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Since the inception of ancient environmental DNA (eDNA) research,
considerable attention has been paid to the depositional and diage-
netic processes of DNA moleculesin different sediments and settings.
Understanding those processes is critical to determine whether the
recovered DNA is of the same age as the deposit in which it is found.
Itis therefore not unreasonable to ask, as Miller and Simpson have?
inresponse to our recently published eDNA study of 50,000 years of
Arctic ecosystem changes®, whether remains of long-dead megafauna
might have contributed older DNA to younger deposits. They propose
that this may account for our finding that mammoths persisted into
the Holocene epochin the continental Arctic.

Thebasis for Miller and Simpson’s proposal is that mammoth remains
couldhavepersistedonthesurfaceof cold Arcticlandscapesformillennia
after the species’ extinction, and while decomposing, released DNA
into younger sediment layers. Their argument assumes that surface
skeletal persistence is predominantly temperature-related, based ona
correlation between mean annual temperature and the time unburied
bones appear to persist. Leaving aside the limited sample size (n =10)
onwhichtheir correlationis derived, and the fact that not all the dated
bones in the model have been on the surface since the animals’ death
(for example, the Wrangel Island mammoths were evidently released
from permafrost only a few years before their discovery*), there can
belittle doubt that temperatureisafactorinbone preservationinthe
Arctic. However, itisnot the sole orevendominant factor. Instead, thisis
aregionwhere multiple factors work against ubiquitous, millennia-long
preservation, including carnivore and scavenger activity, moisture
effects, seasonal freezing and thawing, strong ultraviolet radiation, and
arange of biogeochemical processes that lead to enzyme digestion and
organic matter decomposition**. Mammoth individuals, being large,
would require wide geographicranges’. The expected average density
of mammoth fossils per unit area would therefore be extremely low,
and so too would the likelihood that these rare remains contributed
DNA to our sampling sites. Given that mammoth DNA was found in
23 Holocene samples from 14 different sites (Fig. 1a), these late survivals
are highly unlikely to be a result of DNA released from dead remains.

Furthermore, the eDNA that we obtained from surface samples
belonged solely to species present on the landscape presently,

indicating that secondary contamination from fossil material is minor.
However, it is well understood that some depositional settings (for
example, riverbanks and thaw lakes) may be affected by complex
processes, whereby older material (not only eDNA but the sediment
stratums) can be redeposited within younger sediments. This applied
for onesite (anactively eroding riverbank setting) of our original study
thatdid not meet our criteria of an unmixed section with clear sedimen-
tological and chronological contexts for eDNA sampling (described in
the supplementary information of ref.®), which was therefore excluded
from the analysis. This reinforces the well-known caution that fluvial
settings require particularly stringent sampling and dating protocols®.

Although Miller and Simpson rightly note that there is a near-
continuous record of dated mammoth fossils, that record is not areli-
able estimator of extinction timing. The youngest dated fossil marks
thelast time a species was abundant on the landscape’, rather thaniits
last occurrence, whichis highly likely to go undetected when aspecies
is declining toward extinction, especially across the large geographic
range of the vast Arctic landmass. Given the patchy nature of both
the fossil and radiocarbon records, there can be centuries-long gaps
between dated specimens (figure 1in ref. ?). Those gaps would only
increase as species declined and shifted their ranges to smaller portions
of their former area'®. Mammoths may have survived in refugia—such
asthelast pockets of the steppe-tundralandscape to which they were
adapted—long after the date of the last known fossils, and most prob-
ably also after their last recorded occurrence ineDNA. However, there
is a greater chance of detecting the lingering presence of an animal
with eDNA than withits fossils, because an animal releases millions of
DNA molecules onto the landscape on a daily basis over the course of
its lifetime, but only leaves one skeleton, which is far less likely to be
preserved, found and dated.

Notwithstanding limitations in Miller and Simpson’s model and the
lack of evidence for redeposition of DNAin our samples, itis reasonable
to ask what we might expect to see if the slow decomposition of mam-
moth tissues on cold Arctic landscapes released DNA into sediments
ubiquitously millennia after mammoth extinctions.

