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Postglacial bioweathering, soil nutrient cycling, and
podzolization from palaeometagenomics of plants,

fungi, and bacteria

Barbara von Hippel't, Kathleen R. Stoof-Leichsenring', Ugur Cabuk'-?, Sisi Liu’,

Martin Melles?, Ulrike Herzschuh'?%#+

Warming-induced glacier retreat exposes bare rocks and glacial sediments, facilitating the establishment of soils.
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The dynamic interplay between climate, vegetation cover, and soil formation is poorly understood as time-series
data are lacking. Here, we present postglacial soil formation during the past 23,000 years inferred from ancient
DNA shotgun analyses of Lake Lama sediments targeting plants, soil-associated fungi, and bacteria showing post-
mortem damage signatures that verify their ancient origin. In the Late Glacial, we reveal basaltic weathering with
high abundances of lichens, carbon, and arsenic cyclers, shifting to mycorrhizae domination and N cycling in the
Holocene. We reconstruct podzolization starting with spruce forest migration in the Holocene, resulting in soil
acidification and increased iron cycling. Our reconstruction of soil formation also contributes basic knowledge for

the design of carbon-capture strategies using basalt weathering.

INTRODUCTION

Soils often feature as a static entity in terrestrial ecosystems, for ex-
ample, in dynamic global vegetation models, despite it being known
that they develop and even dynamically respond to drivers (1-3).
This misconception originates, at least partly, from the lack of time
series portraying the major soil processes including weathering (4),
element cycling, and podzolization (5) and their reflection in soil
communities (mainly plants, fungi, and microorganisms). For ex-
ample, the initial soil establishment after deglaciation at the end of
the last glacial and the subsequent soil development in response
to climate-driven vegetation changes remain largely unexplored.
However, understanding soil changes and their related drivers is
necessary for decision-making to safeguard ecosystem services of
soils including food production, forestry, and maintenance of eco-
system stability.

Pedogenesis is initialized by weathering of the parent material
that is, among other processes, supported by plants, fungi, and bacte-
ria (6-8). Lichens, as characteristic early colonizers, enhance weath-
ering by using their hyphae to penetrate mineral cleavage planes (9)
as well as releasing organic acids (6, 10). Plant root exudates, for ex-
ample low—molecular weight organic acids deriving from respiratory
CO; (11), additionally increase weathering. In more developed soils,
ectomycorrhizae further enhance weathering when supplying plants
with ammonium, resulting in an efflux of H* and, subsequently, soil
acidification (12). However, how basalt weathering changes on mil-
lennial timescales in relation to compositional changes of plants,
fungi, and bacteria remains largely unexplored.

Nutrient cycling by fungi and bacteria in the rhizosphere, particu-
larly of carbon, nitrogen, phosphorus, and sulfur, determines plant
productivity, diversity, and composition (13). Most soil organic car-
bon originates from above- and belowground plant litter degradation
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and transformation (14). In addition to the plant-produced organic
matter, soil organic carbon can be derived from atmospheric CO, be-
ing fixed by multiple photo- and chemoautotrophic microbes in the
soil (15), while heterotrophic bacteria degrade these fixed carbon
compounds, later using them as a metabolic substrate, and releasing
smaller parts as metabolites or as CO, back into the atmosphere (16).
Besides soil bacteria, saprotrophic fungi are also important for a first
degradation of complex carbon compounds such as lignin (17). In the
nitrogen cycle, N-fixing bacteria directly bind atmospheric nitrogen
and convert it into a plant-available form (18). The plant uptake of
nitrogen from the soil is supported by mycorrhizal fungi (19). Vegeta-
tion densification, such as forest establishment, results in an increased
need for nutrient supply due to reduced turnover times of wood com-
pared to soft tissue (20). Whether nutrient cycling is also changing on
long timescales alongside soil development but with similar vegeta-
tion cover remains unknown. Also, whether a more complex nutrient
demand in relation to vegetation densification results in a long-term
diversification of the cycling pathways is still unknown.

Podzols are the common soil type in boreal forests that are typi-
cally dominated by Larix, Picea, or Pinus (21). These soils are char-
acterized by low pH and show a high sensitivity toward further
acidification due to low capacities for cation exchange and small
amount of weatherable material (22). During podzolization, organic
acids induce the release of aluminum and iron ions from rocks that
then form chelates with organic matter (21, 23). These complexes
leach from the upper mineral horizons (bleaching) and become, at
least partly, deposited in the subsoil, leading to its characteristic
reddish-brown color (21, 23). So far, podzolization has mainly been
described along spatial gradients, and such studies do not help our
understanding of podzolization temporalities. However, Larix-
Rhododendron succession, for example, has been found to accelerate
podzolization (24), although the specific and unique impact of eco-
logical processes and environmental drivers are poorly understood.
When podzolization started in the boreal forest and whether vegeta-
tion compositional changes can reverse podzolization processes re-
main largely unknown.

