderton, & Lodge, 2011; Ped-

ersen et al., 2016; Rees, Baker, Gardner, Maddison, & Gough, 2017).

Additionally, metabarcoding has been used to calculate differences in

haplotype or allele frequency between populations of the same spe-

cies (Sigsgaard et al., 2016) and to link changes in community com-

position over time to climatic shifts (Haile et al., 2007; Willerslev

et al., 2003, 2007, 2014). These latter examples analyse both the

occurrence and relative abundance of each unique sequence in the

amplification product, where abundance is estimated as the propor-

tion of the total number of sequences generated matching each

taxon or haplotype.

While metabarcoding is a promising approach to characterize

biodiversity both quickly and inexpensively, few studies have
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Our DNA-based relative abundance estimates of plants from St. Paul

(Figure 8) and those previously published from Siberia and Alaska

(Supplementary Figure S8) (Willerslev et al., 2014) were both gener-

ated using Platinum HiFi Taq polymerase targeting the trnL P6-loop

locus and showed that graminoids (grasses and sedges) were less

abundant than forbs. Because this pattern falls within the biases of

Platinum HiFi Taq polymerase, these results may simply reflect poly-

merase bias rather than true biological signal.

Although our results indicate that GC bias can confound

metabarcoding-based relative abundance estimates, other potential

sources of bias may also influence amplicon competition during PCR.

For example, differences in the number of mismatches between the

sequence and the primer at the primer binding site and differences

in template length will also affect the efficiency with which an ampli-

con is copied (Stadhouders et al., 2010). While we did not find that

the number of primer mismatches affected the efficiency of replica-

tion, few taxa have mismatches to the trnL g/h primers (Taberlet

et al., 2007). Primer mismatches have been shown, however, to

influence relative abundance for other metabarcoding loci (Pi~nol

et al., 2015). In addition, shorter molecules tend to amplify more

readily than longer molecules during PCR (Shagin, Lukyanov, Vagner,

& Matz, 1999), and while most sequences amplified by the trnL g/h

primers in this study tended to be around the same length, other

metabarcoding loci vary considerably in barcode length between

amplified taxa. Another source of bias during PCR is homopolymer

repeats (Kieleczawa, 2006). In our amplicon competition experiment

using Platinum HiFi Taq, the plant taxa Anthemideae and Pedicularis

decreased in abundance in all four samples despite having optimal

(Anthemideae has a GC content of 36%) and close to optimal (Pedic-

ularis is 31%) GC contents, which may be because these barcodes

contain 8- and 9-bp-long homopolymer runs, respectively. In com-

parison with Platinum HiFi Taq, we noted that Anthemideae and

Pedicularis had increased abundances when using Qiagen Multiplex

Master Mix (Supplementary Figures S9–S12), suggesting that Qiagen

Multiplex Master Mix was not deterred by the homopolymer

repeats. Finally, polymerase error rates are a potential source of

error in metabarcoding experiments, and our results showed that

HotStarTaq in the Qiagen Multiplex Master Mix had the highest

error rate of the six polymerases used (Figure 4c). Polymerase error

has the potential to produce false-positive results when barcoding

loci differ by one or a few base pairs, although this may be amelio-

rated by bioinformatic pipelines capable of identifying potential

sequencing errors.

Our results suggest that occurrence data, which have been

believed to be largely reliable from metabarcoding experiments, can

also be challenging to interpret. While it is understood that rare taxa

may be more difficult to identify than common taxa, recommenda-

tions within the field have been to perform replicate PCRs, with little

guidance as to how many PCRs are necessary. Our experiments from

St. Paul suggest, however, that more than 10 replicate PCRs would

be necessary to sample the breadth of taxa within our extracts,

regardless of polymerase GC bias. In many instances, it may be more

practical to combine DNA-based surveys with other data types, such

as pollen and identification of macroscopic remains (Birks & Birks,

2015). While site occupancy models offer a potential solution to

estimate the number of replicates required to identify rare taxa (Dor-

azio & Erickson, 2017; Schmidt et al., 2013), these are constructed

for single species and would not be practical for experiments that

aim to describe an entire community. We note, however, that the

most abundant taxa were recovered in all PCR replicates for all sites

and both polymerases, suggesting that DNA metabarcoding is a rea-

sonable approach to identify at least the most abundant taxa in an

environment, even if only a single replicate PCR is performed (Leray

& Knowlton, 2017).

While our current work has identified an experimental approach

to reduce the influence of GC content on relative abundance esti-

mates in metabarcoding, it is important also to consider other

sources of potential biases and error when interpreting results. For

example, errors such as tag switching, where sample-specific bar-

codes are associated with the incorrect sample during either library

F IGURE 7 Average GC content across different plant growth
forms. The data come from the current study and Willerslev et al.
(2014). Both studies used Platinum HiFi Taq polymerase. Ferns
include horsetails

F IGURE 8 St Paul data generated using eDNA and separated
into plant growth forms. Ferns include horsetails. All plant taxa from
all samples are plotted both using Platinum HiFi Taq and Qiagen
Multiplex Master Mix. Each data point is the relative abundance of a
plant taxon from a particular location grouped into its growth form
and shaded based on its average trnL p6-loop GC content. The
darker the point is, the lower the average GC content
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respectively, supporting the possibility of con-
tact between the Mesolithic peoples of the
British area with both LBK and Cardial cultures.
Our sedaDNA analysis has revealed the pres-

ence of wheat, a domesticated plant associated
with the Neolithic, at a site on the British con-
tinental shelf 2000 years earlier than would be
expected from the known archaeology of the
British mainland and 400 years earlier than at
proximate European sites. We obtained no ar-
chaeological evidence suggesting cultivation at
this site. The Poaceae pollen profile does not
show an expansion indicating an open environ-
ment suitable for farming until higher strata
above the peat zone overlaying the paleosol
(15) (pollen zone 2). Therefore, in the absence
of direct evidence, we suspect that this wheat
represents foodstuffs imported from the conti-
nent rather than the cultivation of this cereal
crop at this locale. The presence of wheat, along
with pioneering technological artifacts at the site,
provides evidence for a social network between
well-developed Mesolithic peoples of northwest

Europe and the advancing Neolithic front. In
this light, recent debates concerning the chro-
nology of the spread of farming to northwest
Europe during the late 8th and 7thmillennia B.P.
(2, 30, 31), as well as the respective contributions
ofmigration, colonization, and acculturation,may
have focused only on the latter part of the time
frame during which these events occurred.
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Fig. 3. Generalized map of potential coastal extent around southern Britain 9840 to 7830 cal yr B.P.
Vibrocores through submersed old land surfaces off the coast of Britain at depths of 31.68 m (VC39),
24.01 m (VC51), and 23.9 0m (VC29) were OSL-dated (32). The map extrapolates the contour of the
VC29 vibrocore site.
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respectively, supporting the possibility of con-
tact between the Mesolithic peoples of the
British area with both LBK and Cardial cultures.
Our sedaDNA analysis has revealed the pres-

ence of wheat, a domesticated plant associated
with the Neolithic, at a site on the British con-
tinental shelf 2000 years earlier than would be
expected from the known archaeology of the
British mainland and 400 years earlier than at
proximate European sites. We obtained no ar-
chaeological evidence suggesting cultivation at
this site. The Poaceae pollen profile does not
show an expansion indicating an open environ-
ment suitable for farming until higher strata
above the peat zone overlaying the paleosol
(15) (pollen zone 2). Therefore, in the absence
of direct evidence, we suspect that this wheat
represents foodstuffs imported from the conti-
nent rather than the cultivation of this cereal
crop at this locale. The presence of wheat, along
with pioneering technological artifacts at the site,
provides evidence for a social network between
well-developed Mesolithic peoples of northwest

Europe and the advancing Neolithic front. In
this light, recent debates concerning the chro-
nology of the spread of farming to northwest
Europe during the late 8th and 7thmillennia B.P.
(2, 30, 31), as well as the respective contributions
ofmigration, colonization, and acculturation,may
have focused only on the latter part of the time
frame during which these events occurred.
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Fig. 3. Generalized map of potential coastal extent around southern Britain 9840 to 7830 cal yr B.P.
Vibrocores through submersed old land surfaces off the coast of Britain at depths of 31.68 m (VC39),
24.01 m (VC51), and 23.9 0m (VC29) were OSL-dated (32). The map extrapolates the contour of the
VC29 vibrocore site.
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Contesting the presence of wheat in the
British Isles 8,000 years ago by assessing
ancient DNA authenticity from low-
coverage data
Clemens L Weiß1, Michael Dannemann2, Kay Prüfer2, Hernán A Burbano1*

1Research Group for Ancient Genomics and Evolution, Department of Molecular
Biology, Max Planck Institute for Developmental Biology, Tübingen, Germany;
2Department of Evolutionary Genetics, Max Planck Institute for Evolutionary
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Abstract Contamination with exogenous DNA is a constant hazard to ancient DNA studies, since
their validity greatly depend on the ancient origin of the retrieved sequences. Since contamination
occurs sporadically, it is fundamental to show positive evidence for the authenticity of ancient DNA
sequences even when preventive measures to avoid contamination are implemented. Recently the
presence of wheat in the United Kingdom 8000 years before the present has been reported based on
an analysis of sedimentary ancient DNA (Smith et al. 2015). Smith et al. did not present any positive
evidence for the authenticity of their results due to the small number of sequencing reads that were
confidently assigned to wheat. We developed a computational method that compares postmortem
damage patterns of a test dataset with bona fide ancient and modern DNA. We applied this test to
the putative wheat DNA and find that these reads are most likely not of ancient origin.
DOI: 10.7554/eLife.10005.001

Introduction
The evolutionary reconstruction of the past has been greatly enriched by direct interrogation of ancient
DNA (aDNA) from plants and animal remains (Shapiro and Hofreiter, 2014). Although a vast
proportion of flora and fauna do not fossilize, traces of their DNA may be preserved in sediments
allowing the characterization of past biodiversity (Pedersen et al., 2015). A challenge to exploiting such
resources is the ubiquitous threat of contamination with exogenous DNA. Therefore, special sample
preparation procedures have been developed to reduce DNA contamination (Cooper and Poinar,
2000). Nevertheless, it remains difficult to estimate how well preventive measures work. If
contamination is a possible explanation for the result, it is crucial to exclude this possibility by giving
positive evidence for the authenticity of aDNA (Prüfer and Meyer, 2015). Fortunately, a large number
of full-length DNA sequences can be generated using next generation sequencing, which allows for the
authentication of aDNA. In aDNA an excess of C-to-T (cytosine to thymine) substitutions occur at the 5′
and 3′ ends of molecules (or its mirror image G-to-A (guanine to adenine) at the 3′ end, depending on
the library protocol employed). When considering the 5′ end of sequences, the excess of C-to-T
substitutions is highest at the first base and decreases exponentially towards the center (Figure 1A). This
pattern is the result of cytosine deamination to uracil in single stranded overhangs (Briggs et al., 2007).
Since it is present in aDNA-derived sequences but absent in much younger samples, it has been used as
an authentication criterion in aDNA experiments (Krause et al., 2010; Prüfer and Meyer, 2015).

Smith et al. analyzed sediments from Bouldnor Cliff, a submerged archeological site in the United
Kingdom, and suggested the presence of domesticated wheat 8000 years ago based on sedimentary
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TECHNICAL COMMENT
◥

ARCHAEOLOGY

Comment on “Sedimentary DNA from
a submerged site reveals wheat in
the British Isles 8000 years ago”
K. D. Bennett1,2

Smith et al. (Reports, 27 February 2015, p. 998) identify wheat DNA from an 8000-calendar-
years-before-the-present archaeological site in southern England and conclude that
wheat was traded to Britain 2000 years before the arrival of agriculture. The DNA samples
are not dated, either directly or from circumstantial evidence, so there is no chronological
evidence to support the claim.

