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Ground squirrel coprolites preserve complex
archives of ancient environmental DNA over
700,000 years
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Permafrost-preserved ground squirrel (Urocitellus) burrows in Yukon, Canada
contain coprolites (palaeofaeces) that span from the Holocene to at least the
Middle Pleistocene (-700 kya). Using shotgun metagenomics and targeted
enrichment, we recover a rich, multi-taxon spectrum of ancient environmental
DNA from these pellets, including: plants, insects, microbes, and megafauna
consistent with eastern Beringian ecosystems. These coprolites consistently
preserve an abundance of eukaryotic DNA, enabling the assembly of >18
mitochondrial genomes (ground squirrel, snowshoe hare, steppe bison, horse,
and mammoth), and revealing previously unrecognized diversity within Arctic
Urocitellus, including a ~700 kya lineage that predates divergence among
several extant clades. Characteristic damage patterns, positive/negative con-
trols, and in silico taxon validations strongly support aDNA authenticity, and
comparisons with regional permafrost datasets indicate minimal post-
depositional leaching. These results show that permafrost coprolites can yield
high-resolution records of Quaternary ecosystems and multi-organism popu-
lation histories, providing a powerful complement to sedimentary and skeletal
ancient DNA.

Coprolites (ancient faeces) can serve as a time-restricted biological timescales, faecal pellets can retain ancient environmental DNA
snapshot of the past, preserving a variety of biomolecules'* and even  (aeDNA) that helps reconstruct past communities and track ecological
ancient DNA (aDNA)* ™2, This includes the aDNA of the defecator, their  change across glacial-interglacial cycles. In unglaciated regions of
diet”, their gut microbiome, and the aDNA of other organisms in their  eastern Beringia (Yukon and Alaska) (Fig. 1), ground squirrels construct
local environment. When preserved in permafrost over immense burrows that can remain frozen and sealed for tens to hundreds of
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Fig. 1| Coprolites processed for ancient environmental DNA with their midden
locations. A Nest midden sites in the Klondike region of Yukon, Canada. Base map
data from GeoYukon (Government of Yukon); contours in metres above sea level.
Inset: Beringia during the last glacial maximum (LGM, 26.5-19 thousand years
before present [ka BP])*’. Ice sheet data from Dyke'”. Sea level during LGM set to
126 m below sea level based on Clark and Mix'**. Beringian palaeo-drainage data

kya

from Bond'”. B Sample metadata and summary of aDNA batches. See Fig. S1 and
Tables S1-S4 for additional metadata, and see Fig. S2 for photo examples of faecal
pellets. C Photos during field recovery from Gold Run (2007) and subsampling
(2023). D Benthic §'°0 record'* with MIS substages'”’. Source data are provided as a
Source Data file.
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thousands of years'*". These burrows commonly contain abundant
faecal pellets and food caches, providing an opportunity to recover
both host genetic material and multi-taxon time capsules of Qua-
ternary ecosystems.

Coprolites were among some of the earliest trace fossils studied
with aDNA"***"% investigating shasta ground sloths (Nothrotheriops
shastensis), humans***°?2¢"2  and parasitic nematodes®. Despite
repeated observations of their biomolecular potential, coprolites
continue to constitute a small proportion of typical aDNA sample
types®. One reason for this is that coprolites occupy a biochemically
intermediary space between discrete tissues (e.g. bone, teeth, skin,
hair) and environmentally disseminated DNA substrates (e.g. sedi-
ments, soils, ice) that are not always immediately identifiable nor easily
linked to their defecating source >,

An immediate challenge when working with coprolites is that
faeces are rich in substances like humic acids, phenolics, and carbo-
hydrates (partially degraded organics), which can inhibit the func-
tioning of necessary enzymes for downstream aDNA processing such
as polymerization and ligation®**, This is in addition to prolific DNA
cross-linking* and other forms of DNA damage®'>****’, Coprolite aDNA
processing thus requires an approach cognizant of this biomolecular
complexity akin to other genetically mixed aeDNA sample types™?.
When enzymatic inhibition can be overcome while retaining a viable
aeDNA signal, the resulting data would be expected to be rich bio-
molecular archives of Quaternary evolution, which is where the
behavioural adaptations of ground squirrels become highly fortuitous.

Ground squirrels (family Sciuridae, tribe Marmotini) are omni-
vorous rodents that live predominantly on the ground or in burrows
and include genera such as marmots (Marmota), chipmunks (Tamias),
susliks (Spermophilus), ground squirrels (Urocitellus), and prairie dogs
(Cynomys). Species of the genus Urocitellus once formed part of the
much larger clade Spermophilus, but following recent phylogenetic
work by Herron et al**. who found paraphyletic clades within Sper-
mophilus, the large taxonomic clade was split into eight new genera®.
Within Urocitellus, there are 13 species distributed primarily in north-
western North America and across the Bering Strait into Siberia (Fig. 2).
Fossil records of ground squirrels as old as 2.5 and 1.8 million years ago
(mya) have been found in Alaska, with Yukon records extending to at
least 700 thousand years ago (kya)'®***, The most abundant records
come from deposits dating to MIS 2 (-30 kya) and MIS 4 (-80 kya),
which are found across Siberia, Alaska, and Yukon Territory 5184041,

Arctic ground squirrels (U. parryii) are the extant circumpolar
species found within Beringia today (Fig. 2)*2. They live in areas where
the active layer is sufficiently thick (-1 metre) as permafrost impedes
their burrowing*. Although they have traditionally been considered to
be generalist herbivores, Arctic ground squirrels are opportunistic
feeders that rely on a variety of plants (grasses, sedges, leaves, buds,
flowers, and seeds), fungi**, insects, and carrion**¢, These meat-eating
tendencies are reported in a variety of forms, including: predation***,
scavenging*®**°, and infanticide/cannibalism®**". Geist*®* and Cade*
both report on carnivorous ground squirrel feeding on St. Lawrence
Island (Bering Sea, Alaska) with scavenging walrus and whale meat, in
addition to killing and trapping other rodents. Additional reports from
Alaskan islands identified the impact of Arctic ground squirrels on bird
populations by feeding on passerine eggs and on the eggs and chicks
of seabirds*****2, Ebbert and Byrd*> observed that storm petrels and
small burrow-nesting species are often absent from islands that are
home to Arctic ground squirrel populations. Active predation has been
recorded on lemmings in Northwest Territories* along with suspected
predation on juvenile snowshoe hares (Lepus americanus)"’. Although
fewer reports of predation exist compared to scavenging, predation
appears to be a behaviour common in ground squirrel populations. A
recent study of California ground squirrels (Otospermophilus beechyi)
records active predation on voles in the Briones Regional Park,
California®. Arctic ground squirrels likely adopted such opportunistic

feeding strategies due to the considerable physiological demands of
hibernation that requires sufficient fat stores to enter into a state of
torpor. Hibernation occurs from early October to mid-April, during
which time their core body temperature drops below freezing and
their heart rate slows to -1 beat per minute®*. These many layers of
unique behavioural, dietary, and physiological adaptations are what
make Arctic ground squirrel burrows and their coprolites so appealing
from a Quaternary science perspective for archiving rich, holistic
snapshots of past ecosystems.

In this study, we metagenomically leverage the behavioural and
dietary adaptations of ground squirrels by analysing 13 permafrost-
preserved coprolite samples recovered from burrows (also referred to
as middens) in central Yukon, Canada spanning marine isotope stages
(MIS) 1-4 and one Middle Pleistocene-aged sample (MIS 16/18) asso-
ciated with the Gold Run tephra (-700 ka) (Fig. 1). We combine wet-lab
extraction optimizations, multi-pipeline metagenomic classifications
and validations, multi-species genome assembly and phylogenetic
analyses, and a comprehensive array of authentication controls to
evaluate (i) how reliably coprolites preserve multi-taxon aeDNA
through time and (i) what these archives reveal about Quaternary
ecosystem composition and population history in eastern Beringia. We
find that coprolite metagenomics reconstruct diverse snapshots of
palaeoecosystems and evolutionary history, highlighting the excep-
tional biomolecular archives of aeDNA that can be found in the
unsuspecting coprolites of ground squirrels.

Results and discussion

Summary of results

Initial morphological classifications, based on descriptions from
Cocker et al*., placed the Pleistocene coprolites as originating from
Arctic ground squirrels (U. parryii, n=13)—the extant Urocitellus spe-
cies of Arctic/Subarctic Canada. As a control we processed an addi-
tional Holocene-aged coprolite of an unknown, but clearly non-
squirrel source. The first batch of extracts on these samples were sig-
nificantly challenged by inhibitor co-elution with high inhibition
indexes (Fig. S1)**. This hindered enzymatic functioning while
attempting to library adapt the aeDNA for sequencing, prompting a
phase of iterative extraction optimization experiments testing the use
of ultrasonication for improving inhibitor removal. These experiments
are detailed in the supplementary materials (Supplementary
Notes 2 and 4, Figs. S3-S17). Inhibitor co-elution could be reduced to
the degree that library and PCR enzymes regained functionality simply
by reducing raw sample input to 0.1 g when paired with the cold spin
and high-volume binding buffer procedure’. Libraries were processed
through previously published shotgun sequencing and targeted
enrichment workflows 63755762,

We identified diverse and abundant metagenomics signals from
the scat producers, their diets, and the local ecosystems of expected
Pleistocene/Holocene flora and fauna. This data allowed for whole
ecosystem taxonomic cataloguing, genome reassembly, multi-species
phylogenetics, taxonomic reassignment of the scat producers, and we
found evidence for two genetically undescribed populations of ground
squirrels. Our negative controls contain none of the DNA signals we
observe in any of the ancient samples, and our aeDNA libraries have
deamination rates and fragment length distributions indicative of
these molecules being damaged and thus ancient and originating from
the coprolites themselves. To avoid over-interpreting weak taxonomic
signals of local ecologies, we also integrated our conservative map-
filtered BLASTn/MEGAN classifications with Holi/metaDMG damage
evidence, the negative controls, macrofossil corroborations, and
ecological plausibility into an ensemble support framework. We find
that eukaryotic aDNA preservation from these coprolites exceeds that
of other locally preserved sample types (including bone), highlighting
coprolites as exceptional biomolecular archives of Quaternary
ecosystems.
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Fig. 2 | Extant distribution of Urocitellus spp. See Table S5 for DOI search data. Source data are provided as a Source Data file.

Geological setting and chronology
The central Yukon Klondike region of eastern Beringia (Yukon and
Alaska) remained unglaciated throughout the Pleistocene, with intact
ground ice preserving ecological records since at least the Middle
Pleistocene®. The oldest sample in our set (SC-14) was recovered from
the Gold Run site, with the associated tephra at that site dating to
688 + 44 kya®*®, This age falls within either the glacial transition
between MIS 16c¢ and 17a (Fig. 1), or could also potentially originate
from MIS 18a, because the ecosystem preceding the Gold Run tephra
appear consistent with glacial conditions (ruling out MIS 17, as this was
an interglacial period). Plant and insect macrofossils from just above
and below the Gold Run tephra identify a dry, cooler-than today shrub
tundra environment with dwarf birch (Betula nana-glandulosa type),
willow (Salix sp.), and sedges (Carex spp.), along with grasses (Poaceae),
cinquefoil (Potentilla sp.), mosses, and infrequent spruce (Picea sp.)"”.
This is further supported by remains of the rove beetle (Holobor-
eaphilus nordenskioldi), and the weevil Lepidophorus thulius (synonym
Vitavitus thulius) that are restricted to dry tundra/steppe environments.
Faunal remains temporally associated with the Gold Run tephra in
central Yukon include pika (Ochotona sp.), chipmunks (Neotamias sp.),
shrews (Sorex sp.), lemmings (Lemmus sp.), voles (Arvicolinae), ground
squirrels (Urocitellus spp.), weasels (Mustela sp.), wolves (Canis),
mammoths (Elephantidae), muskox (Caprinae), and horses (Equus) *.
The other ground squirrel coprolites variously date between MIS 1
and 4, which includes the Glacial-to-Interglacial transition (13-10 kya)
and the Last Glacial Maximum (LGM, ca. 26.5-19 kya), which are both
subsumed within the Last Glacial Period (ca.115-11.7 kya)*” (Fig. 1).
Ecosystems in central Yukon during the Last Glacial Period were pri-
marily a graminoid (grass) and forb (non-woody flowering herb)
dominated dry steppe-tundra with willow (Salix spp.) and birch (Betula
spp.) shrub patches and a diverse abundance of megafaunal animals

including: woolly mammoths (Mammuthus primigenius), saiga ante-
lopes (Saiga tatarica), American lion (Panthera atrox), American
cheetah (Miracinonyx trumani), caballine and stilt-legged horses
(Equus caballus/ferus/lambei and Haringtonhippus francisci), steppe
bison (Bison priscus), helmeted muskox (Bootherium bombifrons),
short-faced bears (Arctodus simus), and sabre-toothed cats (Homo-
therium serum) among many others®®. This ecosystem, which has no
modern analogue, is widely referred to as the ‘mammoth-steppe’®.
Regional variants of the mammoth-steppe covered much of the
northern hemisphere during the Last Glacial Period, stretching from
the Iberian Peninsula across Eurasia and into North America. The
overall catalogue of flora and fauna in eastern Beringia from the LGM
to the Pleistocene-Holocene transition has been relatively well char-
acterized from many independent efforts using a diverse range of
palaeoecological proxies *°%7072,

A total of seven radiocarbon dates were obtained for samples
expected to fall within the age-limits of radiocarbon dating (Tables S3-
S4). Two samples produced non-finite ages (SC-6 and SC-8) and sample
SC-12 is the only Holocene-aged material presented with a calibrated
age of ~680 cal yr BP. The remaining radiocarbon dated samples (SC-3,
SC-10, SC-11, and SC-13) range between ~17,200 and 36,000 cal yr BP.

The remaining six samples were found in stratigraphic contexts
associated with known tephra deposits from the Klondike. Sample SC-
14 was collected below the Gold Run tephra which has a 2°°U-**3Pb
Bayesian model age of 688 + 44 kya®. Samples SC-5, SC-15, SC-16, and
SC-17 are associated, or were collected directly within the Dawson
tephra, which has an age of 25,300 “C years BP (29,055-29,470 cali-
brated years BP)”>7¢. The remaining samples (SC-6, SC-8, and SC-9) are
associated with the Sheep Creek Klondike tephra that has been aged to
~-80kya using single-grain optically stimulated luminescence
dating *>77.
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Macrofossils

A total of 45 plant and animal macrofossil types were sorted from
11 samples and comprised of 39 unique types, 17 unique plant families,
and two animal taxa. All samples contained indeterminate vegetative
material, such as fragmentary stems, which is excluded from types
here. Of the 45 types, there were 25 (21 unique) plant and animal taxa
identified to genus or species level (55% of total types), 11 (eight
unique) taxa identified to family or higher taxonomic level (24% of total
types), and nine indeterminate (20% of total types). Only nine types
were found to occur in multiple samples. Therefore, the samples were
represented mainly by unique assemblages of macrofossils, with each
sample represented by three to nine types (Figs. S18-26, see Supple-
mentary Note 3 for further details and Supplementary Data 1).

