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Late Quaternary dynamics of Arctic biota 
from ancient environmental genomics

During the last glacial–interglacial cycle, Arctic biotas experienced substantial 
climatic changes, yet the nature, extent and rate of their responses are not fully 
understood1–8. Here we report a large-scale environmental DNA metagenomic study 
of ancient plant and mammal communities, analysing 535 permafrost and lake 
sediment samples from across the Arctic spanning the past 50,000 years. 
Furthermore, we present 1,541 contemporary plant genome assemblies that were 
generated as reference sequences. Our study provides several insights into the 
long-term dynamics of the Arctic biota at the circumpolar and regional scales. Our key 
findings include: (1) a relatively homogeneous steppe–tundra flora dominated the 
Arctic during the Last Glacial Maximum, followed by regional divergence of 
vegetation during the Holocene epoch; (2) certain grazing animals consistently 
co-occurred in space and time; (3) humans appear to have been a minor factor in 
driving animal distributions; (4) higher effective precipitation, as well as an increase in 
the proportion of wetland plants, show negative effects on animal diversity; (5) the 
persistence of the steppe–tundra vegetation in northern Siberia enabled the late 
survival of several now-extinct megafauna species, including the woolly mammoth 
until 3.9 ± 0.2 thousand years ago (ka) and the woolly rhinoceros until 9.8 ± 0.2 ka; 
and (6) phylogenetic analysis of mammoth environmental DNA reveals a previously 
unsampled mitochondrial lineage. Our findings highlight the power of ancient 
environmental metagenomics analyses to advance understanding of population 
histories and long-term ecological dynamics.

Climate changes are amplified at high latitudes and have pronounced 
effects on Arctic ecosystems1. Their effects on Arctic plant and animal 
communities, as well as the human populations who are dependent on 
them, would have been especially pronounced during the extremely 
cold and arid Last Glacial Maximum (LGM) (26.5–19 ka)2 and later dur-
ing the rapid warming that preceded the Holocene. However, precisely 
what those effects were, and how they played out across the Arctic, are 
not fully understood. These dynamics were further complicated by 
differences in the timing and extent of glaciation in different regions 
across this vast and topographically complex landscape. Previous stud-
ies based on pollen and plant macrofossils have documented substan-
tial spatiotemporal variations in Arctic vegetation over the past 50,000 
years (50 kyr)1,3, yet it continues to be debated how climatic changes 
during this period affected plant communities in different regions of 
the Arctic, and how changes in climate and vegetation may have affected 
large mammals (that is, megafauna)4–6. Skeletal remains show that 
several megafaunal species, including woolly mammoth (Mammuthus 
primigenius), woolly rhinoceros (Coelodonta antiquitatis), steppe bison 
(Bison priscus) and horse (Equus spp.), were abundant in the Arctic dur-
ing the Pleistocene epoch, but are thought to have become regionally 
or globally extinct by the onset of the Holocene4,5. However, the precise 
timing of megafaunal extinctions, and whether and to what extent 
some of these taxa survived into the Holocene, is uncertain. Similarly, 
the contribution of various abiotic and biotic drivers to the extinction 
process of different taxa remains an open question7,8.

To address these knowledge gaps, we performed a metagenomics 
analysis of ancient environmental DNA (eDNA) of plants and animals 

recovered from sediments from sites distributed across much of the 
Arctic covering the past 50 kyr. Relative to other palaeoecological 
proxies (such as pollen and macrofossils), ancient eDNA offers distinct 
advantages—including greater taxonomic resolution across the full tree 
of life9 and higher spatial and temporal precision than pollen—as eDNA 
mainly derives from the local community10. We used metagenomic 
analysis rather than the widely used metabarcoding approach because 
it enables the sequencing of DNA fragments from entire genomes with-
out taxon-specific amplifications, therefore improving the specificity 
and sensitivity of taxonomic identification, as well as facilitating the 
authentication of endogenous ancient DNA from modern contami-
nants9. However, metagenomic analysis requires genome-scale refer-
ence data, which are limited for most regions of the world, including 
the Arctic. Thus, a key component of our study is the generation of a 
substantial corpus of plant reference sequences.

Metagenomic dataset and database
We generated the eDNA metagenomic dataset from 535 sediment sam-
ples obtained at 74 circumpolar sites (Fig. 1). Samples come from lake 
sediments and stratigraphic exposures (unconsolidated permafrost). 
For the purpose of understanding regional variability, we grouped 
sites into four regions: North Atlantic; northwest and central Siberia; 
northeast Siberia; and North America (Fig. 1). Sample ages span the 
past 50 kyr, albeit in varying numbers, from all regions with the notable 
exception of the North Atlantic, which was largely covered by ice sheets 
that often erased pre-LGM deposits2,11.
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From the 535 samples, we generated 10.2 billion sequencing reads 

that passed the filtering criteria and were used for analysis (Methods). 
We created a comprehensive reference database for taxonomic identi-
fication by merging the NCBI-nt and NCBI-RefSeq databases, and sup-
plemented the limited genomic-scale public reference data for Arctic 
species with 12 Arctic animals and an extensive sequencing effort of 
1,541 modern Holarctic plant genome skims (PhyloNorway; Methods). 
These new sequences comprise 311.3 million whole-genome contigs 
and provide a broader and more reliable plant reference database 
than previously available. The merged reference database contains 
a total of 380.4 million entries and covers about 1.47 million organ-
isms. We developed a k-mer-based method to evaluate the availabil-
ity and coverage of our combined reference database for different 
taxa (Methods) and found that it covers a wide range of both Arctic 
and non-Arctic species (Supplementary Information 9.2.3). Accord-
ingly, the addition of our new reference genomes did not cause bias 
towards Arctic taxa, providing confidence in our identifications. We 
used robust approaches to identify taxa from individual reads and col-
lated the resulting taxonomic composition at the generic or familial 
level (Methods). We applied several methods to authenticate the plant 
and animal taxonomic profiles; the identifications were reliably clas-
sified despite the short DNA sequences that were preserved in these 
samples (Methods).