C
urrent understanding of the spread of ag-
riculture across Europe indicates arrival in
Britain about 6000 years ago, having taken
about 2000 years to spread across central
Europe and the English Channel from the

Mediterranean (1). There is abundant evidence
for the occurrence of early forms of wheat in Britain
after 6000 calendar years before the present (cal
yr B.P.), so the main claim of Smith et al.’s inves-
tigations at Bouldnor Cliff southern England, is
the early date of about 8000 cal yr B.P. (2), rather
than the discovery of wheat itself.
The samples examined for DNA (2) come from

a monolith, S308, collected “from a location at the
site” [p. 999 in (2)], or “in the proximity MS-08
and MS-05, which were adjacent to each other”
[p. 4 in the supplementary materials (SM) for (2)].
Nowhere in the Report is there any mention of a
measurement between S308 and other monoliths,
either horizontally or vertically. It is not clear how
much time elapsed between the collection of the
dated monoliths and S308. All the radiocarbon
dating was carried out on monoliths other than
S308 [table S1 in the SM for (2)]. No information

is provided on other analyses that would provide
a firm link between the DNA analyses of S308
and any sample of the dated monoliths. Sedi-
mentary analyses were carried out on the other
monoliths (3) and might easily have been applied
to S308 to provide a link even if, for some reason,
it was not possible to obtain a radiocarbon date
directly from the sediment matrix (within which
the wheat DNA was obtained) of S308.
The stratigraphic section for Bouldnor Cliff

[figure 1B in (2)] shows a complex series of coast-
al sediments, dipping into a channel. This raises
the possibility that samples taken later, even if
at the same measured location (horizontal and
vertical) as the originals, might have come from
a stratigraphically different part of the sequence,
depending on accuracy and precision of both
horizontal and vertical measurements, as well as
allowance for erosion between the dates of sam-
ple collection. There are also inconsistencies in
the presentation of the stratigraphy, including the
relative extents of monoliths MS-04 and MS-07
[separated by a gap in figure 1B in (2) but con-
tiguous in figure S2 in the SM for (2)]. Reference
is made to a paleosol, which might incorporate
material from a wide range of ages.
The only evidence for wheat at the site comes

from DNA. There are no wheat macrofossils or
wheat pollen in the samples. The contention is
that this indicates that the wheat did not come
from nearby agriculture (2). However, whenever

the wheat was incorporated in the sediment
(from nearby agriculture or trading), it must have
been associated with macrofossil remains, such
as wheat grains. Both hazel and alder macrofos-
sils (but no DNA) were found in or near S308
(2), so it is curious that no trace of wheat re-
mains have been found. There are inconsisten-
cies in the DNA—even after the phylogenetic
intersection analysis (PIA)—including the pres-
ence of DNA from animals known in the mid-
Holocene only from regions far removed from
southern Britain, such as Ursus maritimus (polar
bear, Arctic) and Cervus nippon (Sika deer, East
Asia), and from tropical grasses (Panicoideae).
These suggest that some false positives are coming
through PIA or that the taxonomic precision in-
dicated is inappropriate for the content of the
database, which might be relevant to the age or
origin of the wheat identification.
Given that S308 contains DNA of wheat, how

might it have arrived there? There are a number
of possibilities. The samples may be contempo-
raneous with the monoliths (2), so the wheat may
have been traded from Europe, presumably all the
way from the Mediterranean at 8000 cal yr B.P.
(1). Alternatively, if the samples are actually much
younger, the wheat may have been incorporated
from nearby agriculture, perhaps from eroded
soil, and ended up near to early Holocene sam-
ples through the vagaries of sedimentation in a
complex channel and coastal situation. The lat-
ter is the more parsimonious view, in the absence
of evidence to the contrary. Finally, the identifica-
tion of the wheat DNA may be another false posi-
tive in the comparisons with database DNA.
The claim that wheat was being traded to

Britain at 8000 cal yr B.P. has substantial impli-
cations for understanding of the archaeology of
northwest Europe in the early postglacial pe-
riod. Such a claim can be readily substantiated by
dating the sediment matrix of the samples direct-
ly. A claim based on undated samples, lacking
any incontrovertible link to dated samples, is
insufficient to overturn current understanding.
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Relict woolly mammoth (Mammuthus primigenius) populations sur-
vived on several small Beringian islands for thousands of years after
mainland populations went extinct. Here we present multiproxy
paleoenvironmental records to investigate the timing, causes, and
consequences of mammoth disappearance from St. Paul Island,
Alaska. Five independent indicators of extinction show that mam-
moths survived on St. Paul until 5,600 ± 100 y ago. Vegetation com-
position remained stable during the extinction window, and there is
no evidence of human presence on the island before 1787 CE, sug-
gesting that these factors were not extinction drivers. Instead, the
extinction coincided with declining freshwater resources and drier
climates between 7,850 and 5,600 y ago, as inferred from sedimen-
tary magnetic susceptibility, oxygen isotopes, and diatom and cla-
doceran assemblages in a sediment core from a freshwater lake on
the island, and stable nitrogen isotopes from mammoth remains.
Contrary to other extinction models for the St. Paul mammoth pop-
ulation, this evidence indicates that this mammoth population died
out because of the synergistic effects of shrinking island area and
freshwater scarcity caused by rising sea levels and regional climate
change. Degradation of water quality by intensified mammoth activ-
ity around the lake likely exacerbated the situation. The St. Paul
mammoth demise is now one of the best-dated prehistoric extinc-
tions, highlighting freshwater limitation as an overlooked extinction
driver and underscoring the vulnerability of small island populations
to environmental change, even in the absence of human influence.

mammoth | extinction | Holocene | St. Paul Island | ancient DNA

During the wave of late Quaternary extinctions, nearly two-
thirds of megafaunal genera disappeared worldwide (1, 2).

Proposed extinction drivers include environmental change, human
impacts, or some combination, with the relative contributions of
these varying by species and region (2). Woolly mammoths, an
iconic Ice Age species, vanished from mainland Asia and North
America between 14,000 and 13,200 y ago, with some mainland
populations perhaps persisting until approximately 10,500 y ago (1,
3, 4); however, relict populations survived on two newly formed
Beringian islands into the middle Holocene (4–7) (Fig. 1A).
Wrangel Island is relatively large (7,600 km2), and the late

survival of mammoths until 4,020 y ago (5) is consistent with a
retreat to refugia in northeastern Siberia as temperatures rose (6).
Conversely, the remarkable persistence of mammoths on the much
smaller St. Paul Island (110 km2) until the mid-Holocene suggests
that isolated megafaunal populations can survive thousands of
years after habitat fragmentation. Because there is no evidence of
humans on St. Paul Island before the arrival of Russian whalers in
1787 CE (7), the island affords a unique opportunity to study the

processes governing the persistence and extinction of small mega-
faunal populations in the absence of humans.
St. Paul Island is a remnant of the Bering Land Bridge that

became isolated between 14,700 and 13,500 y ago due to sea
level rise during the last deglaciation. The island rapidly shrank
in area until 9,000 y ago, and then slowly shrank until 6,000 y ago
(Fig. 1B). Today, St. Paul is highly isolated (>450 km from
Alaska and Aleutians) and is characterized by low relief (maxi-
mum elevation 203 m above sea level), a few freshwater lakes, no
springs or streams, no permafrost, and moderately productive
moss-herbaceous tundra vegetation (8, 9). Apart from a small

Significance

St. Paul Island, Alaska, is famous for its late-surviving population
of woolly mammoth. The puzzle of mid-Holocene extinction is
solved via multiple independent paleoenvironmental proxies
that tightly constrain the timing of extinction to 5,600 ± 100 y
ago and strongly point to the effects of sea-level rise and drier
climates on freshwater scarcity as the primary extinction driver.
Likely ecosystem effects of the mega-herbivore extinction include
reduced rates of watershed erosion by elimination of crowding
around water holes and a vegetation shift toward increased
abundances of herbaceous taxa. Freshwater availability may be
an underappreciated driver of island extinction. This study rein-
forces 21st-century concerns about the vulnerability of island
populations, including humans, to future warming, freshwater
availability, and sea level rise.
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population of reindeer (Rangifer tarandus) introduced to the
island in 1911 (10), the largest terrestrial mammal on St. Paul
today is the Arctic fox (Alopex lagopus). Previous radiocarbon
dates on five mammoth remains from St. Paul indicated a last
appearance date (LAD) of 6,480 y ago (11); however, LADs
rarely represent the last surviving individual, creating un-
certainty in the actual extinction timing. Previously proposed
hypotheses for the cause of extinction of the St. Paul pop-
ulation include changes in vegetation (8) or increasing snow-
pack (12), but to date there is little direct evidence to support
any proposed hypothesis.
In this study, we seek to better understand the timing, causes,

and consequences of the mid-Holocene extinction of this late-
surviving mammoth population. To achieve this goal, we collected
in 2013 a series of sediment cores from Lake Hill, a small fresh-
water lake near the center of St. Paul (Fig. 1C and SI Appendix, Fig.
S1). Lake Hill was cored previously in the 1960s to test hypotheses
about whether the coastal Bering Land Bridge was a glacial re-
fugium for Picea and other plant species (9). From our new sedi-
ment cores, we analyzed four independent proxies known to
correlate with megafaunal presence (13–16): sedimentary ancient
DNA (sedaDNA) and three coprophilous fungal spore types—
Sporormiella, Sordaria, and Podospora (Fig. 2 and SI Appendix, SI
Text) (16). We also reconstructed past environments using multiple

proxies from the cores, including cladocerans, diatoms, pollen,
plant macroremains, and stable isotopes, and dated the cores using
radiocarbon dates from terrestrial plant macroremains and teph-
rochronology (SI Appendix, SI Text). In addition, we collected and
radiocarbon-dated 14 newly identified St. Paul mammoth remains
using ultrafiltered collagen extracts and measured their stable
isotopic composition (δ13C and δ15N values) (SI Appendix, SI Text
and Table S1).

Results and Discussion
Timing of Extinction. The five independent indicators of extinction
timing are in close agreement and together indicate that the
St. Paul mammoths went extinct 5,600 ± 100 y ago (Fig. 2), which is
900 y later than the previous LAD value for St. Paul mammoths
(11) and 1,580 y before the final extinction of mammoths on
Wrangel Island (4, 7). The youngest of the newly dated mammoth
remains from St. Paul provided a median calibrated radiocarbon
date of 5,530 y ago (95% confidence interval, 5,585–5,330 y ago),
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St. Paul Island: 15 y ago to Present
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Fig. 1. Location of St. Paul Island, Alaska and areal losses due to rising sea
level. (A) Map of current continents (dark gray) and the past position of the
Bering Land Bridge (light gray) with red boxes indicating Wrangel Island (Up-
per) and St. Paul Island (Lower). (B) The shrinking area of St. Paul Island from
15,000 y ago to the present due to rising sea level during the late Pleistocene
through the middle Holocene. The red dot indicates the location of Lake Hill.

Fig. 2. Timing of woolly mammoth extinction on St. Paul. Five indicators are
plotted against time (calendar years before 1950 CE): sedimentary ancient
DNA (sedaDNA; green and red circles indicate inferred presence and absence,
respectively), direct AMS radiocarbon dates on mammoth remains (black
crosses), and spore accumulation rates for the coprophilous fungi Sporormiella
(medium green, bottom of stack), Sordaria (light green, middle), and Podo-
spora (dark green, top) (spores yr-1 cm-2). Magnetic susceptibility, in arbitrary
units (AU) of Lake Hill sediments, sea level (m), and St. Paul Island area (km2)
are shown for comparison. Note the truncation by plot of highest peak of
magnetic susceptibility at 1,500 AU. The yellow band indicates inferred timing
of extinction at 5,600 ± 100 y ago. Magnetic susceptibility is a measure of
sediment characteristics; its rapid decline indicates a rapid reduction in wa-
tershed erosion at the same time as the extinction.
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Relict woolly mammoth (Mammuthus primigenius) populations sur-
vived on several small Beringian islands for thousands of years after
mainland populations went extinct. Here we present multiproxy
paleoenvironmental records to investigate the timing, causes, and
consequences of mammoth disappearance from St. Paul Island,
Alaska. Five independent indicators of extinction show that mam-
moths survived on St. Paul until 5,600 ± 100 y ago. Vegetation com-
position remained stable during the extinction window, and there is
no evidence of human presence on the island before 1787 CE, sug-
gesting that these factors were not extinction drivers. Instead, the
extinction coincided with declining freshwater resources and drier
climates between 7,850 and 5,600 y ago, as inferred from sedimen-
tary magnetic susceptibility, oxygen isotopes, and diatom and cla-
doceran assemblages in a sediment core from a freshwater lake on
the island, and stable nitrogen isotopes from mammoth remains.
Contrary to other extinction models for the St. Paul mammoth pop-
ulation, this evidence indicates that this mammoth population died
out because of the synergistic effects of shrinking island area and
freshwater scarcity caused by rising sea levels and regional climate
change. Degradation of water quality by intensified mammoth activ-
ity around the lake likely exacerbated the situation. The St. Paul
mammoth demise is now one of the best-dated prehistoric extinc-
tions, highlighting freshwater limitation as an overlooked extinction
driver and underscoring the vulnerability of small island populations
to environmental change, even in the absence of human influence.

mammoth | extinction | Holocene | St. Paul Island | ancient DNA

During the wave of late Quaternary extinctions, nearly two-
thirds of megafaunal genera disappeared worldwide (1, 2).