Metagenomics

in silico simulations. To validate the performance of our primary
metagenomic classifications (map-filtering to a regional organelle
database, BLASTn aligning those mapped reads against a 2024 local
copy of NCBI-NT, and taxonomically binning with strict MEGAN7
parameters)’®® we performed in silico testing using simulated aDNA
data®? of species detected in our classifications to assess rates of false
positives/negatives, and true positives/negatives. Our simulation data
supports the empirical taxonomic identifications of our coprolites,
confirming that the MEGAN classifications have the lowest rates of false
positive classifications among tested classifiers with simulated data
(Fig. S27-31, see Supplementary Note 5 for further details).

Metagenomics: coprolite aeDNA

A diverse range of taxa were identified metagenomically from mega-
fauna (e.g. woolly mammoths, steppe bison, and horses), to cervids,
canids, felids, rodents, birds, insects, ~200 plant clades, fungi, and
bacteria/archaea. The diversity found within each kingdom is detailed
individually here.

Animals. The most prominent aeDNA eukaryote signal in the
enriched Pleistocene coprolites is the tribe Marmotini (ground squir-
rel) followed by the genus Urocitellus (Fig. 3). Within Urocitellus, there
are hits to two primary species, U. richardsonii (Richardson’s ground
squirrel) and U. parryii (Arctic ground squirrel). Hits were also
observed to multiple other ground squirrel clades including Callo-
spermophilus lateralis (golden-mantled ground squirrel), Cynomys
(prairie dogs), Ictidomys tridecemlineatus (thirteen-lined ground
squirrel), Marmota (alpine marmot), Spermophilus (susliks), and
Tamias (chipmunks). Within Arvicolinae, signals of Dicrostonyx
groenlandicus (northern collared lemming), Lemmus trimucronatus
(Canadian lemming), and Microtus miurus (singing vole) are also
present.

A diverse range of large animal aeDNA signals were identified
from all 13 of the putative ground squirrel Pleistocene coprolites,
which included: Mammuthus primigenius (woolly mammoth), Ocho-
tona (pika), Bison priscus (steppe bison), Ovis (likely Ovis dalli, thin-
horn sheep), Rangifer tarandus (caribou), Canis (wolf/coyote),
Mustelidae (perhaps American marten or ferret), Puma (cougar or
Miracinonyx), Microchiroptera (microbats), Equus (cabelline horse),
Lagopus (likely willow ptarmigan), and Corvoidea (superfamily of
songbirds). The Holocene-aged coprolite has abundant hits to Lepus
americanus (snowshoe hare), with smaller signals from Mustelidae and
Lagopus, and contains none of the ground squirrel or Pleistocene
faunal signals. Homo is observed in multiple samples, including the
extraction negative controls and Holocene positive control, as well as
the 700,000-year-old coprolite (SC-14). We can therefore classify this
human signal as stemming from modern contamination.

The Holocene-aged coprolite (SC-12) was confidently identified as
originating from L. americanus with over 100,000 unique mitochon-
drial DNA sequences classified. To non-specialists, identifying a defa-
cator from faeces alone can be difficult (especially with ancient faeces),

but here we highlight the utility of aDNA for taxonomic coprolite
identification from an ambigious source. See Supplementary Note 7
for a phylogenetic assessment of this L. americanus coprolite
(Fig. S36).

Plants. Over 200 plant LCA clades were identified in the ground
squirrel and snowshoe hare coprolites (Fig. 4). The Pleistocene-aged
ground squirrel coprolites were dominated by expected mammoth-
steppe flora, namely graminoids (grasses) and forbs (non-woody
flowering herbs). The most abundant plant signal to a genus rank LCA
node was Plantago (P. canescens [Arctic plantain]). Other abundant
taxa include Asteraceae (Artemisia [sagebrush] and Achillea [yarrow]),
Boraginaceae (Lappula, likely L. occidentalis [western stickseed] based
on distribution), Caryophyllaceae (Silene [catchfly] likely Silene cf.
involucrate subsp. tenella), Polygonoideae (Bitum), Hedysareae
(Hedysarum alpinum [alpine sweetvetch]), Salicaceae (Salix [willow]),
Brassicaceae (Alysseae, Draba [whitlow-grass], Braya), Poaceae (Poa,
Bromus [grasses]), Carex (sedges), Papaveroideae, and Ranunculoi-
deae (Anemone and Ranunculus [buttercups]). By contrast, the
Holocene-aged snowshoe hare coprolite had predominantly woody
plant species such as Picea sp. (spruce), Betula sp. (birch), Alnus sp.
(alder), Rhododendron sp. (heath), with a much more significant pro-
portion of Salix. None of these plant taxa appear in any of the negative
controls.

Off-target organisms. A total of 404 bacteria and archaea genera
were identified in the MegaBlast data (Fig. 5a, b). The coprolites have
distinct signals from the negative controls in all cluster analyses, with
Pseudomonas, Acidovorax, and Staphylococcus being the most promi-
nent microbes identified that form the microbial background signal of
our wet-lab reagents. The Holocene-aged snowshoe hare coprolite has
strong signals from Clostridium compared to the ground squirrel
coprolites, whereas the squirrel coprolites have abundant signals from
taxa such as: Pedobacter, Clavibacter, Flavobacterium, Arthrobacter,
Nitrosospira, Mycobacterium, Listeria, Bacillus, Sporosarcina, Carno-
bacterium, Polaromonas, Comamonas, Streptococcus, Nocardioides,
Psychrobacillus, Caulobacteraceae, Mycolicibacterium, Cryobacterium,
and Streptomyces. When compared with microbial aeDNA in sediment
samples from Murchie et al’***%, that are spatial-temporary related, it
becomes clear that the microbes in the coprolites are distinct from
those found in the surrounding sediments (Fig. 5d, e, S32). Sample SC-
15 was a mixture of coprolite and sediment (no intact pellets), com-
pared with the other SC samples that had intact and discrete faecal
pellets. This is clear in the microbial data where it sits in an inter-
mediary position between the ground squirrel coprolites and
Pleistocene-aged sediment (Fig. 5d, S32). Likewise, SC-12 (the Holo-
cene snowshoe hare coprolite) is microbially distinct, as are the
negative controls. This data suggests that despite the presumed ‘por-
ous’ nature of coprolites, these entities do an extremely good job of
retaining molecules endogenous to the material, while minimizing
leaching from the external environment, suggesting little movement
of DNA from above or below the deposits.

Several arthropod clades were identified, including those asso-
ciated with spiders, ants, moths, beetles, and grasshoppers (albeit all at
high taxonomic ranks as these taxa were not specifically targeted with
the capture enrichment [see Table Sé6 for bait panel overview] and a
curated insect genetic reference database needs to be built). In addi-
tion, the parasitic nematode genus Parastrongyloides sp. was identi-
fied. Of the 13 samples presented, four were associated with cache-
bearing middens that were analysed for both plant and invertebrate
remains. Morphological identifications of the subfossil invertebrate
remains show that several taxa were present in both the aeDNA data
and in their associated middens. Of particular interest are the remains
of grasshoppers in sample SC-2. Until recently, grasshoppers had never
been recovered from Quaternary deposits in Beringia, but a recent
study from Cocker et al®. recovered three short-horned grasshopper
legs (Acrididae: cf. Pseudochorthippus curtipennis) from seed caches
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Fig. 3 | Metagenomic classifications of animal aeDNA. Symbol shapes indicate
relative aDNA support based on Holi/metaDMG damage evidence, independent
taxonomic classification workflow support, ecological/biogeographic plausibility,

and negative-control screening. Taxa classified as tentative, weakly supported, or
blank-associated are retained for completeness and further testing, not ecological
inference. Source data are provided as a Source Data file.

associated with samples SC-2 and SC-5. SC-2 has a strong aeDNA signal
of grasshopper (Fig. 5c). Beetles are the most numerous macrofossils
recovered from the midden samples and are commonly represented
by grounzd beetles (Carabidae: e.g., Bembidion spp. and Harpalus
vittatus cf. alaskensis) weevils (Curculionidae: e.g., Connatichela arte-
misiae and Lepidophorus lineaticollis), and dung beetles (Scarabaeidae:
Aphodius sp.), amongst lesser represented families like the carrion
beetles (Silphidae: Thanatophilus cf. coloradensis). Although ants and
spiders were not present as macrofossils in these middens, both have
been recovered from other studies in the region with only a single

spider (Thomisidae: Xysticus sp.) recovered from Pleistocene
middens to date®. See Supplementary Note 6 for a description of
fungal taxa.

Genome assembly and phylogenetics

We were able to reassemble 18 mitochondrial genomes from these
coprolites, including Urocitellus (n =12), Lepus (n =1), Bison (n=2), and
Equus (n=3) (Table S7). Our assemblies of six additional Mammuthus
mitogenomes and their phylogenetic analysis are detailed in a separate
forthcoming report.

Nature Communications | (2026)17:4868 6


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-72977-6

¥ 2 3 1[5 151 (1376 8 ]9 |14 ] [EBKI[LBK]
Thousand years ago 0. 17 17 29 30 30 30 30 31 36 80 80 80 700 neg. controls
Pinidae yevIETZE 51
* Pinaceae YV IREFA 9
Picea gy IRERE
Apiaceae kv 5 23 (KRN 1530 1 185 1 660 I (R 143 | ot 7 11
ApioideaeXxy 3 XA Ns7 Tl 5 18 M 13 14
Asteraceae>%/ 10 mmmmm—mmmm 39 | 38
Anthemideae Y\ 186 1 <] 8 Tl st 577 | 7 28
Anemisiinae%\f ET7E 52 R 350 | | o1 1 146 | 57
Artemisia 57 7 | 108 | 2] 70 | 27
Achillea 8 9 EFE
Conyzinae % KV 16 5 93 |
Y Erigeronk Em 56 7 [ 101 |
Taraxacum gy 73 EYTE ED 31 9 9 13
Ericaceae mvIENEM 5 6 1 6 9
Ericoideae v IFFZH
Rhododendron il IEFEN
Boraginaceaevk = 7 | 520 1 17401 5124 BecyARl P2l 1200 | 1253171 300 | 48 B!
Cynoglossoideae | 100 1 203 | 624 BV <il 364 | | 4044 900 | 400 |
Eritrichiinae v crall ] 300 ] 7 | 2220 ] [ 102 |
Lappula l | 200 |
@ Gentianales @ 5 6 10 6 5 8 490 5 34 13 8 4 6
Gentianaceae Wl 42 5 1
Gentiana v | 070 | 5
Orobanchaceae% 7 6 13 W7gW m77m w228 18 3 W2sITHERA 7 KRR 18
Pedicularideae 6 7 19 1 2 314 4
Castilleja
Pedicularis 5 20 et sy 11 7 [ 12317]
Plantaginaceae %t/ [ 1408 1 1422 DRectaul o I le) 4 1 1 153 |
Plantagineae B [ 2020 1 3275 [Nl 228 INCH| 3 2 | 158 1 315 |
Plantago B [ 9054 1 1162012841 697 [Py ANETi] 6 [ 538 ] 1303 |
P. canescens BV, 25 26
P. media%‘/ 17
CaryOPhy||a|95¥\/ SRR ) 395 | 650 il 547 | 2660 IRl kBl S ] 3426 | 2070 B
Caryophyllaceae IR 1128 1 1130 | 236 IRuTek Al 10246 PRl 430 | | 258 | 15
A‘ Sileneae *\/ oz 29
Silene Y/ 8
\ '/ Polygonoideae y 5 9 50 [ 2421 16031] 5574 |
(/ Chenopodioideae i/ | 248 |
Blitum g | 184 |
Bistorta e\ 44 16
B. vivipara ey 12 34
Oxyria
= O. digyna
Fabaceaexk ' 7 27 7 21 26| IF 1 41
Genisteae Wl 2 2
Lupinus @ 6 6 6
IRL clade 5 1 3 30 R 11240 34
Galegeae | 735 | 16
Astragalus 56
Oxytropis | 333 |
Hedysareae % | 662 |
Hedysarum @ | 232 |
H. alpinum W 115
Medicago>K 5 13 7 1081 51 9 15
Fagales 8438 4 51 5
4w Betulaceae . | 4201 |
Alnus v IFE7E
Betulam WEEYE
Salicaceae Iir!ﬂ Lot ITom 638 1 17431 286 NGt 308 Dewvil i B 1501 |
% S;Ilcelae g7 We2m 13 WPCH ENFA o7 i2e IZEE 9 E2sE 10 IECEAE
y opul us 8
Salix>< EFEEl W20 31 470 WOEE 36 11 ggm 42 | 358 |
% " Rosoideaexky/ 9
. Potentilleae
Potentilla
Brassicaceaei\/ 9
Alysseae
Clypeola
Arabideae
Draba>gy/
Brassiceae ll
Brassica @l
s Euclidieae %
. Brayav 52 20 114
Saxifragaceae ¥ = 5 1 2 28 450 EITE 4 13 10
5 Saxifragak 30 6 EEEECEREA 10 1
" Cyperoideae@ 16 13 | 3104 1 441 1 405§ 217 [Py 0332 I/t v AN 260 1116170
Carex INCTE 15270 00N 35 | 810 | 7 61 EFZEE 18
CCIEEE VRN TR 0900 | 5875 | 285 1 4636 | 142671 805 1329021170641 16151] 49541 3617 ] 3511 1 570 |
RIICEERN YNV 295 1 1502 [Eeit] 123011 4007 1 253 | 03301 40421 4350 1 15411 11911 10021 214
Poeaext/ 6 kil 401 IR o] 735 IR 04111 745 1 10401 475 1 306 1 215 | 32
4 Poodinae 3y 10 8 17 58 26N 17
174 Poaxa/ 19 12 175371 mgzm
[~ Coleanthinae gz 66 [ 454 Il o 1 o e 26 6
Triticodae 72 ] 204 IRetA] 475 | 705 BERVAN 11311 833 vt BERVARIRR] o B
Bromus 46 7 WPIFE19 10 27
Papaveroideae 5 5 9
Ranunculoideae S 2650 | 727 | 155 42
R Anemoneae 7 47
{ Anemone BV 1
Ranunculeae 124
Ranunculus Y 43 124

Fig. 4 | Metagenomic classifications of plant aeDNA. Symbol shapes indicate
relative aDNA support based on Holi/metaDMG damage evidence, independent
taxonomic classification workflow support, ecological/biogeographic plausibility,
macrofossil corroboration, and negative-control screening. Taxa classified as

tentative, weakly supported, or blank-associated are retained for completeness and
further testing, not ecological inference. Source data are provided as a Source

Data file.
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Fig. 5 | Metagenomic classifications of off-target microbes and invertebrates.
A Hierarchically clustered heat-map of top taxonomic hits within bacteria and
archaea for coprolites. B Principal Coordinate Analysis (PCoA) of prokaryote
assignments with a x* ecological index, normalized to the smallest library.