Moreover, 131 samples in this dataset were processed for metabar-
coding, targeting the short DNA barcodes of plants12, enabling a com-
parison between the two approaches (Methods). The results showed 
that the metagenomic analysis captured greater floristic and faunal 
diversity and achieved better taxonomic resolution (Supplementary 
Information 11.2). We also found that only about 1.26% of the plant 
DNA reads are of ribosomal and chloroplast origin (Supplementary 
Information 9.2.5), suggesting that the metabarcoding approach—
which relies on organelle DNA—makes use of only a small fraction of 
preserved DNA. However, we acknowledge that these comparisons 
are sample- and method-specific; more studies are needed before 
broader conclusions about the relative merits of the two approaches 
can be reached.

Circum-Arctic vegetation dynamics
We combined plant assemblages that were reconstructed from all 
of the samples to describe the temporal changes in floristic compo-
sition, diversity and community structure across the Arctic (Fig. 2a 
and Extended Data Fig. 1). Our results show substantial and repeated 
responses of Arctic vegetation to changing climates over the past 
50 kyr.

The overall floristic diversity increased steadily from 50 ka and 
reached its highest levels at the onset of the LGM (about 26.5 ka), 
when the climate reached its coldest and driest point at many loca-
tions2,11 (Fig. 2a). Vegetation turnover was high before about 38 ka, and 
the identified shrubs, forbs and grasses suggest a shifting mosaic of 
steppe–tundra vegetation. Herbaceous plants were the dominant plant 
group until about 19 ka, with forbs more abundant than graminoids 
(Fig. 2a), but not as dominant as suggested by a previous metabarcoding 
study12. Trees and aquatic plants were limited in distribution to lower-
latitude sites—consistent with overall dry and cold climate conditions 
during this period. The scarcity of cold-tolerant trees such as Pinus and 
Picea, and absence of Larix, reflect low precipitation and strong winds 
(Fig. 2a and Extended Data Fig. 1a).

The transition into the LGM featured declining temperature and pre-
cipitation (Fig. 2a). Across the Arctic, trees remained absent, and there 
was a sharp decrease in floristic diversity, mainly caused by the decline 
in herbaceous taxa. Overall, vegetation turnover was consistently high 
during this decline in diversity, suggesting that cold and dry extremes 
caused the loss of taxa from all plant communities, although the taxa 
that were dominant in the pre-LGM period remained (Extended Data 

Fig. 1a). LGM vegetation dissimilarity was the lowest of all time periods 
(Extended Data Fig. 1b, c), indicating considerable homogeneity across 
much of the unglaciated Arctic.

After the LGM, warming towards the Bølling–Allerød interstadial 
(approximately 14.6–12.9 ka)13 led to vegetation divergence among 
sites (Extended Data Fig. 1b, c). There was a substantial increase in 
the abundance of woody plants (such as Salix and Betula), whereas 
the herbaceous diversity continued to decline, causing the overall 
diversity to reach its lowest point at the beginning of the cold Younger 
Dryas stadial (approximately 12.9–11.7 ka)14 (Fig. 2a). The abundance 
of woody taxa and vegetation turnover rate reached the highest point 
during the Younger Dryas; the latter is consistent with the intensive 
climate changes that mark the transition from the Pleistocene to the 
Holocene.

Shortly after the Younger Dryas, summer insolation peaked and 
atmospheric CO2 reached Holocene levels15. Previously abundant plant 
taxa such as Artemisia and Poa rapidly declined or vanished locally. 
Other plant taxa, particularly boreal trees and prostrate shrubs (such 
as Vaccinium), appeared and later became abundant (Extended Data 
Fig. 1a), suggesting that there was a shift from open, cold-adapted tun-
dra–steppe to a mosaic of herbaceous and woody plant communities. 
The floristic diversity of this more mesophilic vegetation increased 
during the Early Holocene as climate continued to warm and effective 
precipitation increased, but then declined during the middle Holocene 
(Fig. 2a).

Owing to dating uncertainties and limits on the temporal resolu-
tion of palaeoclimatic simulations, our results captured only broader 
changes in vegetation dynamics under climate change. During much of 
the past 50 kyr, overall plant diversity decreased when the proportion 
of trees and shrubs increased, as they outcompete herbaceous taxa 
through shading16. By contrast, when climate became more suitable 
for herbaceous taxa, diverse taxa expanded to share the landscape, 
and the overall diversity therefore increased.
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Fig. 1 | Site distribution (North Pole-centred view). Samples (n = 535) from a 
total of 74 circumpolar sites were grouped into four geographical regions 
(Supplementary Information 2). The grey dashed circle indicates the Arctic 
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Regional vegetation dynamics
Underlying the generalized pattern of Holarctic vegetation changes 
are significant geographical differences. Early in postglacial times, 
the North Atlantic experienced the sharpest rises in taxonomic rich-
ness (Fig. 2b), along with the steepest temperature increase (Extended 
Data Fig. 2b). The increase in postglacial richness was probably driven 
by species dispersals coupled with habitat diversification17, that is, 
gynomorphically dynamic substrates that were exposed by glacial 
retreat and shaped by meltwater. The resultant vegetation initially had 
low diversity but was rich in aquatic taxa (Fig. 2b, d). The abundance of 
aquatic taxa relates in part to the prevalence of samples from lakes in 
the North Atlantic (Supplementary Information 10), but nonetheless 

highlights the ability of aquatic plants to disperse rapidly into newly 
deglaciated terrain containing abundant streams and lake basins18. As 
the postglacial climate continued to warm, the overall proportion of 
aquatic taxa declined as trees and shrubs (for example, Betula, Salix 
and Vaccinium) became abundant in this region (Fig. 2d and Extended 
Data Fig. 3).

Northeast Siberia and North America experienced less radical 
postglacial changes in vegetation type (Fig. 2c, d). During the Late 
Glacial, trees and shrubs became more widely distributed, and floristic 
diversity started to decline—a trend that was especially pronounced in 
North America (Fig. 2b, d). By about 12 ka, rising sea levels had flooded 
the Bering Strait, and the vegetation on each side started to diverge 
(Extended Data Fig. 2a). In northeast Siberia, greater effective moisture 
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Fig. 2 | Climate and vegetation changes over the past 50 kyr. a, Pan-Arctic 
climate changes and vegetation variations. LGM (26.5−19 ka) and Younger 
Dryas (YD) (12.9−11.7 ka) are indicated by grey bars. The six time intervals are 
indicated by light blue bars (Supplementary Information 2). The error bands 
denote s.e. From top to bottom (see Methods for detailed calculations): the 
Greenlandic ice-core δ18O ratio and snow accumulation rate; the plant Shannon 
diversity and the Greenlandic ice-core calcium concentration; the average 