Proposed extinction drivers include environmental change, human
impacts, or some combination, with the relative contributions of
these varying by species and region (2). Woolly mammoths, an
iconic Ice Age species, vanished from mainland Asia and North
America between 14,000 and 13,200 y ago, with some mainland
populations perhaps persisting until approximately 10,500 y ago (1,
3, 4); however, relict populations survived on two newly formed
Beringian islands into the middle Holocene (4–7) (Fig. 1A).
Wrangel Island is relatively large (7,600 km2), and the late

survival of mammoths until 4,020 y ago (5) is consistent with a
retreat to refugia in northeastern Siberia as temperatures rose (6).
Conversely, the remarkable persistence of mammoths on the much
smaller St. Paul Island (110 km2) until the mid-Holocene suggests
that isolated megafaunal populations can survive thousands of
years after habitat fragmentation. Because there is no evidence of
humans on St. Paul Island before the arrival of Russian whalers in
1787 CE (7), the island affords a unique opportunity to study the

processes governing the persistence and extinction of small mega-
faunal populations in the absence of humans.
St. Paul Island is a remnant of the Bering Land Bridge that

became isolated between 14,700 and 13,500 y ago due to sea
level rise during the last deglaciation. The island rapidly shrank
in area until 9,000 y ago, and then slowly shrank until 6,000 y ago
(Fig. 1B). Today, St. Paul is highly isolated (>450 km from
Alaska and Aleutians) and is characterized by low relief (maxi-
mum elevation 203 m above sea level), a few freshwater lakes, no
springs or streams, no permafrost, and moderately productive
moss-herbaceous tundra vegetation (8, 9). Apart from a small

Significance

St. Paul Island, Alaska, is famous for its late-surviving population
of woolly mammoth. The puzzle of mid-Holocene extinction is
solved via multiple independent paleoenvironmental proxies
that tightly constrain the timing of extinction to 5,600 ± 100 y
ago and strongly point to the effects of sea-level rise and drier
climates on freshwater scarcity as the primary extinction driver.
Likely ecosystem effects of the mega-herbivore extinction include
reduced rates of watershed erosion by elimination of crowding
around water holes and a vegetation shift toward increased
abundances of herbaceous taxa. Freshwater availability may be
an underappreciated driver of island extinction. This study rein-
forces 21st-century concerns about the vulnerability of island
populations, including humans, to future warming, freshwater
availability, and sea level rise.
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Relict woolly mammoth (Mammuthus primigenius) populations sur-
vived on several small Beringian islands for thousands of years after
mainland populations went extinct. Here we present multiproxy
paleoenvironmental records to investigate the timing, causes, and
consequences of mammoth disappearance from St. Paul Island,
Alaska. Five independent indicators of extinction show that mam-
moths survived on St. Paul until 5,600 ± 100 y ago. Vegetation com-
position remained stable during the extinction window, and there is
no evidence of human presence on the island before 1787 CE, sug-
gesting that these factors were not extinction drivers. Instead, the
extinction coincided with declining freshwater resources and drier
climates between 7,850 and 5,600 y ago, as inferred from sedimen-
tary magnetic susceptibility, oxygen isotopes, and diatom and cla-
doceran assemblages in a sediment core from a freshwater lake on
the island, and stable nitrogen isotopes from mammoth remains.
Contrary to other extinction models for the St. Paul mammoth pop-
ulation, this evidence indicates that this mammoth population died
out because of the synergistic effects of shrinking island area and
freshwater scarcity caused by rising sea levels and regional climate
change. Degradation of water quality by intensified mammoth activ-
ity around the lake likely exacerbated the situation. The St. Paul
mammoth demise is now one of the best-dated prehistoric extinc-
tions, highlighting freshwater limitation as an overlooked extinction
driver and underscoring the vulnerability of small island populations
to environmental change, even in the absence of human influence.
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During the wave of late Quaternary extinctions, nearly two-
thirds of megafaunal genera disappeared worldwide (1, 2).

Proposed extinction drivers include environmental change, human
impacts, or some combination, with the relative contributions of
these varying by species and region (2). Woolly mammoths, an
iconic Ice Age species, vanished from mainland Asia and North
America between 14,000 and 13,200 y ago, with some mainland
populations perhaps persisting until approximately 10,500 y ago (1,
3, 4); however, relict populations survived on two newly formed
Beringian islands into the middle Holocene (4–7) (Fig. 1A).
Wrangel Island is relatively large (7,600 km2), and the late

survival of mammoths until 4,020 y ago (5) is consistent with a
retreat to refugia in northeastern Siberia as temperatures rose (6).
Conversely, the remarkable persistence of mammoths on the much
smaller St. Paul Island (110 km2) until the mid-Holocene suggests
that isolated megafaunal populations can survive thousands of
years after habitat fragmentation. Because there is no evidence of
humans on St. Paul Island before the arrival of Russian whalers in
1787 CE (7), the island affords a unique opportunity to study the

processes governing the persistence and extinction of small mega-
faunal populations in the absence of humans.
St. Paul Island is a remnant of the Bering Land Bridge that

became isolated between 14,700 and 13,500 y ago due to sea
level rise during the last deglaciation. The island rapidly shrank
in area until 9,000 y ago, and then slowly shrank until 6,000 y ago
(Fig. 1B). Today, St. Paul is highly isolated (>450 km from
Alaska and Aleutians) and is characterized by low relief (maxi-
mum elevation 203 m above sea level), a few freshwater lakes, no
springs or streams, no permafrost, and moderately productive
moss-herbaceous tundra vegetation (8, 9). Apart from a small

Significance

St. Paul Island, Alaska, is famous for its late-surviving population
of woolly mammoth. The puzzle of mid-Holocene extinction is
solved via multiple independent paleoenvironmental proxies
that tightly constrain the timing of extinction to 5,600 ± 100 y
ago and strongly point to the effects of sea-level rise and drier
climates on freshwater scarcity as the primary extinction driver.
Likely ecosystem effects of the mega-herbivore extinction include
reduced rates of watershed erosion by elimination of crowding
around water holes and a vegetation shift toward increased
abundances of herbaceous taxa. Freshwater availability may be
an underappreciated driver of island extinction. This study rein-
forces 21st-century concerns about the vulnerability of island
populations, including humans, to future warming, freshwater
availability, and sea level rise.
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detected by eDNA. In the Spring Lake eDNA record, Castor (beaver) 
appears between 5.4 and 3 cal. kyr bp, whereas evidence from Wood 
Bog45 ∼ 60 km to the south suggests that the beaver was part of the local 
fauna since at least 11 cal. kyr bp.

When the evidence from these multiple proxies is combined, it 
 provides a more robust record of the presence of plants and animals 
than any single indicator. It is, of course, possible that some taxa arrived 
on the landscape earlier and escaped detection, thus appearing absent. 
However, there was only a narrow window of time between when the 
bottleneck region was beneath the waters of Glacial Lake Peace and 

impassable, and when these proxies first detect the presence of plants 
and animals. The eDNA data are particularly important for indicating 
the earliest occurrence of terrestrial fauna in the bottleneck region, 
particularly the game animals that would have been key subsistence 
resources for hunter-gatherers46.

Discussion
Although ice sheet retreat led to the corridor physically opening in 
the bottleneck region starting around 15–14 cal. kyr bp10, deglaciation 
was followed by regional inundation below the waters of Glacial Lake 
Peace for perhaps up to 2,000 years13. By around 12.6 cal. kyr bp the ice 
sheets were several hundred kilometres apart and the landscape had 
become vegetated. Large and small animals came in soon thereafter, 
around 12.5 cal. kyr bp, making the corridor capable of supplying the 
biotic resources, including high-ranked prey such as bison, required 
by human foragers for the 1,500 km traverse47. This result is  consistent 
with the recent finding that the oldest of the southern bison clade  
specimens (clades 1a and 2b) found north of the bottleneck region 
postdates 12.5 cal. kyr bp, though not with the finding that it opened 
earlier3 (see Supplementary Information).

From our findings, it follows that an ice-free corridor was  unavailable 
to those groups who appear to have arrived in the Americas south of the 
continental ice sheets by 14.7 cal. kyr bp6,7, and also opened too late to 
have served as an entry route for the ancestors of Clovis who were pres-
ent by 13.4 cal. kyr bp1,9. Not surprisingly, the earliest  archaeological 
presence in the Peace River region, at Charlie Lake Cave (Fig. 3) and 
Saskatoon Mountain45,47, postdates 12.6 cal. kyr bp. More striking, once 
opened, the corridor was not used just for southbound movement: 
archaeological evidence suggests that people were moving north as well, 
potentially renewing contact between groups that had been separated 
for millennia1,9. Bison3 were also colonizing the corridor and moving 
north and south; it is uncertain whether other species, such elk2 and 
brown bears48, were moving similarly.

More broadly, although Clovis people may yet be shown to represent 
an independent migration separate from the peoples present here by 
14,700 cal. kyr bp, they must have descended from a population that 
entered the Americas via a different route than the ice-free  corridor. 
This conclusion is relevant to the recent finding49 that ancestral Native 
Americans diverged into southern and northern branches ∼ 13 cal. kyr bp  
(95% confidence interval of 14.5–11.5 cal. kyr bp). This implies that 
if that split occurred north of the ice sheets, there must have been 
two pulses of migration to the south. As the Anzick infant’s genome, 
dated to 12.6 cal. kyr bp and associated with Clovis artefacts, is part 
of the southern branch50, its ancestors must have travelled via the 
coast. However, this does not preclude the possibility that ancestors 
of the northern branch left Alaska later, through a then-viable ice-
free  corridor. Alternatively, if the divergence occurred in unglaciated 
North America, as recently proposed49, it implies a single ancestral 
population came via the coast. It further raises the possibility that the 

Figure 3 | Ecological interpretation and implications of this study. 
Timeline of the biology in the bottleneck area linking it with evidence of 
human occupation and the first appearance of Clovis technology (see also 
Fig. 4). Grey animal silhouettes are vertebrate genera that were identified 
by environmental DNA in both lake cores.
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Postglacial viability and colonization  
in North America’s ice-free corridor
Mikkel W. Pedersen1, Anthony Ruter1, Charles Schweger2, Harvey Friebe2, Richard A. Staff3, Kristian K. Kjeldsen1,4, 
Marie L. Z. Mendoza1, Alwynne B. Beaudoin5, Cynthia Zutter6, Nicolaj K. Larsen1,7, Ben A. Potter8, Rasmus Nielsen1,9,10, 
Rebecca A. Rainville11, Ludovic Orlando1, David J. Meltzer1,12, Kurt H. Kjær1 & Eske Willerslev1,13,14

Understanding the postglacial emergence of an unglaciated and 
 biologically viable corridor between the retreating Cordilleran and 
Laurentide ice sheets is a key part of the debate on human  colonization 
of the Americas1–3. The opening of the ice-free corridor, long 
 considered the sole entry route for the first Americans, closely precedes 
the ‘abrupt appearance’ of Clovis, the earliest widespread archaeological 
complex south of the ice sheets at ∼ 13.4 cal. kyr bp4,5. This view has 
been challenged by recent archaeological evidence that suggests people 
were in the Americas by at least 14.7 cal. kyr bp6,7, and possibly several 
millennia earlier8. Whether this earlier presence relates to Clovis groups 
remains debated9. Regardless, as it predates all but the oldest estimates 
for the opening of the ice-free corridor10,11, archaeological attention has 
shifted to the Pacific coast as an alternative early entry route into the 
Americas1,11. Yet, the possibility of a later entry in Clovis times through 
an interior ice-free corridor remains open1,9,12.