C Nematode and arthropod assignments. D PCoA (normalized, x?) of prokaryote
genera including local permafrost sediment libraries****>*°° merged by core ID;
E PCoA (normalized, x?) of all taxonomically binned cellular organisms with
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Urocitellus. These coprolites had exceptional DNA preservation,
allowing for mitogenomic assembly from all ground squirrel coprolites
(Fig. 6a). The only sample where a squirrel mitogenome could not be
reassembled was midden SC-15, a sample that was predominantly
sediment, no longer discrete faecal pellets. SC-16 and SC-10 had suf-

ficient endogenous content to allow

remaining libraries were reference mapped to the SC-16 de novo

genome and placed phylogenetically (Fi

mapping to U. parryii and U. richardsonii to monitor for reference
mapping bias. All three references produced the same phylogenetic
placement, indicating that reference bias had not impacted their

position in the trees (Fig. 6, S34-35).

assembled mitogenomes do not cluster with those from extant ground
squirrel sequences in the Yukon today (U. parryii) (Figs. S34-35). When

for de novo assembly. The

g. 6), in addition to reference

Unexpectedly, the coprolite

adding data from the cytochrome-b (cyt-b) gene to our Bayesian
phylogeny, where many more species sequences are publicly available,
our data splits U. parryii into 2 primary clades, supported with a 0.94
posterior (Bayesian tree, Fig. 6a) and 100% bootstrap support (max-
imum likelihood tree, 1000 bootstrap, Figs. S34-35). One clade is
composed of the U. parryii NCBI reference sequence along with the
Arctic subspecies U. parryii parryii and U. p. kennicottii, and is a sister
clade with U. elegans and U. richardsonii, which is consistent with
McLean et al**. However, we identify a second clade of Alaskan and
Siberian subspecies (U. p. stejnegeri/plesius/leucostictus) that also
contain our Yukon coprolite assemblies. The estimated divergence
between these two clades occurred -421 kya (319-545 kya 95% highest
posterior density [HPD]), indicating that the current taxonomy of U.
parryii is not monophyletic and that our coprolites and several current
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U. parryii subspecies are likely a distinct population (or species) from
the RefSeq U. parryii individual. Our 700 kya sample (SC-14) sits nearly
basal to Arctic/Subarctic Urocitellus with both mitogenome and cyt-b
phylogenies (Fig. 6, S34-S35), posterior 0.97, bootstrap 100% and is a
sister clade to U. undulatus—a species currently extant only in Eurasia
(China, Kazakhstan, Mongolia, and Siberia). This group diverged ~1.4
mya (posterior 0.65, bootstrap 100%) with the SC-14 clade having
diverged from U. undulatus -1.1 mya (posterior 0.97, bootstrap 100%,
886-1367 kya HPD), approximately 300 ky before the lifetime of
squirrels from the SC-14 midden, suggesting that this sample is also
likely a previously undescribed population (or species) of Urocitellus.

Equus. Three EFquus mitogenomes were assembled from the ground
squirrel coprolites dating to 17.2 and 30kya (Fig. 7). The squirrel
coprolite middens (SC-2, SC-5) appear to have better preserved short
equid fragments than the predominantly sediment midden sample
(SC-15). They are phylogenetically placed within the North American
clade of Equus caballus alongside other Yukon horses (referred to in
some cases as Equus lambei) and the sedaDNA Equus mitogenomes
from Murchie et al”’. The 700 kya horse from Thistle Creek® sits basal
to this branch, but within the same clade as other Yukon horses. Only
five Yukon horse mitogenomes assembled from bone are publicly
available. With the coprolite aeDNA mitogenomes we present here,
and the sediment aeDNA from Murchie et al*’. environmental samples
have now more than doubled the mitogenomic references for Yukon
horse. These assemblies all have expected terminal deamination and
fragment length distributions expected from ancient remains.

Bison. Two steppe bison mitochondrial genomes could be reas-
sembled from midden samples dating to 30 kya and fall within the
expected North American clade of Bison priscus mitogenomes reas-
sembled from bones and sediment (Fig. 7).

Thermal age

The rates of deamination and depurination are significantly correlated
with age and GISP2 isotopes®® as a palaeo-temperature proxy
(see Supplementary Note 8 for further details).

Authentication

There are several components of our research design that support the
authenticity of our aeDNA data. The first of these are our 13 sequenced
negative controls processed alongside each batch of samples that
contain none of the metagenomic signals observed in the coprolite
samples. Additional negative controls were used during qPCR assays
that were not sequenced as they resulted in no detectible signals. In
total, this includes 8 subsampling/extraction controls (with a micro-
centrifuge tube left open during subsampling and processed alongside
the sample batch thereafter) and 5 library negative controls across all
batches. These controls were consistently negative on qPCR assays
throughout aDNA processing, and despite pooling the entirety of the
negative control indexed libraries (which were also run through
additional indexing cycles in attempt to increase sequence signal in the
negatives), these controls only received a small fraction of the
sequencing reads compared to actual samples (Fig. S1, Table S1). The
only detectable eukaryote signal in the negative controls is a small
portion of human DNA (Fig. 3), which suggests that the sporadic
human signal in the other metagenomic samples is most likely back-
ground contamination and not ancient human DNA. The lack of any
other DNA hits in the 13 negative controls indicates that the signals we
see in the samples originate from those coprolites themselves and are
not the result of modern or cross contamination.

In addition, the inclusion of a positive control in the form of a
single Holocene-aged snowshoe hare coprolite processed alongside
the ground squirrel coprolites helps confirm that the ecological signals
we observe are consistent with temporally expected flora and fauna.

The Holocene coprolite contains Holocene typical woody plant spe-
cies and a strong signal of snowshoe hare, whereas the Pleistocene
coprolites contain flora and fauna diagnostic of a mammoth-steppe
ecosystem and are lacking in several Holocene specific taxa (including
Lepus americanus, Picea sp., Alnus sp., Betula sp., and Rhododendron
sp.). This sample essentially functions here as a control for false posi-
tive signals stemming from the movement of molecules up and down
the permafrost margins during their depositional history (in addition
to the potential for wet-lab cross contamination) and again indicates
that the metagenomic spectra observed in the coprolites originated
from the samples themselves. This sample indicates that there has
been no temporal mixing of signatures between Pleistocene- and
Holocene-aged deposits through any of our processing, and suggests
that bioinformatic false-positives are not a substantive problem with
this dataset.

All taxa with sufficiently high mapping coverage for mitogenome
assembly show clear patterns of deamination (C to T and G to A
terminal miscoding lesions)®” and depurination (aDNA expected short
fragment lengths with mean distributions <50 bp) (Figs. 7,8). These
patterns have a rough temporal signal where younger middens have
less deamination and depurination than older middens. The Holocene-
aged hare faecal sample has low rates of deamination (-5%, Fig. S36)
compared to Pleistocene-aged samples that range from ~10 to 50%,
again demonstrating that the coprolite aeDNA signals are ancient.
These mapDamage results are also supported by metaDMG plots of the
total metagenomic classification by midden (Figs. S37-S97, see Fig.
$102 for low count taxa mapDamage plots), and the ensemble support
framework from our two classification workflows, Holi/metaDMG
damage signals, macrofossil corroborations, and ecological plausi-
bility add variable levels of support confidence to each metagenomic
classification (Figs. 3-5).

Simulations for assessing true/false positive rates among sample
communities with varied taxonomic representations, damage profiles,
and taxonomic assignment software add further support for our
bioinformatic pipeline approach (see Supplementary Note 5). Fur-
thermore, while it is difficult to ground truth any aeDNA sample,
abundant macrofossils from these middens help support the meta-
genomic classifications by finding many of the same species and
overall ecological compositions (Figs. S18-26, see Supplementary
Data 1). These complementary identifications help support the
authenticity of our diverse aeDNA classifications.

Finally, the authenticity of our results is strongly supported by the
mitogenome assemblies. Sufficient coverage was available for the
assembly of >18 mitochondrial genomes—including two de novo
assemblies—that make phylogeographic sense. These results are con-
sistent with other sedimentary and bone aDNA genomic data, lending
support again to the claim that these signals originate from the
coprolites themselves.

aDNA from bones, sediments, and coprolites

We compared the on-target (organelle) proportion of aeDNA from
these coprolites with bone®**’ and sedimentary aDNA***¢%% from
permafrost sites in Yukon and Alaska that had been enriched using the
same bait-set (Fig. 8a, b). The sediment and coprolite libraries were
mapped against the Pacific Northwest Quaternary database (Table S6),
and the Alaskan/Yukon bone libraries were mapped against the RefSeq
woolly mammoth mitogenome (also included in the PNW database).
When simply calculating based on on-target read proportion, unsur-
prisingly, permafrost bone samples have the most endogenous host
aDNA, followed by coprolites and sediment extracts at the far end.
When normalized for raw input however, coprolite aeDNA of on-target
organisms (plants/animals) far exceeds the preservation of both bone
and sediment from eastern Beringia. Additionally, when total diversity
is considered, bones perform poorly (as expected) generally only
containing a single (host) organism, whereas coprolites and sediments
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A Mitochondrial phylogeny with all available Equidae taxa. B Fragment length
distributions. C mapDamage deamination rates. D Mitochondrial phylogeny with
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Fig. 8 | On-target aDNA reads (post-enrichment) for permafrost preserved
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75th percentiles, and whiskers extend to the most extreme values within 1.5x the
interquartile range. Points represent individual samples, jittered horizontally for
visibility. A Reads mapped to Pacific Northwest Quaternary Panel references. Bone

data from Enk et al*. and Rowe et al*, sediment data from Murchie et al’**’*%,

coprolite data from this paper. B Proportions scaled to 100 mg of starting input.
Only the Alaskan bone on-target proportions used because sample specific raw
input weights were not reported in Enk et al®. C Shannon diversity index of tax-
onomically assigned reads in MEGAN7. D Read depth normalized comparison from
(C). Source data are provided as a Source Data file.

preserve a wide diversity of aeDNA (Fig. 8c, d). For context, all of these
samples (bone and sediment) produced genomic scale data with
metagenomic and phylogenetic applications. This underscores the
exceptional preservation and information value of coprolites, even
when compared with other permafrost preserved materials that
themselves may be considered exceptional.

Summary of discussion

Permafrost-preserved ground squirrel coprolites provide a robust,
multi-taxon aeDNA archive that captures biomolecular signals of
plants, fungi, arthropods, microbes, birds, and mammals across mul-
tiple glacial-interglacial intervals, and can preserve genome-scale
signals from both the host and co-occurring vertebrates. By combining
a conservatively validated metagenomic classification with multiple
authentication controls, we show that coprolites can complement (and
in some cases, outperform) coeval sediments and skeletal material for

reconstructing Beringian palaeoecology and for recovering phylo-
genetically informative mitochondrial genomes, including a Middle
Pleistocene ground squirrel lineage. What follows is a discussion of the
evolutionary implications for ground squirrels, a disentangling of
dietary DNA vs exogenous inputs, the palaeoecological implications of
this dataset, a summary of authenticity checks and caveats, and future
directions now possible by leveraging the growing power of aeDNA
with frozen archives of ground squirrel coprolites.

The evolutionary history of Beringian ground squirrels

One common assumption is that fossil remains of Pleistocene Arctic
ground squirrels recovered from central Yukon likely belong to the
same species currently present in northern and southern Yukon, Uro-
citellus parryii*'>'*' (Fig. 1). The metagenomic classifications (Fig. 3)
and phylogenetic placement (Fig. 6) of Pleistocene ground squirrel
mitogenomes presented here question this species classification.
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Subspecies of U. parryii become paraphyletic with the addition of our
coprolite aeDNA data, and the coprolite mitogenomes do not cluster
with mitogenomes of U. parryii or U. richardsonii. When cyt-b data are
added to the mitogenome phylogeny, one U. parryii clade distributed
in the Arctic is more closely related to U. elegans and U. richardsonii
from the Great Plains and Rocky Mountains. This evolutionary rela-
tionship is consistent with Herron et al’®. and their taxonomic revision
of Spermophilus. However, when we add the 11 new ancient sequences
assembled here to the combined mitogenome and cyt-b data, Bayesian
analyses split U. parryii into another more distantly related clade that is
distributed today primarily in Subarctic Siberia and Alaska (Fig. 6).
There are only three publicly available mitochondrial genomes avail-
able within Urocitellus for comparison, however this same split is clear
and strongly supported in the mitogenome phylogeny where all ten
MIS 4-1 individuals form a distinct clade with strong support (0.94
posterior, 100% ML bootstrap) from U. parryii and U. richardsonii (Figs.
S$34-35). With the cyt-b data, we can observe that U. parryii itself is
paraphyletic with an estimated divergence date of -421kya
(319-545kya HPD) between the two major clades (0.94 posterior,
Fig. 6; and 100% bootstrap support). A large portion of reads were
classified as originating from U. richardsonii over U. parryii in the
metagenomics (Fig. 3), and this undescribed population was hinted at
in previous sedimentary aeDNA work that found Pleistocene ground
squirrel DNA of U. richardsonii, not U. parryii, in central Yukon®®, This
incongruity stems from both an incomplete taxonomy for Urocitellus,
and incomplete reference data of their past and present genetic
diversity. A similar inconsistency exists for U. elegans where that spe-
cies again appears paraphyletic with two distinct populations that may
be best classified as separate species (Fig. 6). Previous barcoding work
sequencing a 125 bp region of cyt-b from Yukon ground squirrel mid-
dens found that their sequences were identical to U. parryii'®. However,
this short region lacks sufficient variation to capture the larger evo-
lutionary patterns evident when using full genes and genomic data
(Fig. S100).

There are three main potential explanations for the Urocitellus
paraphyly observed here. (1) There existed a previously undescribed
population (perhaps species) of Urocitellus in the Yukon during the
Pleistocene that our new aeDNA data has uncovered—meaning that
their descendants have been misclassified as a subspecies of U. parryii.
(2) There is insufficient data available for comparison to capture the
genetic diversity of Urocitellus today and in the past, and perhaps this
paraphyletic relationship will resolve with additional sampling and
genomic resolution. (3) The previously documented, widespread
hybridization behaviour within Urocitellus challenges robust taxo-
nomic classifications, especially with ancient individuals restricted to
mitochondrial genomic data*®*°°, At minimum, these findings call for
further nuclear genomic research on extant and extinct Urocitellus
populations in Beringia to resolve this taxonomic incongruity within U.
parryii.

Ground squirrel burrows during the Pleistocene tend to con-
centrate during MIS 4 (-80 kya) and MIS 2 (-30 kya) and are almost
entirely absent from MIS 3 (with SC-13 at 36 kya being a relative
exception). Cocker et al*. suggest that this is likely due to relatively
warmer interstadial conditions during MIS 3 that reduced permafrost
active layer depth—a feature necessary for robust Urocitellus popula-
tions, which are currently absent from central Yukon. Cocker et al*.
identified that the repopulation of Urocitellus at 80 kya and 30 kya
presents a continuity question as to whether populations persisted in
localized refugium after 80 kya and redistributed during colder peri-
ods. Alternatively, there may have been a complete extirpation of
Urocitellus during MIS 3 followed by an establishment from external
populations. Given the three unknown factors regarding taxonomy
discussed above (a potentially undescribed species, insufficient com-
parative data, and widespread hybridization), it is difficult to resolve
this question entirely. However, our phylogenies suggest continuity

between the 80 kya and 30 kya mitogenomic and cyt-b phylogenies
(Fig. 6). The 80 kya samples (SC-6/8/9) cluster together, however they
remain within the same clade as the MIS 2 middens with relatively little
separation. This suggests continuity and the persistence of refugial
MIS 3 populations during the Pleistocene. Notably, the same may not
be said for Holocene populations where there may have been an
extirpation of Late Pleistocene populations.