Directly assessing soil dynamics would greatly improve existing
knowledge on soil development. Through erosion, soil-derived matter,
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including substantial amounts of DNA, can be transported into a
lake (25). Consequently, the analysis of lake sedimentary ancient
DNA (sedaDNA) has become a popular palaeoecological method
(26). Hitherto, mostly metabarcoding approaches are applied to tar-
get single-organism groups including plants (27), or, rarely, fungi
(28). Recently, metagenomic approaches emerged, enabling the
study of complex ecosystems, for example, through sequencing
the whole DNA contained in a sample (29, 30). Obtained results
were validated with modern studies (31) and traditional proxy data
such as pollen, indicating that the sedaDNA signals contain reliable
qualitative and quantitative ecological information (27, 32-34).
Such studies became possible because genome reference databases
such as the widely used nucleotide database from National Center
for Biotechnology Information (NCBI) (ftp://ftp.ncbi.nlm.nih.gov/
blast/db/FASTA/nt.gz) have been markedly improved and extended
recently. Despite the recent methodological improvements, palaeo-
metagenomic studies targeting soil ecosystem development are
hitherto entirely lacking.

Here, we show how postglacial soils became established and fur-
ther developed in response to climate-driven vegetation change dur-
ing the last about 23,000 years, using sedaDNA records of plants, and
rhizosphere-related bacterial and fungal taxa from Lake Lama in
north-central Siberia. An earlier manuscript version was published
as part of a cumulative thesis (35). We show that the vegetation as
well as temperature variation has an impact on the establishment of
the soil microbiome, while time itself is less important. We also trace
the weathering progress of the basaltic bedrock in the lake catch-
ment, which shifted from a strong, lichen-dominated weathering
during the Late Glacial to a generally weaker, mycorrhizae-dominated
weathering in the Holocene. We also detected a turnover from
carbon-dominated nutrient cycling during the Late Glacial to
nitrogen-dominated cycling in the Holocene. Additionally, we recon-
struct podzolization by showing increases in acidic-pH-preferring
taxa in all the assessed subsets as well as rising iron cycling with mid-
Holocene spruce forest expansion.

RESULTS

Compositional changes of plants, fungi, and bacteria in
ancient metagenomic datasets

Shotgun sequencing data recovered from 42 sediment samples from
Lake Lama (Fig. 1) yielded a total of 2,842,313,513 quality filtered
reads, of which 21,593,970 (0.8%) were classified at least to root
level by using Kraken2 against the nucleotide database. We used a
strict confidence threshold of 0.8, providing precise classifications at
the cost of a lower number of reads classified compared with a lower
confidence threshold. Among the classified reads, 4,509,594 reads
were assigned to bacteria with taxa assigned to genus or species
level (20.9% from all classified reads), a subset of selected bacteria
taxa (data S2) resulted in 3,998,339 reads (89% of all bacteria reads;
fig. S4), which compose 1529 unique bacterial taxa. Among the clas-
sified reads 51,122 reads were assigned to fungi (0.24% from all clas-
sified reads), a subset of selected fungi taxa (data S2) resulted in
41,884 reads (82% of all fungi reads; fig. S4), comprising 1356
unique fungal taxa. Among the classified reads, 350,585 reads were
assigned to Streptophyta with taxa assigned to genus or species level
(1.6% from all classified reads), a subset of selected plant taxa (data
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Fig. 1. Overview map of the Lake Lama location. (A and B) show a map of central
Russia and the study site. (C) Satellite image of the lake and its surroundings. The
coring location in the lake is marked with a star. For the “distribution of deciduous
and evergreen forests,” data from the ESA CCl Land Cover time-series v2.0.7 (1992-
2015) dataset were used (www.esa-landcover-cci.org/). The land cover classes “70”
(“Tree cover, needleleaved, evergreen”) and “80” (“Tree cover, needleleaved, decid-
uous”) were extracted for the illustration of the figure.
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S2) resulted in 259,136 reads (74% of all plant reads; fig. S4) including
304 unique plant taxa. Quality filtering of blank reads (six extraction
blanks and 13 library blanks) yielded a total of 22,387,007 reads,
which make up 0.9% of the total sequencing result of all samples and
blanks together. Among the quality-filtered merged and paired
reads, 22,215,852 (99.2%) were unclassified using Kraken2 against
the nucleotide database with a confidence threshold of 0.8. Among
the classified 10,985 reads (0.05% of all quality reads), only 2513
reads (0.01%) were assigned to the selected bacteria taxa, 118 reads
(0.005%) were assigned to the selected fungi taxa, and 24 reads
(0.0001072%) were assigned to the selected plant taxa.

Tests with less restrictive confidence thresholds 0.5 and 0.2 yielded
significantly similar composition and temporal patterns as revealed
by Procrustes analysis (table S1) and comparison of temporal trends
of the major genera (fig. S5); however, we dedicated ourselves to use
the more restrictive results (confidence 0.8) to minimize biases from
false-positive taxonomic assignments. Moreover, tests comparing the
taxonomic classifications from Kraken, HOPS, and HOLI yielded sig-
nificant agreement in the temporal and compositional pattern and
such confirm a low influence of classifiers and reference databases
onto our findings (Supplementary Text, fig. S6, and tables S2 to S4).