First, if redeposition of ancient DNA were widespread, we would
expect to see mammoth eDNA in many sampling sites across the

A list of affiliations appears at the end of the paper.
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Fig.1| The geographical distribution oflate-surviving mammoths, and
thevertical distribution of eDNA samples and theidentified mammoths
insediment profiles.a, Mammoth eDNAswereidentified in 23 out of 192
Holocene samples, from 14 out of 32 sites covering the Holocene, and originated
from 3 different sediment contexts. The 3 coloured regions show the shrinking
distribution of mammothinthe Holocene: green, blueandred correspond to

species’ full range during the late Pleistocene epoch, and not only
restricted to particular regionsinthe Holocene. Yet, we instead found
evidence of later surviving populations—mammoths younger than
the Pleistocene/Holocene boundary (11.7 thousand years before pre-
sent (kyr BP))—inonly 23 out of the 192 Holocene samples, in different
depositional contexts from 14 out of the 32 sites covering the Holocene
(Fig.1a). The Holocene-age mammoth eDNA occursin distinct spatial
and temporal patterns. It disappears first from the North Atlantic and
North Americanregions, and finally from Siberia, especially northwest
and central Siberia (Fig.1a). These patterns are highly unlikely to have
resulted from mammoth bones persisting on the ground surface or
being exhumed from below then releasing DNA—if that were the case,
the pattern of Holocene ages of mammoth eDNA would be unlikely to
be so geographically uneven or to become geographically restricted
over time.

Second, if mammoth DNA was continually ‘leaking’ into deposits, it
would probably be detected in most (if not all) of the stratigraphic layers
that formed after its DNA first found until the remains (whether pre-
served on the surface or exhumed from below) had disappeared alto-
gether. Thus, mammoth DNA would notbe restricted to time-specific
depositionallayers within sites, but would instead be ‘smeared” across
successive layers. We do not see this either—there is no evidence of
mammoth DNA being smeared throughout a section, either horizon-
tally or vertically (Fig. 1b). Instead, the DNA of mammoths and other
animalsis usually restricted to specific strata and separated by layers
where their DNAis absent, including fluvial sites that can harbour eDNA
from geographically wider catchments and upstream DNA sources
that may feed them®. In many cases, mammoth DNA is detected only
insome—and not all-of the samples from the same stratum (Fig. 1b),
indicating that it has not diffused through a horizontal layer.

Third, if mammoth DNA was an artefact of redeposition, the sig-
nal would probably be random with respect to changes in vegetation
and climatic conditions. That is not the case. Our eDNA results were
embedded in a comprehensive reconstruction of past Arctic ecosys-
tems, which revealed continental and regional associations between
mammoth eDNA and (1) eDNA of other animals, (2) the steppe-specific
herbaceous plants, and (3) palaeo-climate panels reconstructed inde-
pendently from different climate models (figures 2 and 4 in ref. 3).
Our results show that the range of where mammoth eDNA has been
found shrinks through the Holocene along with the shrinking of the
steppe-tundravegetation and the climatic and hydrogeological condi-
tions to which the species was adapted to in the Pleistocene®, thereby
supporting the geographically uneven and increasingly restricted
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patternjust noted. Iflingeringmammothbones had leached older eDNA
ubiquitously, we should not have seen spatiotemporal co-occurrences
of mammoth, steppe vegetation, and the cold and dry Pleistocene-like
climate conditions.

Finally, if redeposition of DNA in younger deposits was a prob-
lem, the eDNA of late-surviving mammoths ought to reflect the
full range of clades present in mammoth populations in the late
Pleistocene. They do not. Instead, we find a consistent decline of
mammoth mitochondrial haplogroup diversity from the Pleistocene
into the Holocene to the point where only Clade 1DE remained, both
onisolatedislands and on continental Siberia (figure 4 inref. ?). Itis
highly unlikely that this reduction in genetic diversity was because
individuals harbouring the same haplogroup were the only ones
whose DNA was being released into younger sediments over time.
This finding instead conforms to a pattern of a species’ decline
towards extinction.