The very old (700 kya) MIS 16c/18a mitogenome (SC-14) sits basal
to the clade of northern Urocitellus species and predates radiations
from much of the genus (Fig. 6). This specimen is chronologically tied
for the third oldest mitogenome assembled to date from discrete
materials and the oldest from ancient feaces®*'°"'%%, Notably, the top
five oldest mitogenomes (from woolly mammoth, horse, and now
ground squirrel) have all been recovered from Beringia— highlighting
the exceptional preservation of this region for archiving aDNA of the
Quaternary. A similar incongruity exists with the 700 kya coprolite
mitogenome as those from MIS 4-2 where we again see evidence of a
previously undescribed population whose closest extant relatives (U.
undulatus) exist currently in Siberia, China, Kazakhstan, and Mongolia.
This Middle Pleistocene mitogenome helps us calibrate the Urocitellus
mitochondrial molecular clock to estimate the divergences among
Urocitellus spp. Using this well calibrated tip date, we estimate that
northern and southern species of Urocitellus diverged ~1.5 mya (0.96
posterior, 1,161-2,085kya HPD), that our 700kya mitogenome
diverged from U. undulatus-1.1 mya (0.97 posterior, 886-1,367 kya
HPD), and that our MIS 4-2 coprolite specimens diverged from the U.
parryii, U. elegans, U. richarsonii species complex ~421 kya (0.94 pos-
terior, 319-545 kya HPD), during the transition from MIS 12-11. This old
mitogenome helps us refine the taxonomy of Urocitellus and resolve
their deep evolutionary history relative to glacial-interglacial transi-
tions given the robust tephrochronological age of deposits associated
with the Gold Run Tephra.

Diet versus exogenous midden leaching

The breadth of taxa identified via aeDNA in these ground squirrel
coprolites necessitates questioning to what degree these signals are
the result of diet (i.e. are endogenous to the coprolites themselves), or
are the result of exogenous aeDNA leaching from the surrounding
burrow sediments or midden cache (which have been found to contain
macrofossils from a diverse range of plant and animal tissues). Packrat-
like behaviour (primarily food/nest caching) is well known within
Urocitellus middens*"®*, and there is evidence of ground squirrels
having a broad omnivorous diet********2 Macrofossil remains of
Dicrostonyx groenlandicus, Microtus spp., and Lemmus sp., have all
been found in Klondike middens, which are species identified in the
coprolites processed here (Fig. 3), as have remains of grasshoppers,
spiders, ants, and beetles (Fig. 5C). This macrofossil evidence helps
support the aeDNA classifications of these taxa that are also in the
aeDNA dataset. We also observe microbiome dietary differences
between snowshoe hare and ground squirrel coprolites, with Clos-
tridium being significantly more abundant in the snowshoe hare
coprolite (Fig. 5a, S32). Clostridium functions as a means of cellulose
breakdown, with Clostridales having been observed in 16S rRNA
sequencing to constitute 33.1% of modern snowshoe hare gut
microbiomes '®.

The quantity of megafaunal aeDNA (i.e. animals with a mass
>45 kg; Mammuthus, Bison, Equus, Ovis, Rangifer, and Canis) is sur-
prising, but not entirely unexpected. SC-15, the degraded coprolite and
sediment mixture, contains the highest proportions of bovid and
equid DNA, indicating that the sediments in which the middens are
constructed contain large quantities of megafaunal aeDNA. However,
this does not rule out these signals from being dietary as the microbial
communities (and overall aeDNA signal) observed in the coprolites are
consistently distinct from those of contemporary Klondike sediments
(Fig. 5D). If there had been significant leaching of sedimentary aeDNA
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into the coprolites, we would expect a comparable leaching of
microbial DNA that would conflate the coprolite and sedimentary
communities. This is not what we observe. Rather, all discrete coprolite
pellets cluster together at the exclusion of Pleistocene and Holocene
microbial sediment communities from several nearby Klondike sites®.
SC-15, the coprolite/sediment mix, sits in an intermediary position
between the two main clusters as we would expect, suggesting that this
sample does contains a more significant signal of sedimentary micro-
bial input than do any of the other coprolite pellets. We cannot entirely
rule out midden tissue aeDNA leaching into the coprolites however.
Contemporary squirrel metagenomic analyses of faecal pellets would
help characterize similarities in microbial communities to help quan-
tify the degree to which these coprolites may contain exogenous
sedaDNA. Follow-up work on Pleistocene pellet aeDNA would benefit
from doing single pellet extractions if feasible, subsampling only the
interior coprolite portion (excluding the exteriors). In addition, sedi-
ment samples from outside the middens and hibernacula would allow
for direct metagenomic comparison with the pellets to determine the
degree to which the diverse aeDNA signals observed here are primarily
dietary, exogenous midden aeDNA, or both. In retrospect, we would
have done this had we known how well these coprolites would per-
form. Regardless of the functional origin of aeDNA in the coprolites,
the fauna spectrum observed here reconstructs a diverse timeseries of
Pleistocene ecosystems that is highly consistent with other palaeon-
tological and palaeogenomic research.

Palaeoecology through the lens of squirrel faeces

The coprolite aeDNA data presented here reconstructs an expected
spectrum of mammoth-steppe organisms that corresponds well with
analogous sedimentary aeDNA datasets from the region®**¢>%" with a
distinct transition towards woody Holocene ecosystems first occurring
~13 kya with the Bglling-Allergd Interstadial (Fig. 9). There is an overall
continuity between MIS 4 and MIS 2 coprolite sites with relatively
minor variation in faunal/floral presence and absence across the Mid-
to-Late Pleistocene (relative to the admittedly small sample sizes
investigated here). The most notable coprolite difference comes from
the Holocene-aged positive control where there is a distinct signal of
woody species diagnostic of the boreal forest today and a comparative
absence of graminoids, forbs, and megafauna. The most common
plant taxa identified with macrofossils by Zazula et al'®. were Poa,
Carex, Bistorta, Ranunculus, Draba, Erysimum, and Potentilla with
additional taxa like Plantago and Phlox abundant in middens identified
in Cocker et al”. With the exception of Phlox, all of these taxa are
identified in the metagenomic aeDNA data here, as well as the bar-
coding aeDNA data of Langeveld et al'®. highlighting a continuity in
palaeoecological proxies.

Several high rank arthropod clades were identified that were not
specifically targeted with our bait-set. These include parasitic hel-
minths, arachnids, beetles, moths, ants, and grasshoppers. Para-
strongyloides was identified in three samples (SC-10, SC-13, and SC-14),
but this taxon has not been previously identified as an endoparasite
species infecting ground squirrels. Known endoparasitic fauna asso-
ciated with ground squirrels include the roundworms Strongyloides
robustus'™ and Baylisascaris laevis'®, the cestodes Paranoplocephala
wigginsi and Diandrya spp.'°'”’, and five species of apicomplexans in
the genus Fimeria'®®. To date, only individuals of the flea, O. alaskensis,
have been recorded from Pleistocene-aged middens®. The genus
Parastrongyloides are facultative parasites of mammals, capable of
consecutive free-living life cycles'”. Parastrongyloides winchesi was
described from European moles and shrews' and has since been
identified as far afield as Japan™ and in one report, eastern North
America™. The hits to Parastrongyloides here may suggest an undo-
cumented parasitic load within Pleistocene ground squirrels, the pre-
sence of free-living Parastrongyloides in the local environment, or a mis-
identification as a result of database incompleteness within helminth

palaeo-diversity. Regardless of the taxonomic specificity, this signal
indicates that Pleistocene helminths are also amenable to aeDNA study
via coprolites and that ground squirrels have had a gastro-intestinal
burden of parasitic worms for millennia. This data parallels other work
demonstrating the value of aeDNA for studying ancient parasites ">,

It is difficult to determine at this time the degree to which the
diverse signal of Marmotini taxa are true positives (either through
burrow reoccupation, predation, or scavenging) or whether those hits
represent some degree of false positive classifications of ancient Uro-
citellus populations due to database incompleteness amongst Qua-
ternary rodent biodiversity and well documented ground squirrel
hybridization**”%°, The simulation data (Figs. S17-18) demonstrates
that despite aDNA damage patterns, our metagenomic pipeline will
accurately identify Urocitellus and other ancient faunal/floral sequen-
ces if they have database representation. However, such databases do
not represent the total biodiversity present in ancient populations, and
as such, are susceptible to false positive/negative classifications from
related species if the true population has no genetic representation. All
of the Marmotini taxa identified here may have reasonably lived in
central Yukon during the Late Pleistocene. Although, the breadth of
their signal here seems excessive, and it is reasonable to postulate that
some portion of their taxonomic binning here is the result of database
incompleteness and interspecies hybridization driving hits to closely
related taxa. We therefore encourage caution in interpreting the pre-
sence of specific ground squirrel taxa beyond Urocitellus given these
known limitations.

Identified carnivore aeDNA includes mustelids (martens/weasels/
ferrets), grey wolf (Canis lupus), and cougar (Puma). Canid/felid DNA
must be interpreted with caution as companion animals are common
laboratory contaminants and read counts are low (see Fig. S102 for
mapDamage plots for low read count taxa). These signals are absent
from the negative controls however, and we observe hits specifically to
both Puma concolor and two hits to Miracinonyx trumani (American
cheetah) in sample SC-10 dating to 31kya, that are subsumed within
the summed 24 hits to Felidae that could not be called specifically due
to the LCA parameters. At this time, there is no publicly available
Miracinonyx mitogenome on Genbank (only 6 small gene fragments
ranging from 143-393 bp), which challenges taxonomic classification as
Miracinonyx is a sister clade to Puma, and is more distantly related to
the African cheetah (Acinonyx jubatus)™. This lack of publicly available
genomes for ancient felids also challenges classifications of Homo-
therium serum (saber-toothed cat) with a single 457 bp sequence of cyt-
b that severely limits aeDNA detection. Genetic evidence has found
that North American Puma today are descendants of a small founder
population from eastern South America that recolonized North
America during early the Holocene following the extinction and
extirpation of large Holarctic felids®®"'. Puma are very recent migrants
to the Yukon (first confirmed sighting in 2000), which has historically
been considered outside of their range. Our Puma aeDNA classifica-
tions here dating to 31 kya may be explained by several hypotheses. If
the felid signals are accurate, their aeDNA may originate from: (1)
Pleistocene lineages of Puma that were extirpated during the
Pleistocene-Holocene extinctions; (2) M. trumani—a close relative of
Puma with insufficient genetic representation to taxonomically iden-
tify; or (3) another Pleistocene felid entirely that cannot be correctly
identified due to reference database incompleteness. As databases
continue to improve with time, aeDNA datasets such as those pre-
sented here may become ideal for reanalysis to resolve these ambi-
guities. All three carnivore signals are most prominent in sample SC-10.
This suggests that burrow SC-10 either has authentic aeDNA from
scavenging by squirrels, or perhaps more likely, predation by carni-
vores attempting to enter the hibernaculum.

Top plant family rank hits include: Asteraceae, Boraginaceae,
Plantaginaceae, Caryophyllaceae, Polygonaceae, Brassicaceae, Poa-
ceae, Ranunculoideae, and Ranunculacea (Fig. 4), with genus and
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Fig. 9 | Ecological change through the Quaternary archived in sedimentary and
coprolite aeDNA. A Summary of four main sample typesin circularized stacked bar
plots. B Major plant and C animal families in proportional stacked bar plots. See Fig.
S101 for read counts. Ground squirrel signal removed from samples with >95%

M Marine Isotope Stage

Urocitellus aeDNA. D Benthic 80 record”® with MIS substages'*’” rescaled from
Fig. 1. BA Bglling-Allergd interstadial, YD Younger Dryas stadial. Source data are
provided as a Source Data file.

species-specific hits therein at lower read depths. This distribution of
specificity is to be expected as the PalaeoChip Arctic RNA bait
enrichments targeted the well-studied chloroplast genes trnl, matK,
and rbcL, which contain conserved regions shared across many large
clades. In the same manner that hits to Afrotheria, Proboscidea, and
Elephantidae represent DNA from variable conserved regions of the
Mammuthus primigenius mitogenome, hits likewise to Asteraceae
likely originate from known high abundance forbs like Artemisia that
simply have few genetic regions that are genus or species diagnostic.

An increasingly notable result amongst aDNA and aeDNA research
on Beringian equids is the phylogenetic placement of caballine horses

between Eurasian and North American clades. Historically, palaeon-
tologists have classified the caballine Yukon horse as Equus lambei
(Yukon wild horse)”™™, implying a distinction from E. przewalskii
(Mongolian wild horse) and E. caballus/ferus (Eurasian domestic
horses)"* 2, There is a clear distinction between Eurasian and Amer-
ican caballine horses that was thoroughly documented by Vershinina
et al'”. and can be observed here (Fig. 7). However, this same pattern of
genetically isolated Eurasian and American populations is also
observed among B. priscus (Fig. 7) and M. primigenius®’—which, at this
time, are not designated as being separate species on either side of the
Bering Land Bridge. If species designations among Beringian
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megafauna are to be applied consistently, it should be considered
whether E. lambei is truly deserving of a species designation. If so,
Eurasian mammoths and steppe bison may necessitate the same
treatment. If not, E. lambei may be best collapsed within E.
caballus/ferus.

Authenticity and caveats
There are several caveats to be mindful of regarding these data, results,
and interpretations. First, most samples represent the homogenization
of several faecal pellets (~2-8). This was initially intended to facilitate a
methodological comparison for improving the cold spin extraction,
where we expected mostly Urocitellus and microbial DNA. These pel-
lets were not subsampled from their interiors and were not externally
UV-C decontaminated. It is therefore difficult to estimate the diet
versus midden leaching of aeDNA to explain the taxonomic diversity of
our metagenomic classifications. The microbial signal suggests this
leaching is minimal, but we lack a direct on-site 1:1 comparison of
sediments and coprolites. Furthermore, these sites have been peren-
nially frozen in permafrost conditions for tens of millennia and show
no signs of reworking. These factors lend support to the interpretation
that aeDNA mobility from vertical leaching and reworking have not
meaningfully impacted the results here®. Second, the reconstructed
mitogenomes likely do not originate from single individuals. Like other
aeDNA genomic reconstructions, it is likely that DNA from several
individuals is represented in the assemblies, particularly given the first
caveat. Third, there are several sporadic hits to nonsensical taxa that
cannot be easily removed from the metagenomic classifications by
increasing LCA stringencies without also losing a large proportion of
the sensical aeDNA taxa. These appear to be due to short fragment
sizes (-30 bp), conservation, homoplasy, database bias/errors and
incompleteness, deamination causing terminal base errors, algo-
rithmic limitations, and potential modern labware/reagent con-
tamination. Some of these nonsensical taxa include Whippomorpha
(suborder of whales/dolphins/porpoises), Suidae (family of pigs/hogs),
Colobinae (old world monkeys), and Elephas (extant elephants). Read
counts for hits to these false positive taxa are all low (<10). A full list of
classified organisms is included in the supplementary materials.
Despite these caveats, there is strong support for the authenticity
of our data for all the reasons discussed previously, including: con-
sistently clean negative controls across all batches, a clean positive
control producing data with an entirely different ecological period,
high read coverage that facilitated mitogenomic assembly and bio-
geographically reasonable phylogenetic placement, clear deamination
and fragmentation characteristics indicative of ancient DNA, microbial
community support for a lack of leaching, sensical palaeoenviron-
mental reconstructions based on previous research, complementary
proxy support of taxonomic presence from macro-fossils and paly-
nology, and robust tephrochronological control.