modelled annual temperature and precipitation for all eDNA sampling sites; 
the proportion of plant growth forms; the proportion of the herbaceous plant 
growth forms; and the vegetation turnover rates. b, The number of observed 
genera in different regions. c, Regional vegetation turnovers. d, Regional 
vegetation morphological compositions. The sample sizes for each region and 
time interval are provided in Supplementary Information 2. Calculations are 
supplied in the Methods.
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within the Holocene led to the expansion of aquatic plants (such as 
Hippuris and Menyanthes). The previously dominant steppe taxa (for 
example, Poa and Artemisia) declined, although sedges, of which many 
species are hygrophilous, continued to be abundant (Extended Data 
Fig. 3). The vegetation of this region became a mosaic of steppe and 
tundra elements. In North America, trees such as Populus and Picea 
became more widespread during the Early Holocene and previously 
widespread steppe species declined (Fig. 2d and Extended Data Fig. 3). 
A broad, southern swath of eastern Beringia became boreal forest.

In contrast to the changes observed in these regions, vegetation in 
northwest and central Siberia remained relatively unchanged through 
the Pleistocene–Holocene transition (Fig. 2c, d). However, some cold- 
and/or dry-adapted taxa (such as Artemisia and Poa) were replaced by 
forbs that were better adapted to warmer climates, and Salix was par-
tially replaced by Betula and Alnus (Extended Data Fig. 3). The vegeta-
tion in this region persisted as a steppe–tundra mosaic through much 
of the Holocene, probably due to central Siberia’s extreme climatic 
continentality caused by the Siberian anticyclone19, which created 
largely ice-free conditions during the LGM and fostered dry hydro-
geological conditions in postglacial times that mitigated the effects 
of rising global temperatures on vegetation11.

Overall, these results show that postglacial plant communities 
regionally diverged in response to warming temperatures, increasing 
moisture, retreating ice sheets and marine transgressions. Although 
regions that were once overridden by continental ice sheets expe-
rienced extreme vegetation changes, the vegetation in unglaciated 
interior regions remained rather stable. This maritime–continental 
contrast highlights the importance of moisture in driving ecosystem 
changes in the Arctic7,20. We next incorporate these insights into veg-
etation dynamics, together with other potential drivers, into a model 
to identify the factors influencing animal distributions.

Animal distribution drivers
We developed a model using reconstructed animal distributions and 
floristic compositions, modelled palaeoclimate variables and inferred 
human occurrences (Methods) to examine the relative effects of abiotic 
and biotic factors on Arctic mammal distributions over the past 50 kyr.

We found that certain herbivores tend to co-occur in time and space. 
For example, the eDNA presences of caribou, hare and vole are statisti-
cally strong co-indicators for the presence of horse and mammoth eDNA 
(Fig. 3). This suggests that co-existence was more common among 
Arctic herbivores than interspecies exclusion21. By contrast, the distribu-
tion of humans over time was almost entirely unrelated to the presence 
of most herbivores (apart from hares) (Fig. 3). Given that the model 
purposefully overestimated the presence of humans (Methods), their 
largely independent distributions from megafauna, their sparseness 
in the high Arctic before 4 ka (Supplementary Data 7) and the scarcity 
of kill sites in archaeological records, the notion of human overkill 
as the cause of Arctic megafaunal extinction is highly improbable6,8. 
Interestingly, the only predator–prey relationship of note in the model 
is the significant positive effect of caribou on the distribution of wolves 
(Fig. 3), probably reflecting that the wolf is well-adapted to hunt caribou.

To better gauge the explanatory power of environmental vari-
ables, we removed the effects of the presence of the eDNA of other 
animals (Extended Data Fig. 4a and Methods). The most consistent and 
widely prevalent patterns are the generally negative effects of plant 
NMDS1 and NMDS3—the first and third components of the non-metric 
multidimensional scaling (NMDS) of the vegetation compositions 
(Methods)—on the presence of animal eDNA. Plant NMDS1 reflects 
an aquatic-to-terrestrial plant gradient, and plant NMDS3 reflects a 
graminoids-to-woody plant gradient, particularly sedges within the 
graminoids, which include species that are prominent in present-day 
wetland communities (Extended Data Fig. 4b). These two negative 
covariates apply to the distribution of both small (vole and hare) 

and large (horse and mammoth) mammals, indicating that a wetter 
environment with a high proportion of hygrophilous plants (that is, 
moisture-loving plants) was a key factor restricting animal distribu-
tions. The distribution of mammoths tends to be positively affected 
by plant NMDS2, which mainly reflects the proportion of woody plants 
(particularly shrubs and subshrubs) as opposed to herbaceous plants, 
whereas the reverse is true for horses (Fig. 3). We also found that horses 
are more sensitive to vegetation composition compared with other 
herbivores (Supplementary Information 13.3). These findings support 
the hypothesis that horses were more restricted to a grassland environ-
ment and may also indicate a greater dietary flexibility in mammoths.

When each herbivore species is considered individually, the only 
climate variable that is consistently and positively associated with the 
presence of their eDNA is temperature seasonality (Fig. 3 and Extended 
Data Fig. 4a), consistent with expectations based on the continental 
climate associated with the Mammoth Steppe, a biome that is associ-
ated with extremely cold and dry conditions that supported abundant 
large mammal grazers19. The importance of climatic variables becomes 
more evident when herbivores are considered as a group. Precipita-
tion—in greater amounts and seasonality—is a principal negative factor 
in the distribution of Arctic herbivores (Fig. 3), presumably because 
increased snow cover during winter limited the food access of grazers, 
and a wetter substrate is more difficult for them to exploit, in contrast 
to the firm and dry ground of the steppe–tundra7,19.

Late-surviving megafauna
The timing of Arctic megafaunal extinction is a matter of debate, not 
least because last appearance dates (LADs) are repeatedly revised 
as younger fossils are reported5,6, and also because discovering the 
remains of the last surviving individuals of a species is extremely 
unlikely22. As a result, LADs systematically underestimate when a spe-
cies disappeared, raising the possibility that populations persisted 
longer than is now evident4,23. The extinction timing can be better 
gauged with eDNA; an animal leaves behind only a single skeleton, 
which is much less likely to be preserved, recovered and dated, when 
compared with the amount of DNA it continuously spread into the 
environment while it was alive.