Whether the ice-free corridor could have been used for a Clovis-age 
migration depends on when it became biologically viable. However, 
determining this has proven difficult because radiocarbon and 
 luminescence dating of ice retreat yield conflicting estimates for when 
the corridor opened, precluding precise reconstruction of deglaciation 
chronology10,13–17. Once the landscape was free of ice and meltwater, 
it was open for occupation by plants and animals, including those 
necessary for human subsistence. On the basis of studies on  modern 
glaciers18, the onset of biological viability could have been brief (for 
example, a few decades) if propagules were available in adjacent 
areas, and assuming they were capable of colonizing what would have 
been a base-rich (high pH) and nitrogen-poor, soil substrate (such as 
 nitrogen-fixing plants like Shepherdia canadensis (buffaloberry)).

Establishment of biota within the corridor region must have varied 
locally depending on the rate and geometry of ice retreat, the extent of 
landscape flooding under meltwater lakes, and the proximity of plant 

and animal taxa and their dispersal mechanisms1,19,20. Some areas 
were habitable long before others. Although the corridor’s deglaciation  
history was complex, broadly speaking it first opened from its southern 
and northern ends, leaving a central bottleneck that extended from 
approximately 55 °N to 60 °N1,10,13–15,21. On the basis of currently 
 available geological evidence, this was the last segment to become ice 
free and re-colonized by plants and animals1,13,22–24.

Although palynological and palaeontological data can be used to 
help study the opening of the corridor region, these are limited in 
several respects. First, not all vegetation, particularly pioneering forbs 
and shrubs, produce pollen and macrofossils with good preservation 
potential that will be detectable in available depositional locales. Hence, 
timing of plants’ appearance may be underestimated. Second, pollen 
can disperse over long distances and have limited taxonomic resolution, 
differential preservation, and variable production rates, all of which can 
bias vegetation reconstruction25. Third, fossil evidence for initial large 
mammal populations that dispersed into the newly opened corridor 
is sparse. The fossil remains suggest the presence of bison, horse and 
mammoth, and probably some camel, muskox and caribou26,27. Yet, the 
oldest vertebrate remains after the Last Glacial Maximum are no older 
than ∼ 13.5 cal. kyr bp2, and those specimens are found outside the 
bottleneck region1,3,26,28,29. These animals would have been the source 
populations to recolonize the newly opened landscape, and thus their 
presence within the bottleneck region can indicate when the corridor 
became a viable passageway over its entirety.

Samples and analytical approaches
To overcome current limitations of the paleoecological record, and 
develop a more precise chronology for the opening and biological 
 viability of corridor’s bottleneck region, we collected nine lake sediment 
cores from Charlie Lake and Spring Lake in the Peace River drainage 

During the Last Glacial Maximum, continental ice sheets isolated Beringia (northeast Siberia and northwest North 
America) from unglaciated North America. By around 15 to 14 thousand calibrated radiocarbon years before present 
(cal. kyr BP), glacial retreat opened an approximately 1,500-km-long corridor between the ice sheets. It remains unclear 
when plants and animals colonized this corridor and it became biologically viable for human migration. We obtained 
radiocarbon dates, pollen, macrofossils and metagenomic DNA from lake sediment cores in a bottleneck portion of the 
corridor. We find evidence of steppe vegetation, bison and mammoth by approximately 12.6 cal. kyr BP, followed by 
open forest, with evidence of moose and elk at about 11.5 cal. kyr BP, and boreal forest approximately 10 cal. kyr BP. Our 
findings reveal that the first Americans, whether Clovis or earlier groups in unglaciated North America before 12.6 cal. 
kyr BP, are unlikely to have travelled by this route into the Americas. However, later groups may have used this north–
south passageway.
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DNA evidence of bowhead whale exploitation
by Greenlandic Paleo-Inuit 4,000 years ago
Frederik Valeur Seersholm1,2,w, Mikkel Winther Pedersen1, Martin Jensen Søe1,3, Hussein Shokry1,

Sarah Siu Tze Mak1, Anthony Ruter1, Maanasa Raghavan1,4,w, William Fitzhugh5, Kurt H. Kjær1, Eske Willerslev1,4,

Morten Meldgaard1,6, Christian M.O. Kapel3 & Anders Johannes Hansen1

The demographic history of Greenland is characterized by recurrent migrations and

extinctions since the first humans arrived 4,500 years ago. Our current understanding of

these extinct cultures relies primarily on preserved fossils found in their archaeological

deposits, which hold valuable information on past subsistence practices. However, some

exploited taxa, though economically important, comprise only a small fraction of these

sub-fossil assemblages. Here we reconstruct a comprehensive record of past subsistence

economies in Greenland by sequencing ancient DNA from four well-described midden

deposits. Our results confirm that the species found in the fossil record, like harp seal and

ringed seal, were a vital part of Inuit subsistence, but also add a new dimension with evidence

that caribou, walrus and whale species played a more prominent role for the survival of

Paleo-Inuit cultures than previously reported. Most notably, we report evidence of bowhead

whale exploitation by the Saqqaq culture 4,000 years ago.
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Supplementary	Figure	4	|	Recovery	of	harp	seal	mitochondrial	genomes	from	library	QA6	at	Qajaa	and	
QT3	 at	Qeqertasussuk.	The	mitochondrial	genomes	are	based	on	reads	assigned	below	family	 level,	with	the	
Pagophilus	groenlandicus	reference	genome	among	the	best	hits.	a)	Coverage	plot	of	reads	mapped	to	the	harp	
seal	 reference	mitochondrial	 genome	 (gi:115494733).	 Green	 line	 presents	 the	 average	 depth	 of	 coverage.	b)	
Nucleotide	misincorporation	pattern	displaying	the	DNA	damage	pattern	for	the	aligned	reads.	c)	Bayesian	tree	
illustrating	the	relationship	between	the	recovered	harp	seal	mitochondrial	genomes	(pink	squares)	and	6	harp	
seal	haplogroups	(A,	B,	C,	D,	E,	F)	from	Carr	et	al.	2015	(open	circles)23.	The	subtree	representing	haplo	group	A	
has	 been	 collapsed	 for	 clarity.	 The	 consensus	 tree	 was	 constructed,	 based	 on	 54	 harp	 seal	 mitochondrial	
genomes,	using	ribbon	seal	(Phoca	fasciata,	gi:115494719)	as	an	out-group	(not	shown).	Node	labels	represent	
posterior	probabilities.	
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Supplementary	Figure	3	|	Recovery	of	bowhead	whale	mitochondrial	genomes	from	library	QA6	at	Qajaa	
and	QT3	at	Qeqertasussuk.	The	mitochondrial	genomes	are	based	on	reads	assigned	below	family	level,	with	
the	Balaena	mysticetus	reference	genome	among	the	best	hits.	a)	Coverage	plot	of	reads	mapped	to	the	bowhead	
whale	 reference	mitochondrial	 genome	(gi:	38707506).	Green	 line	presents	 the	average	depth	of	 coverage.	b)	
Nucleotide	misincorporation	pattern	displaying	the	DNA	damage	pattern	for	the	aligned	reads.	c)	Bayesian	tree	
illustrating	 the	 location	 of	 the	 recovered	 bowhead	 whale	 mitochondrial	 genomes	 (pink	 labels)	 in	 the	
phylogenetic	 tree	 of	 whales.	 The	 consensus	 tree	 was	 constructed,	 using	 hippopotamus	 (Hippopotamus	
amphibius,	gi:	5836030)	as	an	out-group	(not	shown).	Relevant	posterior	probabilities	are	shown.	
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records of the sites, as reconstructed from faunal
remains (fig. S33).
We exploited the known genetic variation within

these families to determine the affinity of the
sequences we obtained to specific species (8) (data
file S3). In all libraries containing elephantid DNA,
the majority (71 to 100%) of sequences matched
variantsfoundinthemtDNAsofwoollymammoths,
a species that became extinct in Eurasia during
the Holocene (25), but not in other elephantids.
Likewise,sequencesattributedtorhinocerotidsmost
often carried variants specific to the woolly rhinoc-
eros branch (54 to 100% support), thought to have
becomeextinctattheendoftheLatePleistocene(25),
and showed little support (0 to 6%) for other
rhinoceros lineages. In~70%of libraries containing
hyaenidmtDNA,thesequencesmatchedvariantsof
the extinct cave hyena and/or the spotted hyena,
whichexists todayonly inAfrica (26). Lastly, 90%of
ursid mtDNA sequences retrieved from Vindija
Cave carried variantsmatchingUrsus ingressus, an
Eastern European cave bear lineage that became
extinct ~25 ka (27, 28).
Extraction and DNA library preparation negative

controls containedbetween32and359mammalian
mtDNA sequences. These sequences do not exhibit
damage patterns typical of ancient DNA, and they
originate from common contaminants (24, 29–31),
predominantly human DNA, as well as DNA of
bovids, canids, and suids (fig. S34).

Targeting hominin DNA

Among the samples analyzed, the only site that
yielded sequences from putatively deaminated
DNA fragments that could be assigned to homi-
nids (or hominins, assuming that no other great
apes were present at the sites analyzed here) was
El Sidrón. This site differs from the others in that
no ancient faunal DNA was identified there
(Fig. 1), consistent with the almost complete absence
of animal remains at the site (32). To test whether

animal mtDNA was too abundant at other sites
to detect small traces of hominin mtDNA, we
repeated the hybridization capture for all DNA
libraries using probes targeting exclusively human
mtDNA (8). Between 4915 and 2.8 million DNA
fragments were sequenced per library, out of which
between 0 and 8822 were unique hominin se-
quences that passed our filtering scheme (8).
Between 10 and 165 hominin mtDNA sequen-
ces showing substitutions typical of ancient
DNA were obtained from 15 sediment samples
from four sites (data file S4). To generate suffi-
cient data for phylogenetic analyses, we prepared
DNA extracts from additional subsamples of
10 of these samples and used automated liquid
handling to generate 102 DNA libraries from
these as well as the original extracts (data file S1
and fig. S22). After enriching for human mtDNA
and merging all sequences from a given sediment
sample, nine samples yielded a sufficient number
of deaminated homininmtDNA fragments (between
168 and 13,207) for further analyses (data file S4).

Identifying Neandertal
and Denisovan mtDNA

We identified “diagnostic” positions in the mtDNA
genome that are inferred to have changed on each
branch of a phylogenetic tree relating modern
humans,Neandertals, Denisovans, and a~430,000-
year-old hominin from Sima de los Huesos (8, 33).
For eight sediment samples from El Sidrón, Trou
Al’Wesse, Chagyrskaya Cave, and Denisova Cave,
the Neandertal state is shared by 87 to 98% of
sequences overlapping positions diagnostic for
NeandertalmtDNA,whereas themodernhuman,
Denisovan, and Sima de los Huesos branches are
supported by 4 to 11%, 0 to 2%, and 0 to 2% of
sequences, respectively. In the ninth sample, col-
lected in layer 15 of the East Gallery in Denisova
Cave, 84% (16/19) of sequences carry Denisovan-
specificvariants, comparedto0%(0/10),5%(1/19),

and 0% (0/23) for the modern human, Neander-
tal, and Sima de losHuesos variants, respectively,
pointing to a Denisovan origin for these mtDNA
fragments(datafileS4andfig.S40).Notably,none
ofthehomininsequencespresentintheextraction
or library preparation negative controls carry var-
iants specific to the Neandertal, Denisovan, or
Sima de losHuesos branches (data file S4).
The average sequence coverage of the mito-

chondrial genome varied between 0.4- and 44-fold
among the nine samples. To be able to reconstruct
phylogenetic trees using these sequences, we called
a consensus base at positions covered by at least
two deaminated fragments and required more
than two-thirds of fragments to carry an identical
base (34). These relatively permissive parameters
were chosen to avoid discarding samples that
produced very small numbers of hominin sequen-
ces and allowed us to reconstruct between 8 and
99% of the mtDNA genome (table S3). Phylo-
genetic trees relating each of the reconstructed
mtDNA genomes to those of modern and ancient
individuals (8) (table S5) show that they all fall
within the genetic variation or close to known
mtDNA genomes of Neandertals or Denisovans
(Fig. 2 and figs. S41 to S49).