Insum, we find all evidence pointing to the validity of the eDNA iden-
tifications of late-surviving Arctic megafaunareportedin our original
study. However, we acknowledge the possibility that unburied or
exhumed animal fossils can contribute DNA to younger sediment lay-
ers, and this should always be considered (along the lines we described
inref.?). Thisis particularlyimportantin cases in which the animal spe-
ciestargeted were abundant and widely distributed onthe landscape,
for fine-resolution reconstructions, and for studies relying primarily
on fluvial sediments as the eDNA source.

Reporting summary

Furtherinformation on experimental designis availablein the Nature
Portfolio Reporting Summary linked to this Article.
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Any methods, additional references, Nature Portfolio reporting summa-
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and competing interests; and statements of data and code availability
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Data availability

All data analysed in this study areincluded in this article or have been
published previously.

Nature | Vol 612 | 1December 2022 | E5



Matters arising

1. Haile, J. et al. Ancient DNA chronology within sediment deposits: are paleobiological
reconstructions possible and is DNA leaching a factor? Mol. Biol. Evol. 24, 982-989 (2007).

2. Miller, J. H. & Simpson, C. When did mammoths go extinct? Nature 10.1038/s41586-022-
05416-3 (2022).

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

4. Vartanyan, S. L., Arslanov, K. A., Karhu, J. A., Possnert, G. & Sulerzhitsky, L. D. Collection of
radiocarbon dates on the mammoths (Mammuthus primigenius) and other genera of
Wrangel Island, northeast Siberia, Russia. Quat. Res. 70, 51-59 (2017).

5. Conard, N. J., Walker, S. J. & Kandel, A. W. How heating and cooling and wetting and
drying can destroy dense faunal elements and lead to differential preservation.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 266, 236-245 (2008).

6. Todisco, D. & Monchot, H. Bone weathering in a periglacial environment: the Tayara site
(KbFk-7), Qikirtaq Island, Nunavik (Canada). Arctic 61, 87-101 (2008).

7. Damuth, J. Population density and body size in mammals. Nature 290, 699-700 (1981).

8.  Parducci, L. et al. Ancient plant DNA in lake sediments. New Phytol. 214, 924-942 (2017).

9. Signor, P. W. & Lipps, J. H. in Geological Implications of Impacts of Large Asteroids and
Comets on the Earth, Vol. 190 (eds Silver, L. T. & Schultz, P. H.) 291-296 (1982).

10. Dehasque, M. et al. Combining Bayesian age models and genetics to investigate population
dynamics and extinction of the last mammoths in northern Siberia. Quat. Sci. Rev. 259,
106913 (2021).

1. Zimoy, S. A, Zimov, N. S., Tikhonov, A. N. & Chapin, F. S. Mammoth steppe: a high-
productivity phenomenon. Quat. Sci. Rev. 57, 26-45 (2012).

Acknowledgements The authors thank D. K. Grayson, R. L. Lyman and D. H. Mann for helpful
suggestions. EW. and D.J.M. thank the staff at St John’s College, Cambridge, for providing a
stimulating environment for scientific discussion of the project. This work was supported by
the Carlsberg Foundation (CF18-0024), the NSFC BSCTPES project (No. 41988101), the
Lundbeck Foundation (R302-2018-2155), the Novo Nordisk Foundation (NNF1I8SA0035006),
the Wellcome Trust (UNS69906) and GRF EXC CRS Chair (44113220)-Cluster of Excellence.

Author contributions All authors contributed to the conception of the presented ideas. YW.
and H.D. analysed the data. YW., D.J.M., A.P. and E.W. wrote the paper with inputs from all
authors.

Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-022-05417-2.

Correspondence and requests for materials should be addressed to Eske Willerslev.
Reprints and permissions information is available at http://www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution
oY 4.0 International License, which permits use, sharing, adaptation, distribution
and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made. The images or other third party material in this article are

E6 | Nature | Vol 612 | 1 December 2022

included in the article’s Creative Commons license, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons license and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this license,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