Coprolites as aeDNA archives of Quaternary ecosystems

The diversity and abundance of aeDNA recovered from the permafrost
preserved, ground squirrel coprolites presented here underscores the
immense value of Arctic rodent middens as repositories of Quaternary
ecosystems. These data contain a wealth of ecological and evolu-
tionary information amenable to many deeper investigations outside
of the scope of this report. Furthermore, it is reasonable to expect that
with further improvements in DNA extraction recovery and isolation,
the use of single-stranded library preparation'*"*, the expanded tar-
geting scope of RNA probes for Quaternary organisms, reference
database improvements, and improved bioinformatic tools, that the
information potential of these middens will continue to expand. Initial
extractions yielded limited recoverable DNA, underscoring that itera-
tive wet-lab optimizations can be essential for converting challenging
coprolites into informative metagenomic archives. The ecological and
evolutionary power of coprolites would appear to exceed that of both

bone and sediment. With normalized inputs, coprolites exceed both
bones and sediment for their aeDNA preservation, and are equal to
sediment for their breadth of aeDNA diversity. Coprolites not only
safeguard aDNA from the host and their gut microbiome, but also a
wide swath of their ecological contemporaries. Hundreds of such
middens have been identified in the Yukon'*'®*', An aeDNA analysis of
such a collection would robustly resolve Mid-to-Late Pleistocene eco-
logical dynamics, while molecular clocks—calibrated using tephro-
chronologically constrained middens—could anchor stratigraphic
contexts beyond radiocarbon limits for the phylogenomics of
numerous Quaternary lineages yielding unprecedented insights into
evolution, adaptation, and extinction.

Methods

Our sampling and research comply with all relevant Yukon Govern-
ment regulations. All samples were collected under licences granted by
the Yukon Government Science and Explorers Act (Duane Froese,
Britta Jensen, Scott Cocker, and team) with Yukon Government sci-
entists (Grant Zazula, Elizabeth Hall, and Susan Hewitson) and with
permission from the Tr'ondék Hwéchin First Nation whose Traditional
Territory includes our study region. Ethical approval was not required
for this research as no archaeological remains were processed or
analyzed and no human DNA was targeted or analyzed.

Field recovery

Samples were collected during field seasons spanning 2007-2021 in
the Klondike goldfields of central Yukon Territory, Canada. Samples
associated with Arctic ground squirrels include middens (frozen and
thawed) and isolated latrines. All samples, irrelevant of whether they
were frozen or thawed, were transported to freezers in Dawson City,
then to storage facilities at the Yukon Palaeontology Programme in
Whitehorse and subsequently to the Permafrost Archives Science
Laboratory at the University of Alberta in Edmonton.

Chronology

A total of 14 coprolite samples were analysed with their chronology
established using either radiocarbon dating and/or stratigraphic
association with volcanic tephra. Seven samples were processed for
radiocarbon dating (Table S3-S4). An eighth sample, SC-2 (DF09-HC-
30), was collected in association with SC-3 (DF09-HC-29) and so only
the latter was radiocarbon dated. Pre-treatment was completed at the
University of Alberta following an acid-base-acid methodology. Sam-
ples were then freeze-dried, sealed in sterilised vials, and shipped to
either the W. M. Keck Carbon Cycle Accelerator Mass Spectrometer
Facility at the University of California Irvine (UCIAMS) or to the André
E. Lalonde National Facility in Accelerator Mass Spectrometry at the
University of Ottawa (UOC). CO, production, graphitisation, and
measurement of radiocarbon abundances was completed at both
facilities. Radiocarbon dates (**C) were calibrated using OxCal version
4.4 and the IntCal20 radiocarbon calibration curve'®. Calibrated
ranges are presented as both median values and their 20 uncertainty
range and are rounded to the nearest five years. The remaining six
samples were dated based on their association with tephra. This was
particularly important when samples are older than the limit of
radiocarbon dating (> 50,000 years BP). Samples were prepared and
geochemically analyzed at the University of Alberta on a JEOL 8900 R
electron microprobe by wavelength dispersive spectrometry using
standard methodologies™. We confirmed the correlations to the
Dawson, Sheep Creek-Klondike and Gold Run tephras using con-
current analysis of known reference samples housed in the John
Westgate Tephra Collection at the University of Alberta.

Ancient DNA: general processing and facilities
Initial aDNA wet-lab work (batches 1-3) was conducted in dedicated
aDNA clean rooms at the McMaster Ancient DNA Centre (McMaster
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University), which is subdivided into facilities for sample preparation
(with physical separation between labs for discrete tissues and envir-
onmental samples), mastermix reaction setup, and DNA extraction
through library preparation. The post-indexing clean room (used for
capture enrichment) is in a physically isolated workspace, and the
subsequent high-copy PCR workspace is in an adjacent building. The
centre has a unidirectional workflow progressing from low-copy to
high-copy facilities to reduce the chance of cross-contamination. Each
dedicated workspace is physically separated with air pressure gra-
dients between rooms to reduce airborne contamination. Prior to all
phases of laboratory work, dead air hoods and workspaces were
cleaned using a 6% solution of sodium hypochlorite (commercial
bleach) followed by a wash with Nanopure purified water (Barnstead)
and 30 min of UV irradiation at >100 mJ/cm?’.

Additional wet-lab work (batch 4) was conducted both at
McMaster and in the newly built Palaecogenomics Facility at the Hakai
Institute (Quadra Island, BC). This facility is likewise dedicated to aDNA
research and is physically separated from lab spaces with modern DNA
and post-PCR amplicons. The lab has a positive-pressure HEPA filtra-
tion system where the air is filtered every 60 s, there are five zones of
air pressure gradients between internal rooms, multi-point ceiling UV-
C irradiation for full room sterilizations, dedicated rooms for scrub
and clean-suit donning and decontamination, reagent preparation,
subsampling, DNA extraction, and library preparation, and full facility
live-track monitoring with Zabbix for CO,, air pressure gradients, and
temperature (by room and for all refrigerated equipment). Equipment,
tabletops, and work spaces are cleaned before and after use with either
in-house preparations of 1.2% sodium hypochlorite (subsampling and
decontamination rooms) or DNA Away™ (Thermo Fisher
Scientific)?®'* and ELIMINase® (Decon Labs, Inc., reagent and extrac-
tion rooms). Bleach alternatives are used in rooms with routine gua-
nidine salt use to minimize the risk of accidental chemical reactions
that form toxic gases (i.e. chloramine, chlorine, and hydrogen cya-
nide). Workstations and rooms are UV irradiated after each session and
repeat use plasticware (tube racks) are rinsed with water, submerged
in 1.2% sodium hypochlorite for >2 min, rinsed in Barnstead smart2-
pure water, and UV irradiated for 30 min. The Hakai PalaeoGenomics
facility has a unidirectional workflow progressing from low-copy to
high-copy workspaces. The post-indexing and enrichment work-
station, along with the modern environmental DNA cleanrooms and
sequencing facility are in a physically separated building from the
PalaeoGenomics facility.

aDNA extraction and qPCR inhibition

It has been observed in multiple studies that aDNA is heterogeneously
distributed and preserved in discrete tissues and environmental
deposits™® ™%, For this reason, we decided to homogenize several
available faecal pellets recovered within the same midden context to
maximize aeDNA recovery in the case of single pellet poor preserva-
tion. Pellet subsampling was carried out in the sedimentary DNA lab at
the McMaster Ancient DNA Centre. The day prior to subsampling,
metal tools were bleached (6% NaClO) thoroughly and cleaned with
ultrapure water, then baked at ~200 °C for 6 h overnight and left to
cool in the oven. The next day, work surfaces were wiped with bleach
followed by ultrapure water, and sample tubes/bags were removed
from the freezer to thaw.

For each sample, a sterile tin foil sheet was placed on the table,
which was wiped with bleach and rinsed with ultrapure water. Weigh
boats and plastic/metal scoopulas were placed in the work area, then a
mobile table top UV was placed above the worksurface. The work area
and tools were UV-C irradiated for ~20 min, flipping the tools and
moving the benchtop UV after ~10 min to maximize coverage. Fresh
bleach sterilized nitrile gloves were used for each sample. Faecal pel-
lets were poured into a sterile weigh boat and the contextually asso-
ciated pellets were homogenized manually by tearing/grinding with

the metal tools. Subsamples of 0.2-0.1g were transferred to Power-
Bead Pro tubes (Qiagen), and the remaining homogenized pellet
material was poured into 50 mL tubes for long term cold storage
(=20 °C). The work area was thoroughly cleaned with bleach and rinsed
with ultrapure water, and the same setup procedure was repeated for
each sample again, including ~20 min of UV-C irradiation between
samples to minimize cross-sample airborne contamination. Air blanks
(empty PowerBead Pro tubes) were left open during all sediment
handling phases. Lids of these negative controls were closed during UV
irradiation so that any airborne contamination captured in the blanks
would be retained throughout processing. These air blanks (n=6)
became extraction negative controls to monitor for background con-
tamination with each batch, which were carried through all subsequent
processing steps to sequencing.

Initial homogenized extracts (batch 1) (Fig. 1) used 0.2 grams of
subsampled coprolite, which was processed using a disintegration
phase with an overnight proteinase K digestion, followed by silica spin
column purifications with a high-volume guanidinium binding
buffer®*°, During subsequent tests (batch 2-4), we found that an
input of 0.1 grams performed better due to overwhelming inhibitor co-
elution at higher inputs. During disintegration/lysis, subsamples were
loaded into PowerBead Pro tubes already containing 1 mL of a custom
digestion buffer composed of: Tris-Cl 0.02 M, SDS 0.5%, CaCl2 0.01 M,
PowerBead Solution 50%, DTT 100 mM, PTB 5 mM, PVP 2.5%*. Sam-
ples were physically disrupted using a TissueLyser I for 10 min set to
20/S. They were then centrifuged at 10,000 rcf for 1 min to pellet the
lysate/beads/coprolite and proteinase K (0.25 mg/mL) was individually
added to each tube (12.5 uL). Tubes were manually agitated by hand
until the pellets were dislodged and both the beads and subsample
could flow freely in the tube when inverted. Tubes were arranged in a
vertically rotating incubator set to 37 °C and ran overnight for -20 h.
The next day, tubes were centrifuged at 10,000 rcf for 5min. The
supernatant was removed and transferred to fresh 1.5 mL tubes for
immediate purification or frozen for later processing (depending on
sub-batch size given centrifuge capacity).

For purification, 13 volumes (per volume of lysis supernatant) of
high-volume binding buffer was created following Dabney et al*’.
containing: guanidinium HCL 5g/mol, isopropanol 40%, sodium
acetate 0.1 M, Tween-20 0.05%. This binding buffer was transferred to
individual 15/50 mL tubes and the S 1mL of lysis supernatant was
pipetted into the 13 mL of buffer and mixed by repeated inversion.
These were then placed in a refrigerated centrifuge, with all buckets
carefully balanced to within ~0.01 grams (by slowly squirting water into
the bucket sleeve on a high-precision scale tared to the heaviest
bucket), and centrifuged overnight (-18 h) at 1500 rcf, and set to 4 °C*®.
The next day during setup, the centrifuge speed was increased to 3500
rcf for ~1-2 h as the work area was re-sterilized and tubes were labelled.
Once removed, the 14 mL of supernatant was carefully poured into
high-capacity silica column binding tubes from the Roche High Pure
Viral Nucleic Acid Kit, taking care to not disrupt the inhibitor pellet that
had formed at the base of the 15/50 mL tubes from the overnight cold
spin. Purification proceeded as per Dabney et al'*. with 2 washes
(710 mL of PE Buffer, Qiagen) to remove residual salts, a one minute
dry spin (rotated 180° after 30 s to maximize ethanol removal), and
eluted in 25 pL of EBT twice for a total extract volume of 50 pL.

Inhibition content was tested using the Inhibition Index qPCR
assay’. This qPCR used 8 pL of mastermix (10x PCR Buffer 111X, MgCI2
2.5mM, dNTP mix 250 uM, BSA 1mg/mL, forward/reverse primers
0.25 uM each, EvaGreen 0.5X, AmpliTaq Gold 0.5 U/pL) with 1L of
extract template spiked with an additional 1L of synthetic DNA at
1000 copies/pL to test for delays to PCR amplification. The inhibition
observed in duplicate qPCRs—through a delay in Cq values and change
to the slope of the amplification curve—was quantified using a mod-
ified version of the Inhibition Index’*. This test compared the average
duplicate Cq and max RFU of the standard amplifications (1 uL 1000
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copies/pL standard, 1pL water, 8 ulL mastermix) with the average
duplicate standard+sample Cq and max RFU amplifications (1pL
standard, 1 pL water, 8 pL mastermix). Unlike in Murchie et al’*. hill-
slope was not used in the calculation in order to streamline the ana-
lysis, and in our case, we subtracted the values from 1 so that here, a
value of 1 indicates an extract PCR reaction is entirely inhibited (no
detectable enzymatic function), and a score of 0 indicates that there
was no noticeable decline in amplification relative to the standard (no
inhibition). Samples with Inhibition Indexes $0.4 tend to successfully
undergo library preparation, although ideally the less inhibition the
better so long as aDNA loss is minimized (a challenge with DNA pur-
ification kits designed for modern DNA [i.e. high quantity/quality]).

The supplementary materials detail our experimental attempts to
further optimize inhibition removal while maximizing aDNA retention.
Therein, we tested 8 variant extraction methodologies. Several of the
non-cold spin variants were processed through to sequencing for
batch 4 to maximize the chances of genomic reconstructions from our
700,000-year-old sample. Our attempt to use ultra-sonication paired
with the cold spin to improve inhibitor removal was unsuccessful in the
final experimental batch (Fig. S16-S17) despite that approach repeat-
edly being the top performing variant in preceding experiments (Figs.
$7-S15). The reason for this performance switch is unclear at this time
and will necessitate further testing. However, the cold spin inhibition
removal method paired with high-volume binding buffer consistently
out-performed alternative approaches in terms of total library adapted
DNA***° and so the primary libraries utilized for sequencing here
originate from this extraction batch (method c).

Library adaptation

Double-stranded library preparation (dsLP), Batch 2/3/4. Most extracts
were library prepared using dsLP*“>'*, A subset from batch 4 (pro-
cessed at the Hakai Institute) were prepared with the same protocol,
but with the addition of Uracil-DNA glycosylase (UDG) treatment to
repair uracil miscoding lesions caused by hydrolytic deamination,
which are typical of ancient DNAY. Library negative controls were
introduced for each batch during this stage.

Step 1, blunt end repair: non-UDG mastermix: 1X NE Buffer 2.1,
1mM DTT, 100 pM dNTP mix, 1 mM ATP, 0.5 U/uL T4 polynucleotide
kinase, and 0.1 U/UL T4 DNA polymerase with ultrapure water. This
mastermix (30 pL) was distributed into high-profile strip tubes
(0.2mL), into which 10 pL of aDNA extract was loaded. These strip
tubes were placed on a thermocycler at 25 °C for 15 min, followed by
12 °C for 15 min.

Blunt end repair (step 1) UDG mastermix: 1X NE Buffer 2.1, 1 mM
DTT, 100 uM dNTP mix, 1 mM ATP, 0.5 U/pL T4 polynucleotide kinase,
0.1 U/pL Uracil-DNA glycosylase, and 0.5 U/pL Endonuclease VIII with
ultrapure water. This mastermix (30 pL) was distributed into high-
profile 0.2 mL strip tubes, followed by 10 pL of sedaDNA extract. These
strip tubes were placed on a thermocycler at 37 °C for 3 h. Afterwards,
tubes were centrifuged and 0.2 U/pL T4 DNA polymerase (2.7 pL) was
individually pipetted into each well (new tips between wells). The strips
were mixed, spun down, and placed on a thermocycler at 25°C for
15 min, followed by 12 °C for 15 min.

Step 1 clean-up. Both the non-UDG and UDG blunt end repair
mixes were purified using a QIAquick PCR Purification Kit (Qiagen,
following manufacturers specifications, eluting in 20 uL of EB) to
maximally retain small fragments (the kit claims to retain fragments
down to at least 40 bp). All subsequent steps were identical for both
variants.