Single versus multiple sources of
hominin mtDNA

We next aimed to assess whether mtDNA frag-
ments frommore than one individual are present
in a given sediment sample. For this purpose, we
identified positions in the mitochondrial genome
that are covered by at least 10 sequences exhibit-
ing evidence of deamination. Three samples had
sufficient data for this analysis (fig. S50). At each
of these positions, nearly all sequences from a
sample collected in the Main Gallery of Denisova
Cave carry the samebase, suggesting that theDNA
may derive from a single individual. In contrast,
sequences from the El Sidrón sample support two

Slon et al., Science 356, 605–608 (2017) 12 May 2017 2 of 4

Fig. 1. Ancient taxa detected in Late Pleistocene (LP) and Middle Pleistocene (MP) sediment samples from seven sites. For each time period,
the fraction of samples containing DNA fragments that could be assigned to a mammalian family and authenticated to be of ancient origin is indicated.
The shaded symbols representing each family are not to scale.
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Persistence of arctic-alpine 
flora during 24,000 years of 
environmental change in the Polar 
Urals
C. L. Clarke  1*, M. E. Edwards  1, L. Gielly  2, D. Ehrich  3, P. D. M. Hughes1, 
L. M. Morozova4, H. Haflidason  5, J. Mangerud  5, J. I. Svendsen  5 & I. G. Alsos  6

Plants adapted to extreme conditions can be at high risk from climate change; arctic-alpine plants, 
in particular, could “run out of space” as they are out-competed by expansion of woody vegetation. 
Mountain regions could potentially provide safe sites for arctic-alpine plants in a warmer climate, but 
empirical evidence is fragmentary. Here we present a 24,000-year record of species persistence based on 
sedimentary ancient DNA (sedaDNA) from Lake Bolshoye Shchuchye (Polar Urals). We provide robust 
evidence of long-term persistence of arctic-alpine plants through large-magnitude climate changes 
but document a decline in their diversity during a past expansion of woody vegetation. Nevertheless, 
most of the plants that were present during the last glacial interval, including all of the arctic-alpines, 
are still found in the region today. This underlines the conservation significance of mountain landscapes 
via their provision of a range of habitats that confer resilience to climate change, particularly for arctic-
alpine taxa.

Arctic-alpine plants are considered to be at greater risk of habitat loss and local extinction under future climate 
change than plants of lower elevations1–3. Yet model simulations and predictions at larger scales often fail to 
account for the importance of local-scale factors that control plant distributions4,5, and it may be that extinction 
probabilities have been overestimated. Indeed, observed extinction rates on mountain tops have been low, despite 
climate warming over the past century6,7. This uncertainty underlines the importance of identifying specific geo-
graphical locations and/or attributes of habitats that have helped to sustain communities over long periods of var-
ying climate and documenting their long-term history. Recent advances in sedimentary ancient DNA (sedaDNA) 
analysis (see below), when combined with a high-quality sediment record, promise to provide new insights into 
the diversity of the arctic-alpine flora and how it has fared through large-magnitude climate changes in the past. 
Therefore, we collected data on species persistence using sedaDNA analysis on a high-resolution and well-studied 
lake sediment core spanning the last 24,000 years from the Polar Ural Mountains of the Russian Arctic.

Areas that facilitated long-term species persistence in the past can be considered a priority for conserving bio-
diversity and genetic diversity under a changing climate8. Spatially heterogeneous mountain landscapes should 
provide viable future habitat for taxa with a range of environmental requirements. In such landscapes, microcli-
mate and soil vary with topography and elevation to create a mosaic of different conditions at the mesoscale9, thus 
providing a buffer against regional climate changes10–12. At the same time, compressed vertical and horizontal 
gradients enable species to track their bioclimatic niches effectively as climate changes13,14. Most evidence that 
mountain regions function as long-term refugia or safe sites is, however, indirect, being based on contemporary 
observation and/or modelling3,5,15.
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time (24,000–15,000 cal. years BP), the sedaDNA assemblage is characterized by herb-tundra vegetation with a 
rich diversity of forbs, such as Papaver, Draba, Bistorta vivipara and Saxifraga oppositifolia, and graminoids, such 
as Puccinellia, Festuca and Juncus biglumis (Fig. 3). The mat-forming dwarf shrub Dryas becomes more common 
from 15,000 cal. years BP, followed by a sequential arrival of additional dwarf shrubs and tall shrubs/deciduous 
trees (e.g. Betula, Empetrum, Vaccinium sp.).

The coniferous trees Picea sp. and Larix sibirica became common elements of the vegetation ca. 9,000–
4,000 cal. years BP, alongside many boreal herbs (Fig. 3, Supplementary Figs. S1–S3). Coniferous forest withdrew 
around 4,000 cal. years BP; the vegetation subsequently reverted to dwarf-shrub tundra with a diverse herb flora, 
similar to the vegetation mosaic seen in the late-glacial and early Holocene interval, as well as the present-day 
vegetation mosaic of the Polar Urals.

Species persistence and floristic richness. We assigned a classification, where possible, to vascular plant 
taxa detected by sedaDNA based on their present-day native distribution (see Methods). In total, 31 taxa were 
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classified as “arctic-alpine”, 49 as “boreal” and 22 as occupying a dual “arctic-boreal” distribution (full details of 
the classifications are presented in Supplementary Table S2). A steady increase in the diversity of arctic-alpine 
plants is observed throughout the full-glacial and late-glacial period, peaking around 12,700 cal. years BP before a 
distinct decline to low values (Fig. 4a). The arctic-boreal taxa, which include widespread genera such as Empetrum 
and Vaccinium, show low diversity in the full-glacial period but then increase, with fluctuations similar to the 
arctic-alpine pattern from around 17,000 cal. years BP. The initial decline in arctic-alpine plants occurs slightly 
before the main increase in the diversity of boreal taxa, at the time when floristic richness of arctic-boreal taxa 
is high and Salix is abundant. A further decline is seen ca. 10,000 cal. years BP, when the boreal taxa expand and 
maintain a high diversity until around 4,500 cal. years BP, with four prominent peaks visible in the Holocene 
period (Fig. 4a). Overall, the proportion of DNA reads of the three distribution categories (Fig. 4b) show similar 
trends of floristic diversity, with the exception that arctic-alpines reached their maximum proportion (>98% of 
total DNA reads) around 20,000 cal. years BP, considerably earlier than their maximum diversity was reached.

We investigated the response of individual arctic-alpine plant taxa to the Holocene establishment of dwarf 
shrub and tall shrub/ trees (e.g. Dryas octopetala, Vaccinium sp., Empetrum nigrum, Betula, Alnus) and later forest 
trees (e.g. Larix sibirica, Picea sp.) in the lake’s vicinity between ca. 15,000–4,000 cal. years BP (Fig. 2). In total, 32 
arctic-alpine plant taxa were detected by sedaDNA, of which 31 are detected within the full-glacial interval; Arabis 
alpina was recorded during the Holocene interval only (see Supplementary Table S2). Of the 31 arctic-alpines that 

Figure 2. Incidence matrix of plant taxa detected in Lake Bolshoye Shchuchye’s sediments using sedaDNA 
analysis. All identified plant taxa are presented as a proportion of PCR replicates (out of eight) per sedaDNA 
sample. Plant taxa classified as arctic-alpine and shrub and tree taxa are highlighted within separate dashed 
areas and taxon names are given in order of occurrence. Occurrences of arctic-alpine plants with <10 
sedaDNA reads in a single PCR replicate are also indicated. Plant taxa inferred to species level based on their 
biogeographic distribution are marked with an asterisk (*). The x-axis of the incidence matrix refers to the 
sedaDNA sample number, with a decreasing age (towards the present-day) from left to right. The y-axis presents 
each plant taxon detected using sedaDNA sorted according to their median distribution within the sedaDNA 
samples. Plant taxa that are still present within the vegetation of the Polar Urals today are marked with a 
grey square on the far right-hand side of the incidence matrix; bryophytes are excluded as the present-day 
biogeographic distribution of many of the identified taxa are poorly resolved. Green shaded boxes indicate the 
timing of past shrub and forest tree establishment in the vicinity of the lake. Botanical drawings of key plant taxa 
were created using Adobe Illustrator CC 2018 (https://www.adobe.com/uk/products/illustrator.html#).
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Hybridisation capture allows DNA 
damage analysis of ancient marine 
eukaryotes
L. Armbrecht1*, G. Hallegraeff2, C. J. S. Bolch3, C. Woodward4 & A. Cooper5

Marine sedimentary ancient DNA (sedaDNA) is increasingly used to study past ocean ecosystems, 
however, studies have been severely limited by the very low amounts of DNA preserved in the 
subseafloor, and the lack of bioinformatic tools to authenticate sedaDNA in metagenomic data. We 
applied a hybridisation capture ‘baits’ technique to target marine eukaryote sedaDNA (specifically, 
phyto- and zooplankton, ‘Planktonbaits1’; and harmful algal bloom taxa, ‘HABbaits1’), which resulted 
in up to 4- and 9-fold increases, respectively, in the relative abundance of eukaryotes compared to 
shotgun sequencing. We further used the bioinformatic tool ‘HOPS’ to authenticate the sedaDNA 
component, establishing a new proxy to assess sedaDNA authenticity, “% eukaryote sedaDNA 
damage”, that is positively correlated with subseafloor depth. We used this proxy to report the first-
ever DNA damage profiles from a marine phytoplankton species, the ubiquitous coccolithophore 
Emiliania huxleyi. Our approach opens new avenues for the detailed investigation of long-term change 
and evolution of marine eukaryotes over geological timescales.

Over the past decade marine sedimentary ancient DNA (sedaDNA) has become increasingly used to study past 
ocean ecosystems and oceanographic conditions. The novelty of using sedaDNA lies in its enormous potential 
to detect genetic signals of taxa that do and don’t fossilise—meaning that, in theory, it is possible to go beyond 
standard environmental proxies and facilitate reconstruction of past marine ecosystems across the entire food 
web. For example, sedaDNA has revealed relationships between past marine community composition and paleo-
tsunami episodes in Japan over the past 2000  years1, oxygen minimum zone expansions in the temperate Arabian 
Sea region over 43 thousand years (kyr)2, and Arctic sea-ice conditions spanning  100kyr3. While the logistical 
challenge of acquiring undisturbed sediment cores from the deep seafloor remains, the field of sedaDNA research 
is rapidly advancing due to new ship-board core sampling procedures that allow far greater contamination con-
trol, and improvements in sample processing, sequencing technologies and bioinformatic  tools4.

Among the huge diversity of marine eukaryotes, phytoplankton are particularly useful targets to study past 
ocean conditions. Phytoplankton are free-floating, unicellular microalgae fulfilling two important functions: (1) 
they form the base of the marine food web supporting virtually all higher trophic organisms (e.g., 5), and (2) are 
highly useful environmental indicators due to their sensitivity to changing physical and chemical oceanographic 
 conditions6. After phytoplankton die, they sink to the seafloor where small proportions of their DNA are able 
to become entombed and preserved in sediments under favorable conditions, over time forming long-term 
records of past ocean and climate conditions. Using the small subunit ribosomal RNA gene (18S rRNA, a com-
mon taxonomic marker gene), we recently determined the fraction of marine eukaryote sedaDNA preserved 
in Tasmanian coastal sediments to be a mere 1.37% of the total sedaDNA  pool7. A slightly higher proportion of 
eukaryote sedaDNA (and also higher diversity) may be captured by combining multiple taxonomic markers, e.g., 
the small and large subunit ribosomal RNA  gene8. However, rather than analysing only part of the total sedaDNA 
pool (such as eukaryote marker genes within a large metagenomic dataset), a more cost-effective approach is to 
increase marine eukaryote sedaDNA yield through optimised extraction and sample processing that maximise 
sequencing of sedaDNA from the intended target organisms.

Metagenomic approaches extract and analyse the ‘total’ DNA in a sample (‘shotgun’ style), irrespective of 
the source organism, facilitating recovery of DNA sequences from any organism in proportion to their original 
presence in that sample. As a result, metagenomic approaches are well suited to the study of microbial and 
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Abstract
Siberian larch (Larix Mill.) forests dominate vast areas of northern Russia and contrib-
ute important ecosystem services to the world. It is important to understand the past 
dynamics of larches in order to predict their likely response to a changing climate in 
the future. Sedimentary ancient DNA extracted from lake sediment cores can serve 
as archives to study past vegetation. However, the traditional method of studying 
sedimentary ancient DNA— metabarcoding— focuses on small fragments, which can-
not resolve Larix to species level nor allow a detailed study of population dynamics. 
Here, we use shotgun sequencing and hybridization capture with long- range PCR- 
generated baits covering the complete Larix chloroplast genome to study Larix popu-
lations from a sediment core reaching back to 6700 years from the Taymyr region 
in northern Siberia. In comparison with shotgun sequencing, hybridization capture 
results in an increase in taxonomically classified reads by several orders of magnitude 
and the recovery of complete chloroplast genomes of Larix. Variation in the chloro-
plast reads corroborates an invasion of Larix gmelinii into the range of Larix sibirica be-
fore 6700 years ago. Since then, both species have been present at the site, although 
larch populations have decreased with only a few trees remaining in what was once 
a forested area. This study demonstrates for the first time that hybridization capture 
applied directly to ancient DNA of plants extracted from lake sediments can provide 
genome- scale information and is a viable tool for studying past genomic changes in 
populations of single species, irrespective of a preservation as macrofossil.