'Department of Zoology, University of Cambridge, Cambridge, UK. 2Lundbeck Foundation
GeoGenetics Centre, Globe Institute, University of Copenhagen, Copenhagen, Denmark.
SALPHA, State Key Laboratory of Tibetan Plateau Earth System, Environment and Resources
(TPESER), Institute of Tibetan Plateau Research (ITPCAS), Chinese Academy of Sciences
(CAS), Beijing, China. *Key Laboratory of Western China’s Environmental Systems (Ministry of
Education), College of Earth and Environmental Science, Lanzhou University, Lanzhou, China.
*Génomique Métabolique, Genoscope, Institut Frangois Jacob, CEA, CNRS, Univ Evry,
Université Paris-Saclay, Evry, France. ®Institute for Integrative Biology of the Cell (12BC),
Université Paris-Saclay, CEA, CNRS, Gif-sur-Yvette, France. "The Arctic University Museum of
Norway, UiT—The Arctic University of Norway, Tromsg, Norway. °Department of Geography
and Environment, University of Hawaii, Honolulu, HI, USA. °Department of Geosciences and
Natural Resource Management, University of Copenhagen, Copenhagen, Denmark. “Institute
of Earth Sciences, St Petersburg State University, St Petersburg, Russia. "Arctic and Antarctic
Research Institute, St Petersburg, Russia. 2Université Grenoble-Alpes, Université Savoie Mont
Blanc, CNRS, LECA, Grenoble, France. *Department of Genetics, University of Cambridge,
Cambridge, UK. “Carlsberg Research Laboratory, Copenhagen V, Denmark. *School of
Geography and Environmental Science, University of Southampton, Southampton, UK.
'®Alaska Quaternary Center, University of Alaska Fairbanks, Fairbanks, AK, USA. "School of
Environment, Earth and Ecosystem Sciences, The Open University, Milton Keynes, UK.
'8Center for the Environmental Management of Military Lands, Colorado State University, Fort
Collins, CO, USA. ®Department of Earth and Atmospheric Sciences, University of Alberta,
Edmonton, Alberta, Canada. *°Faculty of Biology, St Petersburg State University, St Petersburg,
Russia. ?’Department of Glaciology and Climate, Geological Survey of Denmark and
Greenland, Copenhagen K, Denmark. 2?Department of Earth Science, University of Bergen,
Bergen, Norway. ZBjerknes Centre for Climate Research, Bergen, Norway. **Department of
Geology, Quaternary Sciences, Lund University, Lund, Sweden. *Center for Macroecology,
Evolution and Climate, Globe Institute, University of Copenhagen, Copenhagen &, Denmark.
%Centre d’Anthropobiologie et de Génomique de Toulouse, Faculté de Médecine Purpane,
Université Paul Sabatier, Toulouse, France. ¥Center for Global Mountain Biodiversity, Globe
Institute, University of Copenhagen, Copenhagen, Denmark. 2Gates of the Arctic National
Park and Preserve, US National Park Service, Fairbanks, AK, USA. *Department of
Geosciences, UiT—The Arctic University of Norway, Tromsg, Norway. *°Zoological Institute,
Russian academy of sciences, St Petersburg, Russia. *’Resource and Environmental Research
Center, Chinese Academy of Fishery Sciences, Beijing, China. **College of Plant Science, Jilin
University, Changchun, Jilin, China. **Department of Anthropology, Southern Methodist
University, Dallas, TX, USA. **Wellcome Trust Sanger Institute, Wellcome Genome Campus,
Cambridge, UK. ®MARUM, University of Bremen, Bremen, Germany. *e-mail: ew482@cam.ac.uk



nature portfolio

Corresponding author(s):  Eske Willerslev

Last updated by author(s): Sep 13, 2022

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
~
[

|z| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|:| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

D The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested

XX X X []

|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

D A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

D For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

D For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Data collection in this study do not use codes or mathematical algorithms.

Data analysis Analyses pursued in this study do not use codes or mathematical algorithms.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data analysed in this study are published before in the cited recourses.

o)
QO
5]
(o
(D
©
(@]
=1
S
=
-
D
O
(@)
=
>
(@)
wv
e
3
E
Q
S

YoIDpy

Leoc




Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[ ] Life sciences [ ] Behavioural & social sciences  [X] Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description This is a response to a Matter Arising paper, which do not involve new data generating.

o)
QO
5]
(o
(D
©
(@]
=
S
=
-
D
O
(@)
=
>
(@)
wv
e
3
E
Q
S
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