Our data indicate that mammoths survived into the Early Holocene in 
present-day continental northeast Siberia until 7.3 ± 0.2 ka (seven sam-
ples younger than 10 ka) and North America until 8.6 ± 0.3 ka. Notably, 
we recovered mammoth DNA from a series of samples from the Taimyr 
Peninsula that indicate the presence of mammoths in north central 
Siberia as late as 3.9 ± 0.2 ka (site LUR10) (Fig. 4 and Supplementary 
Information 3.3). The survival of mammoths into the Holocene in these 
regions is probably attributable to the persistence of the steppe–tundra 
vegetation of dry- and cold-adapted herbaceous plants that was present 
during the Pleistocene (Fig. 2d). This vegetation would have provided a 
suitable habitat for mammoths and possibly other dryland grazers such 
as horses (Extended Data Fig. 5), which are known to have survived in the 
region until at least 5 ka (ref. 24). Together, these eDNA results indicate 
that mammoths survived much longer than previously thought—which, 
on the basis of skeletal remains, was around 10.7 ka on continental 
Eurasia25 and around 13.8 ka in Alaska8. Given that humans occupied 
northern Eurasia sporadically from at least 40 ka and continuously 
after 16 ka (refs. 26,27), the late-surviving Taimyr mammoths potentially 
encountered and co-existed with humans over at least a 20-kyr interval, 
therefore giving no support to the human overkill (blitzkrieg) model 
that postulates the mammoth extinction occurred within centuries 
after the first human contact6.

We also detected woolly rhinoceros DNA as late as 9.8 ± 0.2 ka 
in northeast Kolyma, horse DNA in Alaska and the Yukon as late as 
7.9 ± 0.2 ka, and bison as late as 6.4 ± 0.6 ka in high-latitude localities 
of northeast Siberia (Extended Data Fig. 5). All of these instances 
represent substantially later LADs than fossil-based dates (that is, 
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for woolly rhinoceros in Eurasia, about 14 ka (ref. 28); and for horses 
and steppe bison in Alaska, 12.5 ka (refs. 5,8)). Collectively, these find-
ings highlight the value of eDNA in improving megafauna extinction 
chronologies.

Population diversity of megafauna
Megafaunal eDNA from across the Arctic also enables us to 
resolve population-level patterns, which is crucial for uncovering 
species-specific demographic and evolutionary responses to past cli-
matic and environmental changes. We applied a method for phyloge-
netically assigning the identified eDNA to mitochondrial haplogroups 
of mammoth and horse, the two most abundant species detected in 
our dataset (Methods).

A mammoth phylogeny composed of four previously described 
major mitochondrial clades (clade 1, including 1C and 1DE, and clades 2 
and 3)29 was reconstructed from 78 mammoth mitochondrial genomes. 
The recovered mammoth eDNA was then assigned to a best-fit node 
on the tree based on single-nucleotide polymorphism (SNP) support/
conflict, enabling clade assignment for 79 eDNA samples (Extended 
Data Fig. 6).

The mammoth haplogroups that we identified are consistent with 
those that were previously identified from fossil remains and have 
comparable biogeographical and biostratigraphic distributions (Fig. 4). 
Overall, clade 3 was present mainly in Europe and northwest Siberia, 
whereas clade 2 occurred mostly in central and northeast Siberia. Clade 

1 was widely scattered across North America and the Asian Arctic, with 
1DE occurring throughout Siberia and 1C in North America. Temporally, 
clades 2 and 3 were the older lineages, and disappeared between 40 ka 
and 30 ka. Only clade 1 survived past the LGM, with the last 1C indi-
vidual dating to 10.35 ka. Like the late-surviving mammoths on Wrangel 
Island30, the late-surviving mammoths on mainland Siberia were also 
members of 1DE, the only clade detected to date that postdates the 
Early Holocene (that is, after 8.2 ka). However, despite belonging to the 
same clade, none of the mainland late-surviving populations is placed 
in the Wrangel Island haplogroup (Extended Data Fig. 6). Furthermore, 
we note that two mammoth eDNA samples (cr5_11 and tm4_13) attach 
to the existing tree at the shared root of clades 2 and 3 (Extended Data 
Fig. 6), with cr5_11 containing many sequence variants not found in 
previously sequenced samples (Supplementary Information 14.1.2), 
suggesting that they represent a separate and previously unrecorded 
mitochondrial lineage. The distinctive mitochondrial genome haplo-
groups, together with the shrinking and increasingly isolated occur-
rences of mammoths (Fig. 4), hint that Siberian mainland mammoths 
experienced a similar fate to those on Wrangel and St Paul Islands. 
However, whether the precise causes of their disappearance were 
the same4,30, and whether the mainland mammoth also accumulated 
detrimental mutations consistent with genetic decline31, will require 
further data to resolve.

The reliability of our method was further corroborated on the horse 
phylogeny (Supplementary Information 14.2). Successful assignment 
of ancient eDNA data to mitochondrial haplogroups, even when the 
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DNA is highly degraded, highlights the potential for applying eDNA 
analysis to uncover population histories in regions in which fossils 
are rare or absent.

Concluding remarks
Controversy has persisted for decades over the nature of the Mam-
moth Steppe, a distinctive, now-vanished biome dominated by large 
mammal grazers1,19,32. Some studies, emphasizing the abundance 
of grazers (and the absence of large browsers), suggest that broad 
swaths of the unglaciated Late Pleistocene Arctic were covered by 
an extensive steppe dominated by low-sward herbaceous plants that 
were well-suited for megafaunal grazers19,32. Others, on the basis of 
pollen and plant macrofossil records, suggest that Arctic vegetation 
during this period was regionally diverse and included both tundra 
and steppe taxa3,33. Our results suggest the nature of the Mammoth 
Steppe lies in between these two seemingly conflicting interpreta-
tions. Consistent with the view of the Mammoth Steppe as a biome 
of intercontinental extent, our data show that various regions of the 
Arctic supported a more homogenous vegetation cover before and 
during the LGM (Extended Data Fig. 1b, c). We also found evidence 
of an elevated and episodic turnover of plant taxa during the Late 
Pleistocene compared with during the Holocene (Fig. 2a), consistent 
with inferences about changeable vegetation types during the glacial 
age based on the network of palaeobotanical (and fossil insect) sites 
presently available3,12. Jointly, our results suggest that the Mammoth 
Steppe was a regionally complex cryo-arid steppe, composed of forbs, 
graminoids and willow shrubs.