K E Y W O R D S
chloroplast genome, hybridization capture, Larix, sediment core, sedimentary ancient DNA, 
target enrichment
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Abstract

Sedimentary ancient DNA (sedaDNA) has been established as a viable biomolecular proxy for tracking taxon presence
through time in a local environment, even in the total absence of surviving tissues. SedaDNA is thought to survive through
mineral binding, facilitating long-term biomolecular preservation, but also challenging DNA isolation. Two common limi-
tations in sedaDNA extraction are the carryover of other substances that inhibit enzymatic reactions, and the loss of authentic
sedaDNAwhen attempting to reduce inhibitor co-elution. Here, we present a sedaDNA extraction procedure paired with tar-
geted enrichment intended to maximize DNA recovery. Our procedure exhibits a 7.7–19.3x increase in on-target plant and
animal sedaDNA compared to a commercial soil extraction kit, and a 1.2–59.9x increase compared to a metabarcoding
approach. To illustrate the effectiveness of our cold spin extraction and PalaeoChip capture enrichment approach, we present
results for the diachronic presence of plants and animals from Yukon permafrost samples dating to the Pleistocene-Holocene
transition, and discuss new potential evidence for the late survival (∼9700 years ago) of mammoth (Mammuthus sp.) and
horse (Equus sp.) in the Klondike region of Yukon, Canada. This enrichment approach translates to a more taxonomically
diverse dataset and improved on-target sequencing.

Keywords: Sedimentary ancient DNA; paleoenvironmental DNA; capture enrichment; environmental DNA; DNA
extraction; PowerSoil DNA extraction kit; late Quaternary extinctions; Pleistocene-Holocene transition; Yukon
paleoenvironment; PalaeoChip bait-set

INTRODUCTION

Means of recovering and analyzing ecologically informative
environmental DNA (eDNA) have improved substantially
thanks to ongoing developments in high-throughput

sequencing (HTS) technologies (Taberlet et al., 2018). Sedi-
mentary ancient DNA molecules (sedaDNA, referring to a
subset of ancient eDNA sample types; see Rawlence et al.
[2014, p. 614]) have been successfully recovered from a
diverse range of depositional settings to evaluate what is
thought to be the local (Parducci et al., 2017, p. 930; Edwards
et al., 2018) diachronic presence of animals (Haile et al.,
2009; Giguet-Covex et al., 2014; Graham et al., 2016; Peder-
sen et al., 2016; Slon et al., 2017), plants (Anderson-
Carpenter et al., 2011; Willerslev et al., 2014; Epp et al.,
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Summer warming is driving a greening trend across the Arctic,
with the potential for large-scale amplification of climate change
due to vegetation-related feedbacks [Pearson et al., Nat. Clim.
Chang. (3), 673–677 (2013)]. Because observational records are
sparse and temporally limited, past episodes of Arctic warming
can help elucidate the magnitude of vegetation response to tem-
perature change. The Last Interglacial ([LIG], 129,000 to 116,000 y
ago) was the most recent episode of Arctic warming on par with
predicted 21st century temperature change [Otto-Bliesner et al.,
Philos. Trans. A Math. Phys. Eng. Sci. (371), 20130097 (2013) and
Post et al., Sci. Adv. (5), eaaw9883 (2019)]. However, high-latitude
terrestrial records from this period are rare, so LIG vegetation dis-
tributions are incompletely known. Pollen-based vegetation recon-
structions can be biased by long-distance pollen transport, further
obscuring the paleoenvironmental record. Here, we present a LIG
vegetation record based on ancient DNA in lake sediment and
compare it with fossil pollen. Comprehensive plant community re-
constructions through the last and current interglacial (the Holo-
cene) on Baffin Island, Arctic Canada, reveal coherent climate-
driven community shifts across both interglacials. Peak LIG
warmth featured a ∼400-km northward range shift of dwarf birch,
a key woody shrub that is again expanding northward. Greening
of the High Arctic—documented here by multiple proxies—likely
represented a strong positive feedback on high-latitude LIG warm-
ing. Authenticated ancient DNA from this lake sediment also ex-
tends the useful preservation window for the technique and
highlights the utility of combining traditional and molecular ap-
proaches for gleaning paleoenvironmental insights to better an-
ticipate a warmer future.

paleoecology | Arctic greening | sedimentary ancient DNA | Last
Interglacial

The Arctic is greening as shrub biomass increases and vege-
tation ranges shift north in response to summer warming (1,

2). This process—one of the clearest terrestrial manifestations of
climate change thus far—has major implications both for local
ecosystems and for global energy balance and biogeochemical
systems (3–5). In particular, taller shrubs darken otherwise snow-
covered surfaces, contributing to the albedo feedback (6, 7), and
enhanced evapotranspiration is expected to result in a positive
greenhouse feedback (8). Shrub cover also impacts soil thermal
regime, which may impact permafrost vulnerability (9–11). Be-
cause feedbacks related to Arctic greening are complex and
potentially large in magnitude, estimating the extent and rate of
northward shrub migration is a vital component of predicting
future warming.
Past warm periods serve as valuable analogs for understanding

the extent of Arctic greening under well-constrained climate
conditions. The Last Interglacial (LIG; Marine Isotope Stage
[MIS] 5e, 129 to 116 ka [thousands of years before present]) was

∼1 °C warmer than the preindustrial period globally, but the
Arctic experienced amplified warming due to higher summer
insolation anomalies and positive feedbacks at high latitudes (12,
13). The Eastern Canadian Arctic and Greenland, in particular,
were likely ∼4 to 8 °C warmer in summer than present (Fig. 1)
(14–18). LIG sediment records from this region thus provide an
archive of the vegetation response to Arctic warming at levels
comparable to predicted 21st-century climate change (19).
While most High Arctic lake basins were scraped clean by ice

sheet erosion during the last glaciation and thus only contain
postglacial sediments, lakes with small, low-relief catchments
within regions of cold-based, slow-flowing ice were protected
from erosion. Several such sites have been discovered on eastern
Baffin Island, Arctic Canada and contain stratified records of
multiple interglacials (20–22). Previous work from Lake CF8 on
northeastern Baffin Island (Fig. 1 and SI Appendix, Fig. S1) dem-
onstrates that its sediment record spans at least three interglacials
(∼200 ka), including a substantially warmer-than-present LIG as
indicated by chironomids, diatoms, and geochemical proxies
(15, 23).

Significance

The Arctic is warming exceptionally rapidly, promoting an ex-
pansion of shrubs across the Arctic with global-scale climate
implications. The Last Interglacial (∼125,000 y ago) was the
most recent time the Arctic was warmer than present and thus
serves as an analogue for Arctic greening in the near future.
Ancient plant DNA in lake sediment from this time reveals
major ecosystem changes in response to warmth, including an
∼400 km northward shift of dwarf birch relative to today.
Enhanced shrub cover, corroborated by molecular and micro-
fossil analyses, amplified warming during the Last Interglacial
and will likely play a similar role in the future. This record
constitutes the oldest authenticated plant DNA from lake
sediment yet reported, increasing the technique’s temporal
potential.
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those of taxonomic richness for all the lakes except Sierravannet 
(Fig. 4).

We observed a significant effect of the age of samples on 
taxonomic richness as indicated by statistically significant smooth 
terms in generalized additive models (GAMs) (table S2), except for 
Sierravannet, which only covered 2.6 ka, and where diversity 
suddenly dropped around 0.6 ka, corresponding to a putative flood 
event (fig. S2). For two of the lakes, Eaštorjávri South and Nesservatnet, 
a near linear pattern of increase in taxonomic richness through time 
[estimated degree of freedom (edf) = 1] was recovered. On the other 
hand, Langfjordvannet had the most complex pattern of increase in 
richness (edf = 5.93; table S2). The steepest increase was seen in 
the Early and Middle Holocene for most lakes. Only at three sites, 
Nordvivatnet, Horntjernet, and Gauptjern, did richness reach a plateau 
during the Late Holocene; for most lakes, no leveling off was ob-
served suggesting that richness is still increasing (Fig. 4).

We evaluated the temporal trend of taxonomic richness at the 
regional scale, using data from all 316 retained samples and a gener-
alized additive mixed model (GAMM). Taxonomic richness (fitted ± SE) 
showed a continuous increase from the Early to Middle Holocene 
(16.3 ± 1.2 to 41.2 ± 1.1 taxa, with 28.8 ± 1.1 at the Early/Middle 
Holocene transition; Fig. 5A), whereas only a minor increase was 
observed during the Late Holocene (41.3 ± 1.1 to 49.2 ± 1.2 taxa).

Regional species pool
The regional species pool, defined as the accumulated count of taxa 
from all 316 retained samples across the Holocene, showed a strong 
increase during the Early Holocene (Fig. 5, B and C, and fig. S6). 
The regional species pool increased monotonically from the Early 
Holocene to ca. 7.0 ka (42.37 taxa per millenium), and the rate 
slowed in the period ca. 7.0 to 5.0 ka (9.35 taxa per millenium) 
followed by an uptick from 5.0 to 3.3 ka (21.82 taxa per millenium) 
before stabilizing. The regional species pool leveled off over the past 
three millennia with an increase of just 16 taxa (5.6% of the total). 
The overall trajectory of the regional species pool is unaffected by 
(i) the exclusion of taxa with one or two occurrences in the dataset 
(Fig. 5B), (ii) using more stringent MAQ score thresholds for 
sample inclusion (up to MAQ ≥ 0.6; fig. S6A), or (iii) the exclusion 
of two short records spanning only the Late Holocene (fig. S6B).

We next estimated the regional species pool within 500-year 
time bins using cumulative taxonomic richness within bins while 
controlling for uneven sample size between bins. We found that this 
estimated regional species pool increased with time during the Early 
and Middle Holocene, before reaching a plateau after ~3 ka (Fig. 6A). 
The pattern from this alternative approach to estimating the regional 
species pool, which controls for periods of extinction within the 
Holocene, is broadly consistent with that derived from the accumu-
lated count of detected taxa across the whole Holocene. We found 
a strong positive correlation between mean taxonomic richness 
across catchments and estimated regional species pool size per 500-year 
bin, with 86% of the variation in mean taxonomic richness explained 
by the regional species pool size (R2

adj  =   0.86, F2,20  =   66.07, 
P < 0.0001; Fig. 6B).

Impact of regional climate and local nutrient availability 
on plant richness
We used (i) oxygen isotope (d18O) values from the North Greenland 
Ice Core Project (NGRIP) (35) as a proxy for temperature to assess 
the impact of regional climate on taxonomic richness during the 

three different periods of the Holocene (Early, Middle, and Late) and 
(ii) a new nutrient index based on rock type and its weatherability 
to assess how nutrient availability in the catchment area affects rich-
ness (dataset S1 and Eq. 2). Sample age was included as a random 
slope effect to account for different temporal rates of change in taxo-
nomic richness among lakes. In considering the positive association 
between nutrient index and taxonomic richness of lakes for 
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Fig. 5. The regional pattern of taxonomic richness, regional species pool, and 
accumulation rate, and North Greenland Ice Core Project temperature proxy 
across the Holocene of northern Fennoscandia. (A) Taxonomic richness: Count 
of taxa detected per sample (n = 316) along with the 95% confidence interval (pink 
shading) of the fitted line (solid red line) based on a GAMM-CAR1 [SD of random 
error = 0.38, estimated autocorrelation (f) = 0.23], (B) the regional species pool 
(defined as the cumulative count of taxa from the region) for the full dataset as well 
as excluding rare taxa (defined as one or two occurrences across the entire data-
set), (C) the rate of regional species pool growth (dotted vertical lines represent 
Holocene periods as in other panels), and (D) variation in temperature reflected by 
North Greenland Ice Core Project (NGRIP) d18O values (74), with temperature being 
positively correlated with d18O values. The overall patterns remain the same if two 
shorter cores spanning only the Late Holocene are excluded or higher data quality 
thresholds are used (fig. S6). The Early (12.0 to 8.3 ka), Middle (8.3 to 4.25 ka), and 
Late Holocene (4.25 to 0.0 ka) periods are indicated by dotted vertical lines.
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Kuutsjärvi (Figs.  1B and 4E), and at Sierravannet, a site with 
birch forest and pine and larch plantations (Figs. 1K and 4J). The 
two shrub-tundra sites, Eaštorjávri South (Figs. 1C and 4A) and 
Sandfjorddalen (Figs. 1G and 4I), had smaller accumulated richness, 
similar to Nesservatnet, which is surrounded by heathland/mires 
(93 taxa) and located on the small island of Årøya (Figs. 1A and 4G).