Step 2, adapter ligation mastermix (20 pL): 1X T4 DNA Ligase
Buffer, 5% PEG-4000, 0.25 puM library adapter mix (P5/P7), and 0.125 U/
HL T4 DNA Ligase. Samples were mixed and placed on a thermocycler
at 16 °C for >15 h. The next day, samples were purified using a MinElute
PCR Purification Kit (Qiagen) following manufacturer’s specifications
and eluting in 20 pL of EB.

Step 3, adapter-fill in mastermix (20 pL): 1X ThermoPol Rxn Buf-
fer, 250 pM dNTP mix, 0.4 U/pL BST Polymerase. Libraries were run on
athermocycler at 37 °C for 30 min followed by 20 min at 80 °C to heat-
inactivate the polymerase without needing to subject libraries to
another purification (as silica column purifications have been observed
anecdotally to result in a~50% loss of DNA [data not shown]).

Quantitative PCR (qPCR) on a BioRad CFX96 was used to assess
library conversion success using a short amplification assay with
priming sites on the ligated adapters (mastermix: 1X KAPA SYBR FAST
qPCR Master Mix, 0.2 uM Meyer IS7 primer [P5F], 0.2 uM Meyer IS8
primer [P7R])“**! run in duplicates against custom GBlock (IDT)
standards containing the same adapter priming sites outside of the
synthetic insert region run as a duplicate dilution series (E*6-E*0
copies/pL). This assay was run in post-PCR workspaces.

Indexing. Once confirmed that the libraries converted success-
fully, 12.5pL of library template per sample was indexed with dual
unique 8-bp index sequences using fluorescence guided qPCR (mas-
termix [27.5 puL]: 1X KAPA SYBR FAST gqPCR Master Mix, 750 nM Illu-
mina P5 unique forward index primer, 750 nM lllumina P7 unique
reverse index primer, and ultrapure water). Fluorescence guided qPCR
was run on a BioRad CFX96 for 6-12 cycles (libraries that reached
plateau earlier than cycle 12 were removed early and placed at 60 °Cin
a secondary thermocycler, then returned to the BioRad CFX96 for the
final extension). This technique was used so that each library received
only as many PCR cycles as necessary. Amplifying into plateau (running
out of PCR reagents) results in heteroduplexes—molecules with single-
and double-stranded regions—which can impact size selection via gel
excision following electrophoresis'®. Indexing qPCR was carried out in
post-PCR workspaces using the following cycling conditions: dena-
turation at 95°C for 5min, then 30s; extension at 60°C for 45s,
repeated for 6-12 cycles, then final extension at 60 °C for 5 min. All
subsequent steps were performed in aDNA dedicated dead air hoods
in those spaces with the same UV irradiation and decontamination
procedures, but in areas physically separated from pre-PCR ancient
DNA labs. Indexed libraries were purified using a MinElute PCR Pur-
ification Kit (Qiagen) following manufacturer specifications, eluting in
15 uL of EBT.

Single-stranded library preparation (ssLP). A subset of libraries
were also prepared with the ssLP method ssDNA3.0'*'* to improve
library conversion for capture enrichment. This method is summarized
here. Prior to library preparation, extracts were treated with 0.025 U/uL
USER enzyme for 15min at 37°C to reduce the amount of damage
within the molecules while leaving the ends relatively unaffected.

Step 1, dephosphorylation mastermix: T4 RNA Ligase Buffer (1X),
Tween-20 (0.05% vol/vol), FastAP (0.0125 U/uL), and ultrapure water
dispersed and mixed with 5.25 L of extract, mixed and run on a
thermocycler at 37 °C for 10 min, and 95 °C for 2 min.

Step 2, ligation of first adapter mastermix: PEG-8000 (20% wt/vol),
ATP (0.5 mM), ssAdapter (0.125 uM, CL78/TL110), and T4 DNA Ligase
(0.375 U/pL) mixed by repeated inversion on a rotor for 15 min total
(5min before adding enzyme, and 10 min after), and 34.4 pL of mix
added directly to each library from the step 1 mix. This new mix was
then run on a thermocycler at 37 °C for 1 h, and 95 °C for 2 min and then
placed in a freezer overnight.

Step 3, bead preparation and immobilization of ligation products:
the next day an aliquot Dynabeads MyOne Streptavidin C1 (20 pL per
library) was magnet pelleted and the storage supernatant was
removed, followed by two washes with the B&W Buffer (NaCl 0.1 M,
Tris-HCI pH 8.0 0.01M, EDTA pH 8.0 0.001 M, Tween-20 0.05%, SDS
0.5%, ultrapure water) and resuspended in B&W Buffer, from which
100 pL was added to the ligation reaction from the previous day and
rotated at room temperature rotation for 20 min. Afterwards, beads
were pelleted with a magnetic rack and the supernatant was discarded.
The beads were then washed with 200 pL of B&W Buffer, again fol-
lowed by pelleting of the magnetic beads and removal of the
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supernatant. Next, the beads were washed with 100 pL of Stringency
Wash buffer (SDS 0.1 % wt/vol, SSC 0.1 X, ultrapure water) and incu-
bated for 3 min at 45 °C. The reaction was pelleted and the supernatant
discarded, followed by resuspension in 200 pL of Wash Buffer Il (NaCl
0.1 M, Tris-HCI 0.01, EDTA 0.001 M, Tween-20 0.05%, ultrapure water),
followed by magnet pelleting and supernatant removal.

Step 4, primer annealing/extension: mastermix of Klenow reac-
tion buffer (1X), dNTPs (0.2 mM), Tween-20 (0.05% vol/vol), CL130 uM,
ultrapure water, and Klenow DNA polymerase (U/pL) added (50 pL per
reaction) to step 3 washed beads, mixed, and transferred to thermo-
mixer and incubated at 35 °C for 20 min with shaking at 800 rpm. After
the incubation, the reaction was washed following the same bead
pelleting procedure as step 3.

Step 5, second adapter ligation and elution: a mastermix of
T4 DNA Ligase buffer (1 X), PEG-4000 (5% wt/vol), Tween-20
(0.05 % vol/vol), double-stranded adapter (CL53/73 2 uM), T4 DNA
Ligase (0.1 Weiss U/pL), and ultrapure water was added to bead reac-
tion from step 4 (100 pL of mix per reaction), mixed, then transferred
to a thermomixer at 22°C for 1h shaking at 800 rpm. We used a
modified version of CL53/73 as described in ref.*>, which does not
require a custom sequencing primer. After the incubation, the reaction
was washed following the same bead pelleting wash procedure as in
step 3/4. Libraries were then eluted in 50 pL EBT, incubated at 95 °C for
1min, followed by cooling to 25 °C, then transferred to low-retention
0.6 mL tubes and stored frozen. Libraries were treated identically to
those generated with dsLP thereafter, including the same qPCR assay
and indexing protocols.

Capture enrichment

Probe design. In-solution RNA hybridization enrichments were car-
ried out using 3 bait-sets. First in batch 2 and 3 using the PalaeoChip
Arctic v1.0 combination bait-set (myBaits Arbor Biosciences)*. This
2-part bait set targets whole mitochondrial genomes from approxi-
mately 180 extinct and extant Holarctic fauna, and the chloroplast
genes trnl, rbcl, and matK from approximately 2100 species of
northern plants. Both the plant (18,672 probes) and animal (57,529
probes) bait-sets were used together in the same reaction with
proportions of 25% plant and 75% animal. Second, Batch 5 used a
bait-set to capture mitochondrial genomes from ground squirrels,
with emphasis on Urocitellus, Spermophilus, and Marmota, including
baits designed to capture ancestral members of Xerinae. The
ancestral sequences were inferred with FastML'*® with the approach
described in Vogel et al***. We inferred ancestral sequences for the
two species in Urocitellus as well as connecting ancestral members
between the three genera, resulting in a set of five mt reference
genomes with NCBI accession numbers: NC_059785.1, NC_031209.1,
NC 048490.1, NC 042243.1, NC 080739.1, and four ancestral
sequences. PalaeoChip and the Xerinae bait-sets were designed and
synthesized in collaboration with myBaits Arbor Biosciences. Third,
we also enriched with Proboscidean baits. Their design and results
are detailed in a parallel forthcoming report.

Enrichment, wet-lab. In solution enrichments were carried out
using two rounds of the myBaits v5.03 high-sensitivity protocol (Daicel
Arbor Biosciences). For each library, 7.5 pL of indexed library template
was combined with 4.5 L of the library block master mix to block
enrichment of repetitive and synthetic adapter DNA (using 8 bp xGen
blocking oligos synthesized by IDT [0.04 pg/pL], Human COt-1 DNA
[0.19 pg/pL], and salmon sperm DNA [0.19 pg/pL]). The myBaits
hybridization mix (Hyb N [9X SSPE, 6.25 mM EDTA], 8.75 X Hyb D [50X
Denhardt’s Soll, 0.25% Hyb S [10% SDS], 1.56 X Hyb R [RNAsecure],
200 ng/rxn of RNA baits [variable by set]) was pre-warmed to 60 °C
before being combined with the library-block mixture. The combined
mix was then incubated for ~20 h overnight at 58 °C for bait-library
hybridization. See®***® and the myBaits v5.03 manual for additional
protocol details.

Following overnight hybridization, streptavidin beads (Dyna-
beads MyOne Streptavidin C1) were dispensed (20 pL per reaction),
washed with 200 pL of binding buffer 1M NaCl, 0.5mM Tris-HCI,
0.1mM EDTA, ultrapure water) per reaction, then resuspended in
20 pL binding buffer per reaction and aliquoted into PCR strips. Baits
were captured with 20 pL of the bead binding buffer suspension per
library, incubated at 58 °C for 2.5 min, quickly manually agitated and
spun down, then incubated again for another 2.5 min. Beads were
pelleted and the supernatant (the non-captured library fraction) was
removed and stored at —20 °C as per Klunk et al'*. The beads were
resuspended in 180 pL of 60 °C Wash Buffer X (0.08% HYB S, 0.2X
Wash Buffer [0.1X SSC, 0.1% SDS, 1 mM EDTA]) per tube and washed
four times following the myBaits v5.03 protocol. Beads were resus-
pended in 18.8 puL EBT, PCR reamplified for 14 cycles, then purified with
MinElute columns following manufacturer’s protocols and eluted in
9.05 pL EB. The entire enrichment process was repeated—starting with
the hybridization and library mastermixes—reamplifying during the
second round for 8 cycles and eluting post-purification in 15 puL EBT.

Pooling, size-selection, and sequencing
Enriched indexed libraries were quantified using the long-
amplification total library qPCR assay on a BioRad CFX96 with prim-
ing sites located outside the dual-unique index adapters (mastermix:
1X KAPA SYBR FAST qPCR Master Mix, 0.2 pM Meyer IS5 primer [P5F],
0.2 uM Meyer IS6 primer [P7R])"****!, We used Illumina PhiX Sequen-
cing Control V3 as the qPCR standard in a 10-fold dilution series from
100-0.001 pM. In the case of several batch 4 enriched libraries,
because the samples were more age-degraded (700 kya) and the target
was species specific (unlike the PalaeoChip enrichments where thou-
sands of species are targeted simultaneously), the post-enriched
quantifications were too low to pool for a NextSeq given anticipated
losses from a post-pooling MinElute purification and a gel excision
size-selection purification. This necessitated reamplifying a subset of
enriched batch 4 libraries again for 8 cycles prior to pooling.
Enriched and shotgun libraries were pooled by batch to equimolar
concentrations. All pools were size-selected with gel excision following
electrophoresis for library adapted molecules ranging between
150-500 bp. Gel plugs were purified using the QIAquick Gel Extraction
Kit (Qiagen), according to the manufacturer’s protocol. Batch 1-3 and
part of 4 went through library quality control with an Agilent Tapes-
tation using a High Sensitivity D1000 ScreenTape and were sequenced
on an lllumina NextSeq 2000 with 2x50 paired-end sequencing
chemistry at the Farncombe Metagenomics Facility (McMaster Uni-
versity). The other part of batch 4 went through library quality control
with a QIAxcel Connect System with a DNA High Sensitivity kit (Qiagen)
and was sequenced on a NextSeq 1000 with XLEAP-SBS 2x50 paired-
end sequencing chemistry at the Marna Genome Lab at the Hakai
Institute.

Bioinformatics

Sequenced reads were demultiplexed in all batches with Illumina
DRAGEN secondary analysis software (BCL-Convert v4.3.6). Three
primary analysis pathways were utilized with this dataset: (1) metage-
nomic classification of eukaryote and prokaryote taxa with
BLASTn/MEGAN? and holi; (2) single-target mitogenome assembly and
phylogenetics; and (3) aDNA authentication through both metage-
nomic and single-target damage analyses.

Metagenomic classification

The metagenomic taxonomic classifications reported in the main text
were selected after testing several alternative pipelines as reported in
the supplementary materials (Figs. S18-S19). Our goal was to select the
approach that minimized false positive taxonomic binning due to
database or algorithmic bias. This preference against false positives
likely resulted in an abundance of false negatives (see Fig. S18) from
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true taxa in the final data-set not being called due to strict lowest
common ancestor (LCA) parameters. At this time, there does not
appear to be a perfect pipeline for balancing these limitations. As such,
we have selected the most reasonably conservative approach in our
estimation with strict LCA parameters intended to remove the majority
of false positives (largely due to database bias and incompleteness).

MEGAN. The main-text eukaryote metagenomics followed a 3-stage
approach (summarized here first with a detailed description there-
after). First, mapping all filtered FASTAs to a comprehensive set of
organelle reference genomes from regionally sensical taxa to remove
prokaryotes, nuclear DNA, and any other taxa with poor reference
coverage from the filtered set of reads. Then, after deduplicating the
map-filtered FASTAs, running those reads through BLASTn to retrieve
the top 500 alignments against a locally stored 2024 copy of the
National Centre for Biotechnology Information GenBank Nucleotide
Database (NCBI-NT)"**’, A large ‘top alignments’ value was used to
mitigate the problems of database bias towards organisms of com-
mercial/scientific interest, and the problems of BLASTn top sequence
recovery limitations'*®. This approach has the challenge of generating
very large BLAST files (often each being >100 gb), but these can be
compressed as gz files that MEGAN will accept. Finally, we processed
the map-filtered FASTA and BLASTn files through MEGAN7 (v7.0.9-
beta)’®”® to taxonomically classify the reads with a strict set of LCA
parameters. We have found in general that database bias is a significant
driver of false positives, and even a ‘comprehensive’ local database
lacks the palaeo-breadth to avoid false positives driven by undescribed
ancient diversity. By filtering down with a mapped set from locally
curated references and then aligning that against a redundant and
massively extensive database (NCBI-NT), we are able to better mini-
mize the associated limitations of both curated and non-curated
databases.

Stage 1, demultiplexed FASTQ files were trimmed and merged
with leeHom'® using ancient DNA parameters (--ancientdna) then
mapped (map-filtered) to a curated Pacific Northwest Quaternary
Reference panel (Table S6) with network-aware-BWA (maximum edit
distance of 0.01[-n 0.01], allowing for a maximum of two gap openings
[-0 2], and with seeding effectively disabled [-1 16500]). All reads that
mapped (merged or unmerged but properly paired) were then
extracted with libbam (https://github.com/grenaud/libbam), dedupli-
cated based on 5" and 3’ mapping positions with biohazard (https://
bitbucket.org/ustenzel/biohazard), and converted to FASTA files and
size restricted to a minimum length of 24 bp. These map-filtered FASTA
read files were filtered to remove any lingering sequence similarity to
the lllumina adapter sequences (sequences with an edit distance of 1to
the common adapter sequence AGATCGGAA and its reverse comple-
ment), and were then string deduplicated using the NGSXRemoveDu-
plicates module of NGSeXplore (https://github.com/ktmeaton/
NGSeXplore).