Our findings relating to the late survival of megafauna have impor-
tant implications for the debate over the causes of Late Quaternary 
extinctions. Megafaunal survival into the Holocene indicates that, at 
least in certain parts of the Arctic and Subarctic, humans coexisted with 
these species for tens of thousands of years, which implies that human 
hunting was not an important factor in their extinction6,25. Instead, our 
results suggest that their extinction came when the last pockets of the 
steppe–tundra vegetation finally disappeared, when the Arctic-wide 
paludification was brought on by warmer and wetter climates7,20.

What we have mined from this substantial dataset does not exploit 
its full potential. For example, we detected DNA of Camelidae (most 
probably the Arctic camel34) and Panthera (possibly the steppe lion). 
However, due to a lack of reference genomes for these species, we 
could not confirm these identifications. This constraint also applies 
to other species because our reference database—large as it is—is far 
from complete, despite our extensive sequencing efforts. With more 
species sequenced and new bioinformatics methods developed, this 
dataset can be reanalysed to explore more questions of Arctic biotic 
history.

Our study demonstrates how metagenomic analysis of eDNA 
extracted from ancient sediments can provide diverse insights, from 
detailed records of past flora and fauna to reconstructions of popu-
lation histories and biotic interactions, to a greatly expanded spati-
otemporal network of palaeoecological records. These advances are 
important in the context of continuous efforts to elucidate the past 
50 kyr of Arctic biotic dynamics, especially given that the coevolution 
of plant and animal species, and their responses to the past climatic 
changes across this vast region, have previously been challenging to 
address at this resolution and at this scale using classical palaeobotani-
cal and palaeontological data.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
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Sampling, chronology and eDNA taphonomy
Sampling and subsampling methods are described in Supplementary 
Information 1. Sample ages were determined through conventional 
or accelerator mass spectrometer radiocarbon (14C) as well as opti-
cally stimulated luminescence. In total, 631 radiocarbon ages and 81 
optically stimulated luminescence dates were used. For sedimentary 
sections with multiple contiguous dates without stratigraphic inver-
sions, age–depth models were built to calculate sedimentation rates 
and estimate the ages of undated samples within these sections. All 
radiocarbon ages are in calibrated years before present, calibrated 
using IntCal20 (ref. 35). Chronological information is provided in Sup-
plementary Information 2 and Supplementary Data 1 and 2.

To determine whether DNA was in  situ, control samples were 
obtained from modern surfaces, from water in adjacent rivers and 
lakes, and from stratigraphic layers bracketing the samples. Consistent 
with previous eDNA studies in the Arctic12,23,36, we found no evidence 
of DNA leaching or redeposition in either terrestrial or lake sediment 
samples (Supplementary Information 5).

DNA extraction and sequencing
We tested the performance of different operations included in the 
widely used ancient eDNA extraction protocols36–38 and a variety of 
purification methods on different sediment sample types. On the basis 
of these tests, we developed two new eDNA-extraction protocols that 
were optimized for isolating and purifying eDNA from our sediment 
samples (Supplementary Information 6.1 and 6.2). The InhibitEx-based 
protocol was then applied for extracting DNA from all samples. DNA 
extracts were thereafter converted into sequencing libraries according 
to the standard protocol39, and sequenced using Illumina platforms 
after quality controls (Supplementary Information 6.3). All DNA extrac-
tions and pre-index analyses were performed in the dedicated ancient 
DNA laboratories at the Centre for GeoGenetics, University of Copen-
hagen, according to established ancient DNA protocols40.

PhyloNorway plant genome database construction
The PhyloNorway plant genome database was constructed by sequenc-
ing 1,541 Arctic and boreal plant specimens collected from herbaria. 
DNA was extracted from the selected specimens using a modified 
Macherey–Nagel Nucleospin 96 Plant II protocol. Two different library 
preparation protocols were applied depending on DNA yields. All of the 
libraries were then sequenced. Nuclear ribosomal DNA and chloroplast 
genome from each plant were assembled to evaluate the data quality. 
Whole-genome contigs for each plant were assembled and annotated as 
the final reference database. A list of plant species, herbarium informa-
tion, DNA extraction, sequencing and database statistics are supplied 
in Supplementary Data 3. Data for three standard barcodes skimmed 
from this database were also used in ref. 41. Details are provided in Sup-
plementary Information 7.

Taxonomic identification, authentication and quantification
We performed taxonomic classification by mapping reads against a 
comprehensive genomic database that was annotated with taxonomic 
information according to the principle of the Holi pipeline36. Details 
of the composition of the reference database are provided in Supple-
mentary Information 9.2.1.

All reads were first quality-controlled, and each read was then offered 
an equal chance to be aligned against all entries in the database after 
duplicate removal (Supplementary Information 9.1 and 9.2). No limi-
tation to specific taxonomic group, geography or environment was 
applied for the alignment. The lowest common ancestor of all of the 
hits with 100% similarity was assigned to each read that had been 
aligned to multiple taxa. The taxonomic coverage of different database 
compositions and their effects on taxa identification were evaluated 

using a k-mer-based method (Supplementary Information 9.2.2). We 
found that using a proper reference database is important for eDNA 
metagenomics-based taxa identification, particularly for ancient data-
sets in which the DNA is highly fragmented. Even reference genome 
availability across taxa can improve the sensitivity and specificity of 
the identification by increasing the identified reads and correcting 
the misidentifications (Supplementary Information 9.2.5). Taxa that 
were detected in the laboratory controls were combined into a list, and 
all of the listed taxa were subtracted from samples (Supplementary 
Information 9.3). The resulting plant and animal taxonomic profiles 
were thereafter parsed for additional authentication using a series 
of conservative thresholds (Supplementary Information 9.4 and 9.6), 
on the basis of an Arctic flora and faunal checklist (Supplementary 
Information 8). Plant taxa that passed these filters all have Arctic or 
boreal distributions (Supplementary Information 9.4). All eDNA reads 
aligned to an animal were further confirmed as exclusive alignments, 
by requiring perfect alignment to that animal, and no alignment to any 
other organisms when allowing for 1 or 2 mismatches (Supplementary 
Information 9.6.3). The two extinct animals— mammoth and woolly 
rhinoceros— were also confirmed by the DNA-damage patterns (Sup-
plementary Information 9.6.2).