There were clear differences among lakes, both in the overall 
mean taxonomic richness and in the change in taxonomic richness 

over the Holocene (Fig. 4). The mean (± SD) taxonomic richness 
ranged from 20.6 (± 6.4) at Horntjernet to 65.5 (± 24.5) at Jøkelvatnet, 
whereas Hill-N1 ranged from 14.9 (± 7.8) at Eaštorjávri South to 
52.4 (± 20.5) at Jøkelvatnet (Fig. 4 and table S1). The rarefied rich-
ness based on read counts per sample showed a strong correlation 
with taxonomic richness (R = 0.82 to 0.99; dataset S8), suggesting 
that the observed pattern was not affected by sequencing depth. The 
Hill-N1 (common taxa) showed temporal patterns that mirrored 
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E C O L O G Y

Sedimentary ancient DNA shows terrestrial plant 
richness continuously increased over the Holocene 
in northern Fennoscandia
Dilli P. Rijal1,2 *†, Peter D. Heintzman1*†, Youri Lammers1, Nigel G. Yoccoz2 ,  
Kelsey E. Lorberau2 , Iva Pitelkova1, Tomasz Goslar3,4 , Francisco J. A. Murguzur2 , 
J. Sakari Salonen5 , Karin F. Helmens6,7 , Jostein Bakke8 , Mary E. Edwards1,9,10 ,  
Torbjørn Alm1, Kari Anne Bråthen2 , Antony G. Brown1,9, Inger G. Alsos1*†

The effects of climate change on species richness are debated but can be informed by the past. Here, we generated 
a sedimentary ancient DNA dataset covering 10 lakes and applied novel methods for data harmonization. We assessed 
the impact of Holocene climate changes and nutrients on terrestrial plant richness in northern Fennoscandia. We 
find that richness increased steeply during the rapidly warming Early Holocene. In contrast to findings from most 
pollen studies, we show that richness continued to increase thereafter, although the climate was stable, with 
richness and the regional species pool only stabilizing during the past three millennia. Furthermore, overall 
increases in richness were greater in catchments with higher soil nutrient availability. We suggest that richness 
will increase with ongoing warming, especially at localities with high nutrient availability and assuming that 
human activity remains low in the region, although lags of millennia may be expected.

INTRODUCTION
Our ability to counter the current loss of biodiversity is dependent 
on how well we understand the causes of its change through time. 
However, the trajectory of biodiversity, especially in response to 
ongoing climate change, is vigorously debated (1, 2), with discrepan-
cy among short-term biodiversity patterns at global, regional, and 
local scales, whereby local processes may compensate or even coun-
teract global trends (3). Our understanding of how a species pool, 
defined as “a set of species occurring in a particular region that can 
potentially inhabit a site because of suitable local ecological condi-
tions” (4), affects biodiversity patterns through time has so far been 
restricted by a lack of temporal depth in contemporary ecology and 
limited resolution in paleoecology. However, ancient DNA can pro-
vide refined insight into temporal trends of plant diversity due to 
high detectability and improved taxonomic resolution (5, 6).

The largest impact of ongoing climate change is expected to be at 
high latitudes (7). Field and modeling analyses suggest plant species 
richness will increase at high latitudes in Europe as summer tem-
perature increases (8). Short-term observational studies, however, 
suggest that colonization by terrestrial species is lagging behind 
shifts in temperature isotherms (9), which can be compensated 
in the short term by local extinction lags (1). Therefore, studies 

addressing richness and regional species pool development at high 
latitudes and at different spatiotemporal scales are warranted to 
increase our understanding of biodiversity responses to ongoing 
climate change.

Changes in species richness by other drivers, such as nutrient 
levels, species introductions, and dispersal lags, are often context 
dependent and hence difficult to predict. For example, edaphic 
variation, including variation in nutrient content, is hypothesized 
to strongly influence establishment, ecological drift, and niche se-
lection, which all affect the regional species pool, and this, in turn, 
affects richness as local communities assemble from the regional 
pool (10). Experimental approaches have shown a nonlinear impact 
of fertilization (the addition of essential nutrients) on Arctic plant 
richness and their ecosystem functions (11). An overall greater 
species richness has been reported from calcareous as compared 
with siliceous bedrock areas in the European Alps and northern 
Fennoscandia, whereby leaching of the former produces neutral to 
acidic microenvironments, providing a mosaic of habitats that may 
promote species establishment and increase richness at the local 
scale (12, 13). Human land use may increase richness on fertile soils 
(14), although global analysis shows richness loss from severely 
affected habitats (15). However, the overall human impact at high 
latitudes in Europe is low (16). There is also evidence that the trajec-
tory of succession, particularly soil formation, after glacier retreat 
varies because of both abiotic and biotic factors (17, 18). Further-
more, it has been found that regional plant species richness increases 
with time since the land was deglaciated, suggesting that the legacy 
of past glaciation is still detectable today, whereas local richness may 
be determined by habitat factors (19).

There is a clear need for long-term data at local and regional 
scales to better understand biodiversity trends (20). Paleoecological 
studies, especially those based on pollen (palynological) analyses, 
provide direct long-term evidence of plant biodiversity change and 
have been widely used to estimate effects of climate changes on 
richness (21–23). Contrasting richness patterns have been observed 
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a b s t r a c t

Uncovering anthropogenic and environmental drivers behind past biological change requires integrated
analyses of long-term records from a diversity of disciplines. We applied an interdisciplinary approach
exploring effects of human land-use and environmental changes on vegetation dynamics at Lake
Ljøgottjern in southeastern Norway during the Holocene. Combined analysis of pollen and sedimentary
ancient DNA (sedaDNA) metabarcoding of the sedimentary sequence of the lake describes the vegetation
dynamics at different scales, and establishes a timeline for pastoral farming activities. We integrate this
reconstruction with geochemical analysis of the sediments, climate data, archaeological evidence of local
human settlement and regional human population dynamics.

Our data covering the last 10,000 years reveals consistent vegetation signals from pollen and sedaDNA
indicating periods of deforestation connected to cultivation, matching the archaeological evidence.
Multivariate analysis integrating the environmental data from geochemical and archaeological re-
constructions with the vegetation composition indicates that the vegetation dynamics at Lake Ljøgottjern
were primarily related to natural processes from the base of the core (in ca. 8000 BCE, Mesolithic) up to
the Early Iron Age (ca. 500 BCEe550 CE), when agricultural activities in the region intensified. The pollen
signal reflects the establishment of a Bronze Age (ca. 1800e500 BCE) farm in the area, while subsequent
intensification of pollen concentrations of cultivated plants combined with the first sedaDNA signals of
cultivation and pastoralism are consistent with evidence of the establishment of farming closer to the
lake at around 300 BCE. These signals also correspond to the intensification of agriculture in southeastern
Norway in the first centuries of the Early Iron Age. Applying an interdisciplinary approach allows us to
reconstruct anthropogenic and environmental dynamics, and untangle effects of human land-use and
environmental changes on vegetation dynamics in southeastern Norway during the Holocene.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Understanding the processes that shaped our modern ecosys-
tems is important for explaining the role of anthropogenic and
environmental factors in biological change. It is increasingly

recognized that our modern ecosystems are the result of a long
history of human-environment interactions (Boivin and Crowther,
2021; Boivin et al., 2016; Ellis, 2015; Ruddiman, 2003; Ruddiman
et al., 2015; Williams et al., 2015), with human land-use as one of
the major drivers of ecosystem change (Boivin et al., 2016; Ellis,
2015; Nelson et al., 2006; Vitousek et al., 1997). In turn, land-use
transitions can be driven by cultural, ecological, and climatic
shifts (Boivin et al., 2016; Ellis, 2015; Stephens et al., 2019), illus-
trating the need for integrated analysis of long-term records from a
diversity of disciplines. Here, we combine multi-proxy analysis of
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ARTICLE

Environmental palaeogenomic reconstruction of an
Ice Age algal population
Youri Lammers 1✉, Peter D. Heintzman 1,2 & Inger Greve Alsos 1,2

Palaeogenomics has greatly increased our knowledge of past evolutionary and ecological

change, but has been restricted to the study of species that preserve either as or within

fossils. Here we show the potential of shotgun metagenomics to reveal population genomic

information for a taxon that does not preserve in the body fossil record, the algae Nanno-

chloropsis. We shotgun sequenced two lake sediment samples dated to the Last Glacial

Maximum and reconstructed full chloroplast and mitochondrial genomes to explore within-

lake population genomic variation. This revealed two major haplogroups for each organellar

genome, which could be assigned to known varieties of N. limnetica, although we show that at

least three haplotypes were present using our minimum haplotype diversity estimation

method. These approaches demonstrate the utility of lake sedimentary ancient DNA

(sed aDNA) for population genomic analysis, thereby opening the door to environmental

palaeogenomics, which will unlock the full potential of sed aDNA.

https://doi.org/10.1038/s42003-021-01710-4 OPEN
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Pleistocene sediment DNA reveals hominin 
and faunal turnovers at Denisova Cave

Elena I. Zavala1 ✉, Zenobia Jacobs2,3 ✉, Benjamin Vernot1, Michael V. Shunkov4, 
Maxim B. Kozlikin4, Anatoly P. Derevianko4, Elena Essel1, Cesare de Fillipo1, Sarah Nagel1, 
Julia Richter1, Frédéric Romagné1, Anna Schmidt1, Bo Li2,3, Kieran O’Gorman2, 
Viviane Slon1,5,6,7, Janet Kelso1, Svante Pääbo1, Richard G. Roberts2,3 ✉ & Matthias Meyer1 ✉

Denisova Cave in southern Siberia is the type locality of the Denisovans, an archaic 
hominin group who were related to Neanderthals1–4. The dozen hominin remains 
recovered from the deposits also include Neanderthals5,6 and the child of a 
Neanderthal and a Denisovan7, which suggests that Denisova Cave was a contact zone 
between these archaic hominins. However, uncertainties persist about the order in 
which these groups appeared at the site, the timing and environmental context of 
hominin occupation, and the association of particular hominin groups with 
archaeological assemblages5,8–11. Here we report the analysis of DNA from 
728 sediment samples that were collected in a grid-like manner from layers dating to 
the Pleistocene epoch. We retrieved ancient faunal and hominin mitochondrial (mt)
DNA from 685 and 175 samples, respectively. The earliest evidence for hominin 
mtDNA is of Denisovans, and is associated with early Middle Palaeolithic stone tools 
that were deposited approximately 250,000 to 170,000 years ago; Neanderthal 
mtDNA first appears towards the end of this period. We detect a turnover in the 
mtDNA of Denisovans that coincides with changes in the composition of faunal 
mtDNA, and evidence that Denisovans and Neanderthals occupied the site 
repeatedly—possibly until, or after, the onset of the Initial Upper Palaeolithic at least 
45,000 years ago, when modern human mtDNA is first recorded in the sediments.