Stage 2, map and quality filtered FASTAs were used as the input for
BLASTn™°, which were aligned against an April 9, 2024 local copy of
NCBI-NT set to return the top 500 alignments (unique accession hits)
per read with e-values less than 1.0E-5 (flags: -num_alignments 500
-max_hsps 1 -evalue 0.00001).

Stage 3, BLASTn output files were then passed to MEGAN7 (v7.0.9-
beta) where the BLASTn results were filtered through a lowest common
ancestor (LCA) algorithm using the following parameters: Min-score =
50, Max expected (e-value) = 1.0E-7, Minimum percent identity = 95%,
Top percent consideration of taxonomic hits based on bit-score = 20%,
Minimum read support = 5, naive LCA at 100% coverage, Minimum
percent read to cover = 99%. Extraction replicate libraries were merged
in MEGAN using the absolute comparison tool. All libraries (merged
replicates and single libraries processed without replicates) were
compared using the absolute comparison tool and nodes with
assigned reads were plotted with heat maps by kingdom.

Non-target. A secondary set of metagenomic classifications were also
carried out for non-target taxa (e.g. prokaryotes, fungi, arthropods)*.
In this set, FASTQ files were again trimmed and merged with leeHom,
BAM files were converted to FASTA format, then subset to a minimum
length of 24 bp, filtered for any lingering similarity to sequencing
adapters, and string deduplicated with the NGSXRemoveDuplicates
module of NGSeXplore (https://github.com/ktmeaton/NGSeXplore).
These filtered FASTA files were queried with MegaBlast™° using a July
2020 local copy of NCBI-NT set to return the top 50 alignments
(unique accession hits) per read with e-values less than 1.0E-8 (flags:
-num_alignments 50 -max_hsps 1-evalue 0.00001). MegaBlast was used
in this case over BlastN because the speed of the BlastN algorithm is
too slow for a dataset of this size that has not been filtered to a set of
curated genomic targets. The outputs were passed to MEGAN7 where
the BLAST results were filtered through a lowest common ancestor
(LCA) algorithm using the following parameters: MinScore =50.0;
MaxExpected =1.0E-8; MinPercentldentity = 96.0; TopPercent=15.0;
MinSupport=10; LCA = naive; MinPercentReadToCover =98;
mode = BlastN.

holi. The holi pipeline was run with in-house modifications to the Kap
Kgbenhavn protocol®"™, Individual raw FASTQ files were first con-
verted to FASTA format with seqtk v1.3-r114-dirty (https://github.com/
lh3/seqtk), then mapped to the RefSeq bacteria database with BlastN
v2.10.0 +° (flags: -task megablast, -evalue le-5, -max_target_seqs 5,
-perc_identity 98, -qcov_hsp_perc 90). The resulting list of bacterial
mapping reads were compiled for forward and reverse reads and
subsequently removed from the FASTQ files using bbmap v39.06
(https://sourceforge.net/projects/bbmap/). This removal significantly
decreased the number of putative false positive assignments in the
LCA results, likely due to bacterial contamination present in many
reference genomes. Poly-A and poly-T tails and remaining adapter
sequences were removed with fastg-tools v0.8.3 (https://github.com/
dcjones/fastq-tools/tree/master). Low complexity and short reads
were removed and the remaining reads were indexed and dedupli-
cated using sga v0.10.15" with a dust threshold of 1 and a minimum
read length of 30. All filtered FASTQ files belonging to the same sample
were merged, then indexed and deduplicated using sga.

Pre-processed reads from each sample were then mapped to 11
databases using bowtie2 v2.5.0"". Databases used include Arctic
Fauna™, PhyloNorway’?>, NCBI NT**, and the following RefSeq data-
bases: bacteria, invertebrates, chloroplast, mitochondria, vertebrate
mammals, other vertebrates, other eukaryotes, and others, Resulting
sam files were sorted using sambamba v0.8.2"" and merged for each
sample using samtools v1.18"%. The merged sam file for each sample
was run through metaDMG-core v0.38.0"° to generate LCA and
damage profile results.

Metagenomic classification damage support. Taxonomic classifica-
tions identified from the BLASTn/MEGAN and MegaBlast workflows
were evaluated along three parallel evidence axes: (i) damage
authentication based in Holi/metaDMG, (ii) independent macrofossil
corroboration, and (iii) ecological plausibility. These evaluations and
the full taxonomic classifications are included as a Supplemen-
tary Data 3.

For each taxon, read-distribution support was summarized from
the MEGAN count matrices as (i) the maximum number of reads
observed in any ancient library, (ii) the number of ancient libraries in
which the taxon occurred, and (iii) its occurrence in the merged
negative controls. A strict read-distribution rule was defined as at least
50 reads in at least one ancient library with the MEGAN workflow,
presence in at least two ancient libraries, and absence from the merged
negative controls. Library-specific Holi/metaDMG outputs were then
used to evaluate damage-based support for the same taxonomic
classifications. Exact Holi/metaDMG support was recorded only when

Nature Communications | (2026)17:4868

20


https://github.com/grenaud/libbam
https://bitbucket.org/ustenzel/biohazard
https://bitbucket.org/ustenzel/biohazard
https://github.com/ktmeaton/NGSeXplore
https://github.com/ktmeaton/NGSeXplore
https://github.com/ktmeaton/NGSeXplore
https://github.com/lh3/seqtk
https://github.com/lh3/seqtk
https://sourceforge.net/projects/bbmap/
https://github.com/dcjones/fastq-tools/tree/master
https://github.com/dcjones/fastq-tools/tree/master
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-72977-6

the same taxon was present in the corresponding Holi/metaDMG
library output, in a library where that taxon was also present in the
corresponding MEGAN count matrix with damage > 0.01, significance >
2, and MAP_valid = TRUE. A separate strong single-library rule was used
to recognise temporally or ecologically restricted taxa that reached at
least 250 reads in one ancient library while remaining absent from the
merged negative controls.

Because Holi/metaDMG can accumulate evidence at taxonomic
nodes that attract multiply aligned reads from related taxa in aeDNA
samples, exact damage/significance support was further filtered using
a simple multi-mapping/fit QC overlay derived from the Holi/metaDMG
output itself. For the best exact-support library for each taxon, QC was
summarized from alignments per read (N_alignments / N_reads),
rho_Ac, and MAP_valid. Alignments per read were treated as a proxy for
elevated multi-mapping or reference overlap, whereas rho_Ac was
treated as a simple fit-caution indicator. QC was classified as clean
when alignments per read were <= 10 and rho_Ac <= 0.3, caution when
either metric exceeded those values but remained <= 25 and <= 0.5
respectively, and strong caution when alignments per read were > 25,
rho_Ac > 0.5, or MAP_valid was FALSE. Exact damage/significance
support that failed these thresholds was retained as evidence, but
downgraded in the final classification. These cautions are indicative of
reads from multiple species mapping in the Holi/metaDMG workflow,
making it difficult to measure taxon-specific rates of damage in those
instances without extensive competitive mapping validations.

Lineage-consistent support was evaluated separately from exact
authentication. Lineage support was restricted to direct ancestor/
descendant relationships at family rank or lower (family, subfamily,
tribe, subtribe, genus, subgenus, species, and subspecies) inferred
from the Holi/metaDMG tax_path hierarchy. Broad clades and higher-
rank nodes such as order, class, and no-rank groupings were not
treated as lineage support. Lineage-consistent support can help clas-
sify a taxon as “Supported” but not by itself yield an authenticated
(high or very high confidence) class.

Blank association was evaluated from both the merged negative-
control counts and the Holi/metaDMG blanks output. A taxon was
classified as showing strong blank association when exact
Holi/metaDMG damage/significance support was also present in
blanks, when the merged negative controls contained at least 10 reads,
or when control reads reached at least 10% of the maximum ancient-
library count and at least 2 reads. Lower-level control signal was
recorded as blank caution, and all remaining taxa were classed as
blank clean.

The final aDNA support ladder was defined as follows. Very high
confidence supported required exact Holi/metaDMG support, inde-
pendent support from the conservative MEGAN count matrix (strict
read-distribution support or strong single-library support), no blank
association, and at least one exact-support library with Holi/metaDMG
N_reads >= 100 and clean Holi/metaDMG QC. This category applied to
17.1% (n=121) of taxa in the targeted BLASTn approach and 11.4%
(n=87) of taxa in the MegaBlast off-target approach. High confidence
supported required exact Holi/metaDMG support, independent
MEGAN count-matrix support, and no blank association, but without
the additional very high-confidence thresholds. This category applied
to 7.5% (n=53) of taxa in the targeted BLASTn approach and 1.6%
(n=12) of taxa in the MegaBlast off-target approach. Supported was
applied to taxa with exact Holi/metaDMG damage/significance support
but insufficient independent count support or downgraded QC (due to
mixed mapping from related taxa), taxa with strong MEGAN count-
matrix support but no exact Holi/metaDMG support, and taxa with low-
rank lineage support in libraries where the focal taxon was present in
the count matrix. Within this class, exact damage-based support was
flagged in the support field as damage-supported (exact). This cate-
gory of “Supported” includes organisms with very strong genomic
assembly and phylogenetic support, along with very high read counts

(such as bison, horse and mammoth), but are only classified as “Sup-
ported” because of the Holi QC caution from mixed-mapping which
requires competitive mapping to remove. Since mix-mapping is
expected with aeDNA, this category is the largest of the dataset, and
was applied to 61% (n =431) of taxa in the targeted BLASTn approach
and 47.4% (n=362) of taxa in the MegaBlast off-target approach.
Tentative was reserved for taxa lacking the evidence required for the
higher aDNA support classes but remaining plausible in light of eco-
logical context, and/or independent corroboration, provided that they
were not strongly blank-associated. This category also includes eco-
logically suspect organisms (far outside of known range), but that have
damage and count support that would otherwise be sufficient for
higher categories if not for the ecological uncertainty. This category
applied to 2.4% (n=17) of taxa in the targeted BLASTn approach and
17.7% (n=135) of taxa in the MegaBlast off-target approach. Weak
support and ecologically uncertain was used as a precautionary cate-
gory for low-support taxa that were not strongly blank-associated but
lacked convincing count/damage, ecological, or corroborative sup-
port. This category applied to 12.0% (n=85) of taxa in the targeted
BLASTn approach and 12.5% (n = 95) of taxa in the MegaBlast off-target
approach. Blank-associated or likely artefactual was reserved for taxa
with strong negative control overlap and without sufficient exact
Holi/metaDMG support or independent count support to overcome
that blank signal (applicable primarily to microbes). This category
applied to 0.0% (n=0) of taxa in the targeted BLASTn approach and
9.4% (n=72) of taxa in the MegaBlast off-target approach.
Independent corroboration was reported separately from DNA
authentication in Fig. 4, 5. Corroboration was assigned from the
macrofossil dataset (Supplementary Data 1). Species- and genus-level
overlaps were treated as direct macrofossil corroboration, whereas
higher-rank overlaps were treated as lineage-consistent macrofossil
corroboration. Ecological plausibility was evaluated separately from
both DNA authentication and independent corroboration. Pleistocene
ground-squirrel coprolites were interpreted against a Beringian
mammoth-steppe setting, whereas the Holocene SC-12 snowshoe hare
coprolite was treated as a distinct ecological control with boreal taxa.

Single-target genome assembly and phylogenetics

Urocitellus mitochondrial genomes were assembled using both de
novo and reference-based assembly. For the de novo assembly we used
SPAdes (v3.13.0)"°, a specified short read aligner. The reference-based
assembly was performed using endoCaller from Schmutzi (v1.5.6)*
with mapping performed using BWA aln (v0.7.17) (parameters were set
as described previously) and bam2prof (https://github.com/grenaud/
bam2prof) providing the damage estimation profiles used by endo-
Caller. Assembled mitogenomes from our samples were aligned with
all representatives of the subfamily Xerinae, including the two avail-
able mitogenomes from the genus Urocitellus—Urocitellus richardsonii
(NCBI accession number: NC_031209.1) and Urocitellus parryii (NCBI
accession number: NC_059785.1). The multiple sequence alignments
were done using MAFFT (v7.526)'** on automatic mode and the phy-
logenetic trees were constructed using RAXML (v8.2.12)'* with a GTR
substitution model and the Daurian ground squirrel (Spermophilus
dauricus, NCBI accession number: NC_027283.1) as an outgroup as well
as 1000 bootstraps for the tree verification.

First, we aimed to assemble all samples de novo using the trim-
med unmerged reads from stage 1 as input. Only two samples resulted
in fully assembled sequences: SC-10 and SC-16 with a k-mer size of 33.
SC-10 has an average coverage of 37.76X and was fully assembled with
alength of 16,479 bp but with a warning referring to low coverage. SC-
16 was assembled with a coverage 588.74X and a total sequence length
of 16,332 bp. To verify our de novo assemblies, we additionally per-
formed reference-based assembly for both samples and reached a
sequence identity between the assemblies of 99.96% for SC-16 and
99.98% for SC-10.
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For all samples where de novo assembly only resulted in individual
contigs, we chose reference-based assembly. First, we extracted all
reads for each sample that were assigned to the subfamily Xerinae
using euka (v2.0.2)'*. These extracted reads were run through soibean
to identify the species. For all samples except SC-14, soibean’s*** esti-
mate landed on the reference genome for Urocitellus richardsonii close
to the root connecting it with the reference for U. parryii. The close
proximity made us use both references for independent assemblies
with endoCaller. In both trees we see our assembled genomes fall in a
separated cluster to both Urocitellus reference genomes, which led us
to construct a third reference-based assembly, where we used our SC-16
de novo assembled mitogenome as the reference guidance (Fig. 6, S22).
We preferred the SC-16 de novo assembly due to its higher coverage. An
overview of reference-based assembly stats can be found in Table S7.

For the 700 kya sample (SC-14), the original shotgun-sequences
sample only contained 249 unique reads mapping to the family of
Xerinae. After extracting and remapping these reads using soibean, we
could observe the most likely position of the data in the Xerinae tree to
be on the ancestral branch N8, representing the ancestral recon-
structed internal tree node between both Urocitellus sequences. After
target enrichment we aimed for de novo assembly of SC-14, however
contigs were insufficient in length and coverage. The reference-based
assembly for SC-14 resulted in an average coverage of 366.7X and 94%
of the reference genome covered. As indicated from the shotgun data
analysis with soibean, the assembled mitogenome for SC-14 lands basal
to the genus Urocitellus.

The lack of available reference genomes for the genus Urocitellus
limits the range of our analysis because the genus of Urocitellus
includes several unrepresented species. Publicly available references
for additional Urocitellus species only include the Cytochrome B site in
the mitogenome. We wanted to place our reconstructed sequences
within the wider phylogenetic context of these sequences. We aligned
all available Cytochrome B site sequences from the genus Urocitellus
with our assembled sequences using MAFFT. The resulting multiple
sequence alignment (MSA) was cut at the starting and end position of
the Cytochrome B sites. We observe that SC-14 again sits basal to all
sequences.