Relative abundances for plants were estimated on the basis of the number  
of the assigned reads, by excluding the effects of DNA degradation in 
 different samples, and eliminating the effects of the sequencing depth 
among different samples and the efficiency of the taxa-identification 
pipeline among different taxa (Supplementary Information 9.5).

Vegetation diversity and dissimilarity
The Shannon diversity index was calculated according to the method 
in ref. 42. Plant morphological forms were assigned at the genus level on 
the basis of the plant trait database of eFloras (http://www.efloras.org). 
Beta-diversity (dissimilarity) between every two plant assemblages was 
calculated according to the method in ref. 43. For the pan-Arctic vegeta-
tion turnover (Fig. 2a), plant genera identified in all samples in each 
2,000-year interval were combined as an assemblage; beta-diversity 
between each two consecutive intervals was calculated. Regional veg-
etation turnover (Fig. 2c) was calculated at 5,000-year intervals. NMDS 
(k = 3; Extended Data Fig. 1c) was performed using the R package vegan44, 
allowing 100,000 iterations of random starting to find the best conver-
gent solution. Correlations between the abundance of each plant genus 
(or proportion of each morphological form) and the values of each of 
the three NMDS components (Extended Data Fig. 4b) were assessed 
using the Pearson product–moment correlation and t-test (P < 0.05).

Comparison of eDNA shotgun metagenomics and 
metabarcoding
We applied two modules for comparing the metabarcoding and shot-
gun metagenomics in taxa identifications. (1) We conducted the two 
sequencing techniques in parallel on 14 DNA extracts to directly com-
pare the retrieved taxonomic profiles. (2) We compared the floristic 
profiles reconstructed by this study and a previous metabarcoding 
study12 on 131 overlapping samples of the two datasets. The results 
show that metagenomics performed better on our samples in both 
captured floristic and faunal diversity. Details are provided in Sup-
plementary Information 11.

Palaeoclimate panels and human distribution niche modelling
For the ice-core data from Greenland (Fig. 2a), we rescaled the available 
δ18O ratios (20-year slices) retrieved from NGRIP1 (ref. 45), NGRIP2 (ref. 46)  
and GISP2 (ref. 47) to the range of the corresponding ratio of GRIP48, for 
which there are valid values for all age slices, using the rescale function 
in the R package scales. The mean of the available ratios for each time 
slice from the four datasets was calculated and used. Calcium concen-
trations were calculated from refs. 49,50 using the same method as for 
δ18O. Snow-accumulation rates were based on GISP2 (ref. 51).

http://www.efloras.org


We also modelled monthly palaeoclimate anomalies at 1,000-year 
time steps using an emulator52 and downscaled them onto a modern 
baseline climatology (CHELSA)53 at a spatial resolution of 1°. From 
these data, we calculated four environmental variables—annual mean 
temperature, temperature seasonality, annual precipitation and 
precipitation seasonality—that were used to represent the climate 
for each of our eDNA sites. Details are provided in Supplementary 
Information 12.1.

We developed distribution models to map environmentally suitable 
conditions for Palaeolithic human occurrence in steps of 1,000 years 
from 5 ka to 31 ka and steps of 2,000 years from 32 ka to 47 ka. First, 
geo-references for human remains in the Arctic were collected and 
dates from 14C calibrations inferred from two databases CARD2.0 (ref. 54)  
and the Palaeolithic of Europe55. These data were filtered for quality, 
resulting in a final set of 6,497 occurrences. From 32 ka to 47 ka, we 
calculated 2,000-year averages of the four environmental variables. 
We then generated five-algorithm ensemble models at each time step 
to characterize the climatic niche of Palaeolithic humans. We validated 
all of the models by assessing the area under the receiver operating 
characteristic curve (AUC) and true skill statistic; we also used model 
AUCs to generate weighted ensemble models at each time step. Finally, 
we projected the ensemble models into geographic space to map cli-
matic suitability for humans, expressed as the potential presence or 
absence at each time step at each of the eDNA sites. Details are provided 
in Supplementary Information 12.2.

Spatiotemporal models for animal eDNA
We combined our animal eDNA data with the modelled climate vari-
ables, projected human occurrence and the NMDS ordinations of 
vegetation to examine the relative impacts of climate, human activity 
and vegetation on the geographical distributions of a selected group 
of Arctic mammals. We developed a method to spatiotemporally 
model animal eDNA presence, using these three sets of variables, 
while accounting for auto-correlation in time and space. The method 
uses a hierarchical Bayesian model that includes a spatiotemporal 
Gaussian random field, and was implemented in R-INLA56,57. We used 
the Watanabe–Akaike information criterion to assess the model fit 
using different sets of covariates. Detailed methods are provided in 
Supplementary Information 13.

Mammoth and horse mitochondrial haplotyping
We placed eDNA mitochondrial reads for mammoth and horse into 
their respective mitochondrial reference phylogenies using recently 
developed software58. We used existing variation to assign informative 
markers onto branches of a mitochondrial phylogeny, then determined 
the number of supporting and conflicting single-nucleotide polymor-
phisms for each eDNA sample on each branch of the tree to place the 
sample onto the most likely branch. Detailed methods are provided in 
Supplementary Information 14.

Statistics and data visualization
Changing trends are illustrated against time (Fig. 2a–c and Extended 
Data Fig. 2b, c) or distance (Extended Data Fig. 1b) via the Loess Smooth 
(span = 4) function in the R package ggplot2 (ref. 59), with original data 
points or confidence intervals (s.e.) shown when other curves are not 
obstructed. The heat maps showing the mean of a genus’ proportions 
across all samples within an age interval were generated using the R 
package ComplexHeatmap60. The mammoth phylogenetic tree was 
illustrated using ggtree, which is included in the R package ggplot2. 
The base map source for Fig. 1 and Extended Data Fig. 5 was Arctic SDI 
and, for Fig. 4, was the R package maptools.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
Adapter-removed plant or animal eDNA data were deposited at 
EMBL-ENA under project accession ERP127790. The raw data of Phy-
loNorway plant genome database are available at EMBL-ENA under 
project accession PRJEB43865. Assembled plant genome contigs of the 
PhyloNorway database are available at DataverseNO61. NCBI databases 
are available at the NCBI ftp server (https://ftp.ncbi.nlm.nih.gov). The 
Canadian Archaeological Radiocarbon Database (CARD2.0) is avail-
able online (https://www.canadianarchaeology.ca). The Radiocarbon 
Palaeolithic Europe Database is available online (https://ees.kuleuven.
be/geography/projects/14c-palaeolithic). All other data are provided 
in the Supplementary Information and Supplementary Data 1–9.