Denisova Cave consists of three chambers (designated Main, East and 
South Chambers) that contain deposits with stratigraphic sequences 
extending from the Middle Pleistocene to the Holocene epoch. The 
Pleistocene deposits have chronologies that have been constructed 
from the radiocarbon dating of bone, tooth and charcoal5 (to around 
50 thousand years ago (ka)) and optical dating of sediments8 (to more 
than 300 ka). Optical ages for Main and East Chambers (Fig. 1a–c) can 
be aligned on a common time scale (Extended Data Fig. 1) but excava-
tions are ongoing in South Chamber, where layers are only tentatively 
recognized. Mitochondrial DNA and nuclear DNA have been recovered 
from eight hominin fossils, enabling four to be assigned to Deniso-
vans (Denisova 2, Denisova 3, Denisova 4 and Denisova 8)1–4, three to 
Neanderthals (Denisova 5, Denisova 9 and Denisova 15)5,6,12, and one 
to the child of a Neanderthal and a Denisovan (Denisova 11)7. However, 
there are too few fossils to enable the detailed reconstruction of the 
timing and sequence of hominin occupation, and the association of 
the early Middle Palaeolithic, middle Middle Palaeolithic and Initial 
Upper Palaeolithic assemblages identified at the site with specific 
hominin groups. Moreover, two Denisovan fossils (Denisova 3 and 
Denisova 4)—but no modern human remains—have been recovered 

from the Initial Upper Palaeolithic layers, so it is debated whether 
archaic hominins or modern humans created the associated orna-
ments and bone tools9–11.

A pilot study of DNA preservation in sediments from Denisova Cave 
identified ancient hominin mtDNA in 12 out of 52 samples13, which 
suggested a path to reconstructing the occupational history of the 
site at higher resolution than is feasible from the scarce hominin fossil 
record. Here we report the analysis of 728 sediment samples, collected 
in a 10–15-cm grid-like pattern from the exposed Pleistocene deposits 
in all three chambers (Extended Data Figs. 2, 3a, b, Supplementary 
Information sections 1, 2). Using automated laboratory protocols, 
DNA was extracted from each sample, converted to single-stranded 
libraries and enriched for mammalian and hominin mtDNA13,14, which 
we identified to the biological-family level using an established analy-
sis pipeline13.

Patterns of DNA preservation
We identified ancient mammalian mtDNA in 685 samples (94%) from 
all sampled layers, including those older than 290 ka (Extended Data 
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mapping for UE1605 would have tended to favor derived alleles,
suggesting this is, if anything, an overestimate.

Fossil remains from Arctodus are rare in North America
despite its continuous existence on the continent through
much of the Pleistocene. Geographically, its presence in Chiqui-
huite Cave also marks one of the most southerly findings of its
distribution,35,36 which further underlines the value of eDNA

records from rare taxa for our understanding of biogeography
and the glacial refugia that existed during the LGM. Our nuclear
genome-based phylogenetic analyses confirm that the North
American giant short-faced bear is most closely related to extant
Andean bear (Figure 4B), consistent with the findings of previous
mitochondrial analyses,37 and show that these two taxa diverged
!5.5 mya. However, many details concerning the evolution and

}
A

B C

Figure 4. Giant short-faced bear genomic and population estimates
(A) Biallelic transversion SNPs in UE1605, partitioned by readmapping (uniquely to the black bear mitochondrion, uniquely to Andean bear, or shared) and placed

onto a mitochondrial Ursid tree. Lines above the black backbone lines of the tree indicate SNPs mapping uniquely to Andean bear; lines below the tree indicate

mapping uniquely to black bear. The (+1) indicates a single supporting SNP in the black bear mapping leading to the Andean bear clade.

(B) Phylogenetic tree and divergence times of the eight extant bear species and the extinct giant short-faced bear, as inferred from analysis of nuclear genomes.

Branch lengths represent time before present (mya). Themean age of each node is shown, with 95%credibility intervals in parentheses and depicted as blue bars

around each node.

(C) PSMC plot for YG 546.562.

See Figures S1 and S2 and Data S1.
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the northward expansion after the peak of the ice agewould have
comprised the descendants of the northern populations. Alter-
natively, northern populations may have been extirpated (or
panmixia occurred), and the range expansion signal reflects
expansion of the refugial population during post-glacial refores-
tation. The substructuring in the East may also be influenced by
more recent processes: specifically, admixture from the North-
west into populations around the Great Lakes23 (Figure 2B),
which has resulted in higher diversity (unpublished data).
Contemporary Mexico has isolated bear populations in both

the Sierra Madre Occidental and Sierra Madre Oriental mountain
ranges, and is the only range state where black bears are consid-
ered endangered. Assuming population continuity in Mexico

over the past 16 cal kyr BP, our results provide the first direct ev-
idence linking eastern Mexican populations to the eastern line-
age. Mitochondrial haplotype analyses identified clades A-west
and A-east, respectively, in the Occidental and Oriental
ranges,30–32 yet mitochondrial-nuclear discordance has been
observed between bear species and in black bear populations.
Combined, the data suggest two colonizations of the Mexican
mountain ranges by black bears, and that the ChihuahuanDesert
may have been a barrier to east-west gene flow. We show that
the ancient Mexican population diverged before the East and
Alaskan populations split; thus, given previous population diver-
gence times from nuclear genomic data, we infer the Mexican
population diverged 67–31 cal kyr BP.23

A

C

B

D

Figure 1. American black bear phylogeny
(A) Map showing the black bear samples used.

(B) Principal component analysis using smartpca, which accounts for the high amount of missing data in the Mexican samples by projecting the ancient samples

onto a PCA created from the modern samples.

(C) Genetic Hamming distance of UE1212 to each of the modern samples on biallelic SNPs, scaled to account for missing data, mapped to a color scale, and

plotted on a phylomap using a neighbor-joining tree of the modern samples (results for UE1210 and UE1605 are shown in Figures S3A and S3B).

(D) Inferred admixture graph, using two polar bear genomes (STAR Methods) as an outgroup in our admixture analysis. All data were parsed and plotted using

admixtools2. We determined seven best-fitting graphs with highly similar topologies and many shared characteristics. The best of these is shown here, with a

score of 4.922, and with a worst excess f4 residual of !2.182 for the configuration (East,Kenai;Mexican,Polar), and the rest are shown in Figure S4.

See also Figures S1–S4.
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SUMMARY

Analysisof ancient environmentalDNA (eDNA) has revolutionizedourability todescribebiological communities
in space and time,1–3 by allowing for parallel sequencing of DNA from all trophic levels.4–8 However, because
environmentalsamplescontain sparseand fragmenteddata frommultiple individuals, andoftencontainclosely
related species,9 the field of ancient eDNA has so far been limited to organellar genomes in its contribution to
population and phylogenetic studies.5,6,10,11 This is in contrast to data from fossils12,13 where full-genome
studies are routine, despite these being rare and their destruction for sequencing undesirable.14–16 Here, we
report the retrieval of three low-coverage (0.033) environmental genomes from American black bear (Ursus
americanus) and a 0.043 environmental genome of the extinct giant short-faced bear (Arctodus simus) from
cave sediment samples from northern Mexico dated to 16–14 thousand calibrated years before present (cal
kyr BP), which we contextualize with a new high-coverage (263) and two lower-coverage giant short-faced
bear genomes obtained from fossils recovered from Yukon Territory, Canada, which date to !22–50 cal kyr
BP. We show that the Late Pleistocene black bear population in Mexico is ancestrally related to the present-
day Eastern American black bear population, and that the extinct giant short-faced bears present in Mexico
were deeply divergent from the earlier Beringian population. Our findings demonstrate the ability to separately
analyze genomic-scale DNA sequences of closely related species co-preserved in environmental samples,
which brings the use of ancient eDNA into the era of population genomics and phylogenetics.

RESULTS AND DISCUSSION

Fossil records are incomplete, and many mammalian taxa, in
particular those that lived at low population densities, are seldom

found. For these rare taxa, destructive DNA extraction from fossil
remains has the potential to reveal new insights into population
and evolutionary history; however, it also causes irreversible
damage to high-value specimens.14–16 The discovery that DNA
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SUMMARY

Cave sediments have been shown to preserve ancient DNA but so far have not yielded the genome-scale in-
formation of skeletal remains. We retrieved and analyzed human and mammalian nuclear and mitochondrial
environmental ‘‘shotgun’’ genomes from a single 25,000-year-old Upper Paleolithic sediment sample from
Satsurblia cave, western Georgia:first, a human environmental genome with substantial basal Eurasian
ancestry, which was an ancestral component of the majority of post-Ice Age people in the Near East, North
Africa, and parts of Europe; second, a wolf environmental genome that is basal to extant Eurasian wolves and
dogs and represents a previously unknown, likely extinct, Caucasian lineage; and third, a European bison
environmental genome that is basal to present-day populations, suggesting that population structure has
been substantially reshaped since the Last Glacial Maximum. Our results provide new insights into the
Late Pleistocene genetic histories of these three species and demonstrate that direct shotgun sequencing
of sediment DNA, without target enrichment methods, can yield genome-wide data informative of ancestry
and phylogenetic relationships.

INTRODUCTION

Ancient DNA fragments sequenced from bone,1 teeth,2 and hair3

have revolutionized our understanding of natural history and the
human past.4,5 When skeletal material is not available, ancient
environmental DNA has been used to determine the presence
or absence of different species. Several studies based on PCR
methods demonstrated the presence of ancient DNA in sedi-
ments,6 including in caves,7 and more recently, high throughput
sequencing techniques have been applied.8–11 Cave sediment
ancient DNA has been used to track the presence or absence
of species across a range of environments and time periods, pri-
marily through targeted amplification or capture of single genetic
regions.12 A ground-breaking study showed DNA preservation in

clay-rich sediments since !240 ky13 and used targeted enrich-
ment to recover sufficient numbers of fragments to reconstruct
mtDNA phylogenies of Neanderthals and Denisovans. A similar
study recovered Denisovan mitochondrial DNA from sediments
deposited !100 kya and !60 kya from Baishya Karst Cave on
the Tibetan Plateau.14 A recent study used targeted enrichment
of 1.6 million loci to recover Neanderthal and Denisovan nuclear
DNA from three Paleolithic sites. This yielded enough DNA to
allow for some analyses of genome-wide ancestry, including
the finding of a Neanderthal population replacement at one of
the sites, thereby demonstrating the possibility of large-scale nu-
clear DNA recovery from sediments.15

Here, we report results from shotgun sequencing and genomic
analysis of a sediment sample from the Upper Paleolithic site of
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Fig. 4D), which today drains a catchment that has a Late Holocene 
glacier in its upper reaches (Fig. 1H and section S1). Accumulated 
richness was also high at Gauptjern, which is at the border between 
pine and birch forest (Figs. 1J and 4B), and at Nordvivatnet and 

Langfjordvannet (Fig. 4, F and H), which have a mixture of heathland, 
birch forest, and scree slope in their catchments (Fig. 1, D and I). 
Somewhat lower accumulated richness values were calculated at 
the two sites in pine forest, Horntjernet (Figs. 1L and 4C) and 
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Fig. 3. Correlations between taxonomic richness (left) and time (right) against six measures of sedaDNA data quality. Sample age minimally affects MTQ (A) and 
MAQ (B) scores, total raw read count (C), mean barcode sequence length (D), and the mean proportion of weighted PCR replicates (E) across the entire dataset, although 
the proportion of reads identified as terrestrial plant (F) increases through time. Data in black, samples that passed QC; blue, samples that failed QC; red, negative controls. 
Fitted Loess-smoothed lines along with one SE envelope are for samples that passed QC. Data for individual lakes are presented in fig. S4.
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richness was also high at Gauptjern, which is at the border between 
pine and birch forest (Figs. 1J and 4B), and at Nordvivatnet and 

Langfjordvannet (Fig. 4, F and H), which have a mixture of heathland, 
birch forest, and scree slope in their catchments (Fig. 1, D and I). 
Somewhat lower accumulated richness values were calculated at 
the two sites in pine forest, Horntjernet (Figs. 1L and 4C) and 
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MAQ (B) scores, total raw read count (C), mean barcode sequence length (D), and the mean proportion of weighted PCR replicates (E) across the entire dataset, although 
the proportion of reads identified as terrestrial plant (F) increases through time. Data in black, samples that passed QC; blue, samples that failed QC; red, negative controls. 
Fitted Loess-smoothed lines along with one SE envelope are for samples that passed QC. Data for individual lakes are presented in fig. S4.
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Summary
• Ancient DNA from sediment can be used to 

reconstruct past environments over hundreds of 
thousands of years.

• Unknowns remain but progress is rapidly being 
made.

• Huge potential for environmental palaeogenomics
applications.

• Many palaeoecological, environmental, and 
evolutionary questions still to explore!