For the Urocitellus Bayesian phylogenetics, all available complete
mitochondrial genomes for Marmotini were downloaded from Gen-
Bank as well as all cytochrome b sequences for Urocitellus. Sequences
were aligned using MAFFT v7.490 with the --auto option'®’. Phyloge-
netic analysis was performed using BEAST 1.10.4'* on the Cipres Sci-
ence Gateway'®. As tip dates for our newly sequenced samples, we
either used direct radiocarbon dates or dates of the tephra layers the
samples were associated with (Tables S3-S4). We used the HKY + G +1
substitution model' and chose an uncorrelated relaxed clock'® with a
lognormal prior distribution with a mean of 5E-8 and a standard
deviation of 2E-8. As a tree prior we used a coalescent constant size
prior with a gamma distribution shape of 10 and a scale of 800,000.
The Markov chain Monte Carlo was run for 100 Mio iterations, sam-
pling every 10,000" iteration. Effective sample size was checked using
Tracer v. 1.7.2'°, with all scores being over 200. A maximum clade
credibility tree was built using TreeAnnotator, removing the first 10% of
trees as burn-in. The final tree was visualized in FigTree v.1.4.4 (https://
github.com/rambaut/figtree/releases).

Mitochondrial genomes for Equus, Bison, and Lepus were assem-
bled with the following reference mapping approach. Demultiplexed
FASTQ files were converted to bam files with fastq2bam (https://
github.com/grenaud/BCL2BAM2FASTQ), then trimmed and merged
with leeHom' using ancient DNA specific parameters (--ancientdna).
Reads were mapped to a regionally sensical species reference
with network-aware-BWA (https://github.com/mpieva/network-aware-
bwa)"° with a maximum edit distance of 0.01 (-n 0.01), allowing for a
maximum two gap opening (-0 2), and with seeding effectively dis-
abled (-1 16500). Mapped reads that were merged or unmerged but

properly paired were extracted with libbam (https://github.com/
grenaud/libbam), collapsed based on unique 5" and 3’ positions with
biohazard (https://bitbucket.org/ustenzel/biohazard) (for PCR dedu-
plication), filtered to only retain reads with a>30 map quality and
minimum fragment length of 24 bp using samtools (https://github.
com/samtools/samtools). These mapped bam files were then imported
into Geneious Prime 2024.0.7 (https://www.geneious.com/) for visua-
lization where the contigs were manually curated using pre-assembled
alignments and NCBI references as guides to reduce the influence of
stacked, non-specific reads (common in aeDNA sample types) from
impacting consensus calls of false positive single nucleotide poly-
morphisms and indels. Spurious-indels were removed, nucleotides
with a read coverage less than 3 were ‘N’ masked, and regions with high
coverage (=3 standard deviations from the coverage mean) were
carefully inspected for non-specific mapping—all polymorphisms
relative to the reference in and adjacent to these high coverage regions
were N-masked. Consensus sequences were called with an 85%
nucleotide identity threshold and degenerate bases called in ambig-
uous positions.

Mitogenome alignments for Equus and Bison were obtained
from*, which were curated for sequences with 280% completeness
and >3X coverage. New consensus sequences were added and aligned
with muscle (v3.8.425)"". The alignment was inspected, and end gaps
were replaced with Ns. Model testing and maximum likelihood ana-
lyses were conducted using /Q-Tree (v1.6.1283) with outgroup rooting
and 1000 bootstrap replicates.

Authentication

Our assessment of aeDNA authenticity is based on (1) wet-lab negative
controls, quantifications assays, and rigorous cleanroom operating
procedures; (2) DNA damage analyses of deamination (nucleotide
misincorporations) and depurination (strand fragmentation); (3)
in silico testing of alternative metagenomic classifiers with simulated
and real data; (4) analyses of off-target taxonomic assignments; (5)
comparison with complementary methods; and (6) genome assembly
and phylogenetic placement.

Negative controls and SOPs. Negative controls were used at every
stage of processing, starting with open tubes during subsampling to
monitor for airborne contamination which then were processed
alongside during extraction, new extraction negatives added during
lysing, new library negatives added during each batch of dsLP and ssLP,
indexing negatives, and separate replicate non-template controls on
each qPCR assay. More than 15 negative controls were processed
alongside our aeDNA samples. Across all batches, 107 extracts
(including replicates) were processed, and a final total of 144 sample
libraries were sequenced. With the 15+ negatives, we had a ratio of 1
negative for each -8 coprolite samples. Of the 15+ negative controls, 13
negatives had sufficient adapter and background microbial DNA to be
PCR detectable and sequenced and those results are displayed along-
side all coprolite samples. During indexing, the negatives were run for
additional cycles to increase their concentration to allow for repre-
sentation during pooling and sequencing. Despite this, all negatives
had to be pooled in their entirety during equimolar pooling because
their concentrations remained too low. All forms of negatives were
closely monitored during qPCR assays (completed after each stage of
processing), in addition to monitoring for successful amplification of
samples. In addition, rigorous aDNA ultra-cleanroom operating pro-
cedures (as described above) were utilized throughout to minimize
contamination risk. This includes full body suits, hairnets, masks, and
face shields in a DNA decontaminated cleanroom, frequent glove
changing and glove sterilization, using pre-sterilized plastic wear and
UV-C irradiating surfaces, equipment, and other non-sterile plastic-
ware, decanting/aliquoting stock reagents, decontaminating surfaces
with bleach/DNA-Away/ELIMINase, and strict 1-way travel of personnel,
equipment, reagents, and samples from low-to-high copy workspaces.
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DNA damage. Nucleotide misincorporations and short fragment
lengths are useful characteristics for confirming that sequence data
originates from old DNA and not contemporary contaminants®7>"7,
We used mapDamage (v2.3.0)7*"”7 and metaDMG (v0.37)"°. Plots
associated with these damage analyses are included with their asso-
ciated phylogenetic trees metaDMG plots for all samples are included
in the supplementary materials (Figs. S36-S97, S102). For the metaDMG
significance/damage plots, these highlight taxa with a sufficient
amount of C-T and G-A misincorporations to exceed thresholds that
these taxa have strong support of being ancient. Taxa that fall below
these thresholds are not necessarily contaminants, but rather simply
lack the abundance of data to demonstrate that they have the statis-
tical significance to be robustly classified as being ancient. See the
preceding section on metagenomic classifications for how the
Holi/metaDMG data was used to support the primary (PNW map-fil-
tered, BLASTn/MEGAN and  MegaBlast/Megan)  taxonomic
classifications

Thermal age. The deamination and depurination analyses fol-
lowed previously published methods****7%, Read lengths were filtered
out from the linear regression if it accounted for less than 10 reads to
prevent any outliers or insufficient data from affecting the results.
Estimates of the effect of climatological changes on the damage pro-
cess were estimated using 80'® values from the Greenland ice sheet'”’.
Linear interpolation of the 0™ was required as the estimated dates for
our samples did not match the sampling date from the Greenland ice
sheet. The SC-14 sample was excluded from the damage analysis as the
sampling date was older than the data available from the Greenland
ice sheet.

In silico metagenomic simulations. We wanted to assess rates of
false/true positives and false/true negatives that may be observed in
our (and alternative) metagenomic classification strategies using
simulated organelle DNA with RefSeq taxa identified our ancient
samples. This test is not a 1:1 test of our coprolite aeDNA data as each
simulated set of genomic aDNA directly exists in our reference data-
bases, whereas with ancient samples the vast majority of diversity in
our samples is unrepresented in even the most comprehensive of
reference databases. The purpose of this analysis was to confirm that if
we give the classifiers known data, we can ensure that it classifies those
reads at minimum somewhere along the correct taxonomic rank
hierarchy as we expect it to, if not to the exact species. This ensures
that in an ideal 1:1 scenario, it functions as intended. To do this, we
generated three main datasets with gargammel’*: Urocitellus parryii
(mitogenome) alone, U. parryii with bacteria, and U. parryii with bac-
teria and 11 animal mitogenomes and 10 plant chloroplast genomes
(Table S8).

To model bacterial taxa likely to occur in our empirical data,
bacterial reads identified in the preprocessing step of the holi pipeline
(see holi methods) from a single sample (SC-10c_TCMP) were run
through the eager pipeline v2.4.7"% using the kraken2 standard data-
base. In R v4.3.3' all non-Homo sapiens species-level reads in the
kraken2 output were selected and randomly sampled 100 times to
determine a representative list of taxa and the frequency of each
species in the example empirical sample for the bacterial only con-
tamination file. Reference genomes for each species were downloaded
from NCBI using Entrez Direct.

To model other eukaryotic samples, taxa were chosen that are
common in North American Pleistocene aeDNA datasets (Table S8). To
determine relative proportions of plants and animals to model, we ran
the raw SC-10c_TCMP FASTQ files through the eager metagenomic
pipeline, classifying with kraken2 to the RefSeq mitochondrial database
(see Supplementary Data 2) and observed relative eukaryotic propor-
tions of approximately 25% plants and 75% plants. The proportion of
each species within each kingdom was equal (i.e., there were 11 animal
species, the eukaryotic proportion of each was modelled at 1/11 * 0.25).
These proportions along with the bacterial contaminant species

proportions were then scaled 80% bacteria and 20% eukaryotes for the
combined contamination file. Reference mitochondrial genomes for
each species were downloaded from NCBI using edirect v16.8 %2,

Six different simulations were run in gargammel v1.1.2%* with
1.15M 51 bp reads per read direction (2.3 M total), loosely mirroring the
example empirical file SC-10c_TCMP. As gargammel does not model
the exact Illumina technology used in our empirical files (NextSeq
1000 or 2000), we used the default settings of HiSeq 2500 reads and
adapters. The simulations were then run with either 100% U. parryii
reads; 80% bacterial contamination and 20% U. parryii reads; or 80%
bacterial and eukaryotic contamination reads and 20% U. parryii reads.
These three variants were run with and without deamination simula-
tions using the suggested Briggs Model parameters®>'” with the same
rates of damage for all taxa (-damagee 0.03,0.4,0.01,0.3).

1) Eager pipeline with kraken2: The gargammel simulated forward
and reverse reads were run through the eager v2.4.7 metagenomic
pipeline'®. Briefly, this included removing adapters and merging
paired reads with AdapterRemoval v2.3.2, mapping to the Homo
sapiens GRch38 reference genome to remove human contamination
with bwa v0.7.17-r1188, and classifying non-Homo sapiens reads with
the RefSeq mitochondrial database using kraken2 (see Supplemen-
tary Data 2).

2) BLASTn/MEGAN?7: See main metagenomic analysis summary.

3) MALT + local database pipeline: A Malt database was built using
mitochondrial and chloroplast reference genomes of plant and animal
taxa local to the Pacific Northwest, including all simulated eukaryotic
taxa references. Duplicates were removed from the non-Homo sapiens
FASTA output files from the eager pipeline with segkit v0.12.1'®*. Low-
complexity reads were removed from the files using prinseq-lite
v0.20.4"% with a DUST entropy threshold of 7. Processed reads were
then mapped to the Pacific Northwest taxa database with MALT
v0.6.1' using settings designed to match the MEGAN7 settings
detailed above (-mode BlastN --minBitScore 50 --maxExpected
0.00000001 --topPercent 15 --minSupport 5 --minPercentldentityLCA
96 --numThreads 8 --alignmentType SemiGlobal -iu --verbose).

4-5) aMeta pipeline: The forward and reverse gargammel simu-
lation reads were merged with fastp v0.23.4 then run through the
aMeta pipeline'®, mapping to the NCBI NT database with krakenuniq'*®
and bowtie2'®. We altered the default aMeta MALT settings to more
closely match the settings we used in our malt with local database run
of the simulated data (-sup 5 -top 15 -mpi 96.0 -b 50 -e 0.00000001 -v).

For the eager+kraken2, BLASTn/MEGAN7, MALT+local database,
and aMeta pipelines, the taxonomy assigned to each read was com-
pared to the taxonomy of the NCBI accession the read was modelled
from in order to determine how close the pipeline got to the correct
assignment. In R™, reads were categorized as true positive (called
taxon equal to simulated taxon), partial true positive called taxon was
not called to the simulated species, but to a higher rank with the
simulated species’ taxonomy (i.e., Mammalia or Marmotini or Uroci-
tellus instead of Urocitellus parryii), false positive called taxon was not
within the simulated species’ taxonomy (i.e. Urocitellus richardsonii
instead of Urocitellus parryii), or false negative (the pipeline was not
able to assign taxon to the read). The sum of reads corresponding to
each category and proportion of all reads in each category were cal-
culated for each pipeline. For partial true positives, the ratio of correct
ranks:total ranks of simulated reads was recorded to determine
how close the partial true positives were to the ground truth. Similarly,
for false positives a correctness ratio for each read was calculated
as ():

< ncorrectly called ranks >
correctness =

nranksinsimulated sample
nincorrect ranks
nranksinsimulated sample
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In some cases, the number of incorrect ranks was higher than the
number of simulated ranks; for example, if a read was called as U.
parryii with 30 ranks but the read came from a bacterial taxon with
only 9 total ranks. In these cases the proportion of incorrect to total
ranks was substituted with 1.

Macrofossils

Macrofossil analysis was conducted on the remaining 11 faecal
samples after aDNA extraction (SC-2, SC-5, SC-6, SC-8, SC-9, SC-10,
SC-11, SC-12, SC-14, SC-16, SC-17). All samples processed for macro-
fossils were exhausted. To disaggregate samples, samples SC-5 and
SC-8 were stored in 10% trisodium phosphate (Na;PO4) and all other
samples, except SC-14 which was fully disaggregated, were treated in
a 2-h cold bath of 10% sodium hydroxide (NaOH). Samples were then
wet screened for macrofossils using a mesh size of 125um and
washed with deionized water. Reserved wash water was spun down
and the residue was processed for pollen and spores. Screened
macrofossils were scanned under magnification (Lecia S9i stereo
microscope, 20 X - 120 X), along evenly spaced transects, and all
identifiable and unique macrofossil types were pulled for
identification.

The Seed Reference Collection (SRC, Quaternary Environments,
Royal Alberta Museum) and published keys and papers®”°'*? were
referenced for taxonomic identification. Imaging of macrofossils was
completed using a stereo microscope with built in camera (Lecia M
165C, IC 90 E) and processed using Zerene Stacker and Adobe
Photoshop.

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

Data availability

All raw sequence data have been uploaded to the NCBI SRA (BioPro-
ject: PRJNA1180709) and made publicly available. The metagenomic
classifications, damage support, and all other sample data are included
as Supplementary Data files. All other intermediary files derived from
the raw sequence data (e.g., bam, fasta, blast, rma6) that are not
necessary for the recreation of these results are stored on servers at
the Hakai Institute and McMaster University and will be available upon
request to Tyler Murchie (tyler.murchie@hakai.org) if any inter-
mediary files are of interest. Sedimentary raw sequence data used here
for analysis from Murchie et al. (2021/2022/2023) are also available on
the NCBI SRA under BioProjects: PRJNA1004851, PRJNA752360 and
PRJNA722670. The mammoth bone raw sequence data from Rowe
et al. (2024) are available under BioProject PRJINA1405728. The PNW
Quaternary References are available on Zenodo https://doi.org/10.
5281/zenodo.16621723 along with the PalaeoChip Arctic v1.0 bait
sequences used for capture enrichment https://doi.org/10.5281/
zenodo.5643845. Source data are provided as a Source Data
file. Source data are provided with this paper.
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