Code availability
Scripts are archived at GitHub (https://github.com/wyc661217/Arc-
tic_eDNA_2021).
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Extended Data Fig. 1 | Circum-Arctic plant abundance variations and 
vegetation similarity clustering. a, Pan-Arctic plant abundance heatmap.  
b,  Spatial vegetation dissimilarities. Pairwise spatial beta-diversities 

(dissimilarities between every two plant communities) against the 
geographical distances between the two communities. c, Non-metric 
Multidimensional Scaling (NMDS, k=3) on vegetation communities.



Article

Extended Data Fig. 2 | Regional vegetation differences and climate 
changes. a, Vegetation similarities between each two regions. All identified 
plant genera across sites in a region during a time interval were merged as a 
plant assemblage. Spatial beta-diversity between every two assemblages were 
calculated and illustrated. NAt, North Atlantic; WcS, Northwest and central 

Siberia; ES, Northeast Siberia; Nam, North America. b and c, Modelled annual 
temperature and precipitation in different regions. Means of the modelled 
annual temperature and precipitation values (Methods) at all eDNA sampling 
sites within a region at each 1,000-year time step were calculated. The 
changing trends are illustrated.



Extended Data Fig. 3 | Regional plant abundance heatmaps. Heatmaps show the relative abundances of the 40 abundant plant genera in each region.
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Extended Data Fig. 4 | Environmental explanatory factors for animal 
distribution, and plant NMDS components. a, Posterior parameter 
estimates of covariate effects for the models explaining the presence/absence 
of each animal’s eDNA using climate, human presence and plant NMDS as 
explanatory variables. The dots represent the posterior means, and the 
whiskers represent the posterior 2.5% and 97.5% quantiles. The colour red 
denotes covariate effects whose 2.5% and 97.5% quantiles are both negative, 

while the colour blue denotes covariate effects 2.5% and 97.5% quantiles are 
both positive. b, The plant genera and morphological forms correlated to the 3 
components of plant NMDS. Plant genera (morphological forms) are ranked by 
the p-value of t-test, and only the top 20 Pearson correlations are shown. The 
colour red denotes negative correlations while the colour blue denotes 
positive correlations.



Extended Data Fig. 5 | Distribution chronologies for woolly rhinoceros, 
bison, horse, caribou, hare, wolf, and vole. We combined our DNA results and 
the fossil records62 (available for woolly rhinoceros, bison, and caribou). 

Samples older than 26.5 ka were combined into Pre-LGM; samples younger 
than 4.2 ka were combined into the Late Holocene.
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Extended Data Fig. 6 | Mammoth mitochondrial phylogenetic tree. For placed eDNA samples the number of supporting single-nucleotide polymorphisms is 
given in braces (Methods). IDs for the Wrangel Island population are underlined.
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Reporting Summary
Nature Research 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 Research 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.

n/a Confirmed

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

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.

A description of all covariates tested

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

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)

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.

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

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 No software used for data collection.

Data analysis Software: FastX (0.0.13), ORG.Annot (1.0.0), Maxent (3.4.1), BEAST (2.5), obitools (1.2.11), BWA (0.7.15), bowtie (1.2.3), samtools (1.10); 
R packages: vegan (2.5.7), scales (1.1.1), ggplot2 (3.3.3), ComplexHeatmap (2.4.3), Bchron (4.7.4),  rbacon (2.5.5), taxize (0.9.99), IntClust 
(0.1.0), metagenomeSeq (1.30.0), DESeq2 (1.28.1), BioCalc (0.1), mgcv (1.8.36), biomod2 (1.2.5),  R-INLA (20.07.09), nnet (7.3.16), 
randomForest (4.6.14), biomod2 (3.5.1); 
The custom scripts and code are archived at GitHub repository https://github.com/wyc661217/Arctic_eDNA_2021.

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 Research 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 list of figures that have associated raw data 
- A description of any restrictions on data availability

Adapter-removed plant or animal eDNA data is deposited at EMBL-ENA with project accession PRJEB43822. The raw data of PhyloNorway plant genome database is 
available at EMBL-ENA with project accession PRJEB43865 Assembled plant genome contigs of the PhyloNorway database are available at https://
doi.org/10.18710/3CVQAG. NCBI databases are available at the NCBI ftp server https://ftp.ncbi.nlm.nih.gov. Canadian Archaeological Radiocarbon Database 
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(CARD2.0) is available at https://www.canadianarchaeology.ca. Radiocarbon Palaeolithic Europe Database is available at https://ees.kuleuven.be/geography/
projects/14c-palaeolithic. All other data is supplied in Supplementary Information and Supplementary Data tables.

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  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 We shotgun sequenced the ancient environmental DNA from sediment across the Arctic, and reconstructed the Arctic biota 
dynamics in the last 50,000 years using the generated sequencing data.

Research sample A total of 535 permafrost and lake sediment samples and 1,541 arctic and boreal herbaria specimens were used for data generation. 
 
Sediment samples were selected from the circumpolar sediment sample repository at Centre for GeoGenetics, which contains more 
than 5,000 samples, following 5 5 criteria. (i) The site (or section) exhibits no sign of reworking or leaching, preferable to be lacustrine 
or permafrost sedimentary profile (see Section 5 and the corresponding references). (ii) The sampling method should comply with 
ancient DNA standards (see Section 1.2). (iii) Samples should come from well-characterized sedimentary profiles with explicit 
documentation on the stratigraphy. (iv) The age of the samples can be precisely determined (see Section 3). (v) The age frame of the 
sedimentary section is largely younger than 50 kilo annum Before Present (ka BP). 
 
Leaf materials were sampled for the PhyloNorway database from herbarium specimens at Tromsø Museum (herbarium TROM). 
Specimens were selected by 4 criteria: (i) The species is native in arctic and/or boreal regions; (ii) The specimen appeared healthy, 
without any visible signs of fungal infection; (iii) Collection date for the specimen is as early in the growing season as possible; (iv) The 
sampling had proper documentation and reliable taxonomic identification. Common invasive plant species in the Arctic and sub-
Arctic were also included. 

Sampling strategy Owing to site-specific sedimentological differences and different sampling strategies from various research groups involved, samples 
were collected using different methods, but all with deliberate precautions to avoid DNA-sensitive contamination. In general, 
sampling was either performed by directly withdrawing samples from the profile in situ, or by taking out larger bulk samples that 
later were subsampled under clean-controlled conditions in the dedicated laboratory at the Centre for GeoGenetics, University of 
Copenhagen. More detailed description of the two methods can be found in SI section 1.2. 
 
No sample size calculation was performed. This is the first large-scale eDNA metagenomics study and we meant to collect samples 
evenly covering the Arctic in last 50 kyr at a best possibility (SI section 2).

Data collection Sediment DNA extraction was performed at Centre for GeoGenetics by Yucheng Wang, and sequenced at the Danish National 
Sequencing Centre on Illumina platforms (HiSeq 2500, HiSeq 4000, HiSeq X Ten). Herbaria DNA extraction and sequencing were 
performed by the PhyloNorway team at The Arctic University Museum and Genoscope on Illumina HiSeq 2000. Raw data for both will 
be published together with the manuscript.

Timing and spatial scale DNA Data were collected from sediment samples from across the Arctic and spanning the last 50,000 years. The PhyloNorway plant 
genome reference database was sampled form herbarium specimens from Norway and polar regions deposited at Tromsø University 
Museum. 
 
Sequencing was performed from 2016-09 to 2018-10.  The frequency of sequencing does not affect the data and therefore the 
results.

Data exclusions In total, 7 sediment and 12 herbaria samples were excluded, due to possible disturbance of the stratum or contaminations. Details 
are suppled in Supplementary Information Section 5 and 7.4.

Reproducibility This is a large scale (both spatial and temporal) study aiming at finding the general patterns of Arctic past biota dynamics. Therefore 
this is no repeat attempted, but the observed dynamics confirmed by both samples from adjacent sites and from site in different 
regions. Sediment samples are archived at Centre for GenoGenetics whereas herbarium specimens used for PhyloNorway database 
are deposited at the herbarium at Tromsø Museum (herbarium code TROM). Both sample types are available on request for anyone 
who would like to reproduce the study.

Randomization Randomization is not relevant. Sampling sites were chosen based on a series thresholds, and to offer the best resolution in time and 
space. 

Blinding Blinding is not relevant, as there is no presupposed hypothesis.

Did the study involve field work? Yes No
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Field work, collection and transport
Field conditions Field works were performed by different groups under different conditions. Details are supplied in SI section 1 and the corresponding 

references. Since all samples were either collected under a clean-controlled condition, or later subsampled in the dedicated clean 
laboratory at the Centre for GeoGenetics, the filed work conditions do not affect the data and study question.

Location A total of 74 localities across the Arctic, including: 1, 06D1 (62.383239,9.674164); 2, ANL (69.2544,16.06); 3, VA (70.3167,30.0167); 4, 
CAS (68.147817,39.758698); 5, GAS (59.066667,56.116667); 6, ZAS (58.15,56.9333); 7, YUB (60.6009,71.9263); 8, MarR1 
(68.6557,71.9225); 9, MarR2 (68.656471,71.966054); 10, MK2 (69.7397,84.8181); 11, PO1 (66.8719,86.6269); 12, PO2 
(66.7267,86.6391); 13, IH4 (66.758,86.6804); 14, LUR10 (73.1565,93.4072); 15, LoR3 (73.3504,96.9746); 16, UTRD4 
(74.2664,99.8264); 17, OVR (74.1464,100.1264); 18, BBR1 (72.5397,100.4312); 19, CS1 (74.5477,100.5358); 20, TLH1 
(74.64083333,100.7311111); 21, FI (74.6225,100.828); 22, BBR6 (73.5261667,101.0085); 23, BBR7 (73.5168,101.0089); 24, BAP 
(74.4936,101.2761); 25, LT (79.2453,101.8153); 26, BBR9 (73.6481,102.0177); 27, BBR10 (73.6481,102.1078); 28, BBS5 
(73.65285,102.1207); 29, BBS6 (73.6989,102.1969); 30, KS1 (72.0967,102.3281); 31, KS2 (72.0886,102.2872); 32, DO 
(71.8667,127.066667); 33, CAB (71.6667,129.5); 34, BK1 (71.9062,132.7864); 35, BK2 (72.0028,132.8336); 36, BK3 
(71.9056,132.7853); 37, CHR (69.4833,156.983333); 38, KK (69.3833,158.4667); 39, DY (68.6667,159.08333); 40, PJ 
(68.6667,160.8333); 41, PP (68.4992,162.4068); 42, MR1 (64.2833,171.25); 43, MR2 (64.2833,171.25); 44, MR3 (64.2833,171.25); 
45, MR4 (64.2833,171.25); 46, MR5 (64.2833,171.25); 47, MR6 (64.2833,171.25); 48, AC (64.7352,177.30732); 49, PS 
(66.2333,-148.2667); 50, SV1 (65.9833,-148.95); 51, SV2 (65.9833,-148.95); 52, AMR (67.7438,-156.1921); 53, RBS 
(68.3535,-158.8874); 54, ZL (63.471,-162.0532); 55, TH (68.1934,-162.5804); 56, QC (60.985317,-130.501282); 57, RS 
(63.69,-138.58); 58, CM (63.67,-138.64245); 59, GR (63.683333,-138.6); 60, TC (63.097244,-139.538727); 61, GS 
(63.9333,-138.9667); 62, NP (60.578887,-139.005478); 63, BS (67.609221,-76.245117); 64, LI (64.398201,-50.201302); 65, K608 
(64.60217,-50.5013); 66, LC (61.1399,-45.5347); 67, LS (65.6833333,-37.9166667); 68, DA (79.7216,10.9471); 69, CL10 
(78.0925,14.9787); 70, 09C1 (78.0486,15.0909); 71, 09C2 (78.0476,15.0924); 72, ES (78.0329,15.1134); 73, RS1 
(78.470996,16.2153); 74, RS2 (78.5584,16.4348).

Access & import/export Sediment samples were collected and exported by different research groups from different countries, in agreement with the rules of 
the specific countries. All sediment samples were imported to Denmark as geological sediment samples for research, for which there 
is no specific permit required by the authorities.

Disturbance The fieldwork and sampling was carried out exerting minimal disturbance to the areas and geological deposits.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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