Postmortem damage analyses of bacteria, fungi, and plant DNA
in our dataset (see Materials and Methods and Supplementary Text)
yielded a substantial share of reads that show an increase of C-to-T
substitution toward the 5’ ends, i.e., the characteristic postmortem
damage pattern of ancient reads (figs. S7A to S11A). Applying py-
Damage to all taxonomic groups yielded an average C-T change of
0.22 for plants, 0.16 for bacteria, and 0.18 for fungi. Reads assigned
to ancient contigs (prediction accuracy > 0.6) were 59.7% for plants
(1,557,792 reads), 79.3% for bacteria (399,002,412 reads), and 55.5%
for fungi (5,918,560 reads). As a further confirmation of the ancient
origin of the communities, we can show that the damage of the
reads, exemplified by the share of C-to-T substitution rate at the first
position, increases with age [figs. S7B, S10B, and S11B; Pearson cor-
relation and P value for plants (HOPS): correlation coefficient
(r) = 0.54, P < 0.001; bacteria (PyDamage): r = 0.16, P < 0.001; and
fungi (PyDamage): r = 0.14, P < 0.001]. However, plant damage pat-
terns from pyDamage were less reliable due to fewer reads/contigs,
especially during the late Holocene (fig. S9). Despite this, damage
patterns were evident across all taxonomic groups, although taxon-
specific patterns were beyond the study’s scope.

We also show that the composition and turnover of the assem-
blage filtered for damage reads is similar to non-filtered assemblages
(Supplementary Text, figs. S6 and S12, and table S5). From these
results, we infer that the temporal compositional pattern of plants,
fungi, and bacteria that we interpret with respect to soil develop-
ment originates from ancient palacogenomic signals, not mainly
from post-sedimentary or post-sampling compositional changes
(further evaluation in Supplementary Text).

There is a median of 385 plant reads per sample, with 304 plant
taxa identified (35). Among them, 44.8% of the reads are assigned to
species level, while 55.3% are assigned to genus level. The vegetation
shows overall compositional change from tundra-dominated Late
Glacial to taiga-dominated Holocene, underlining studies from pol-
len and sedimentary ancient DNA (sedaDNA) data from other sites
in northern Siberia [e.g., (36, 37)]. The Late Glacial is characterized
by a typical glacial flora with high abundances of Dryas (avens) and
Saxifragaceae as well as Salix (willow) in the river valleys (Figs. 2
and 3). After about 14 thousand years (ka), Betula (birch) expands,
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and, with the onset of the Holocene, Alnus (alder) and Pinaceae
markedly increase in the record. For the early Holocene, the data
show a massive expansion of Larix (larch), followed by Picea (spruce)
during the mid-Holocene and a readvance of Larix during the late
Holocene (Figs. 2 and 4). With the arrival of Picea, the herbal com-
munity changes: Galegeae is absent from thereon and also Dryas (av-
ens) decreases in abundance, while Ericaceae, including Pyrola
rotundifolia (round-leaved wintergreen), and Asteraceae increase in
association with the Picea forests.

There are 1356 unique fungal assignments, with a median of 302
reads per sample (35). Among the fungal reads, 34.3% are assigned
to species level, 23.9% to genus level, and 14.31% to family level. The
remaining 27.6% are at class level or above. We find a general trend
from an Ascomycota-dominated Late Glacial with a relatively high
abundance and diversity of lichens to a Basidiomycota-dominated
Holocene (many of them known as mycorrhiza-forming taxa),
matching the spatial gradient observed in glacier forefields (38).
Modern studies on tundra and taiga soils from the Kola Peninsula
show a Penicillium dominance in both biomes (39), which is con-
trary to our findings: Saprotrophs show a shift from Penicillium
dominance during the Late Glacial toward Mortierella species in the
late Holocene in our record (Figs. 2, 3, and 4). We found an overall
high abundance of yeast taxa in the Late Glacial (Malassezia spp. and
Komagataella spp.). Similarly to yeast, lichens (Peltigerales, Peltigera
spp.) are more abundant in the Late Glacial than in the Holocene.
Our data indicate that mycorrhizal taxa (Suillineae, Glomeraceae,
Rhizophagus, Laccaria, Hyaloscypha, and Tuberaceae) gained in im-
portance with warming at the onset of the Holocene.

We recovered 1529 bacterial assignments at genus and species
levels with a median of 26,628 reads per sample (35). We restricted
the analyses to taxa with known occurrences in soil (see Materials
and Methods). Among them, we recovered 65% reads at species
level and 35% at genus level. Like with the vegetation and fungi, the
major compositional shift for bacteria occurred at the Late Glacial-
Holocene transition (Figs. 2, 3, and 4). We discovered Brevundimonas
and Hydrogenophaga (both involved in carbon-cycling genera) mainly
in the Late Glacial. Additionally, arsenic cyclers from the genus
Herminiimonas, which oxidize arsenite, are highly abundant through-
out the Late Glacial (40). In contrast, Bradyrhizobium (nitrogen fix-
ation), Ferrigenium (iron oxidation), Sideroxydans (iron oxidation),
and Pseudolabrys (ammonia oxidation) show high abundance in the
Holocene samples.

DISCUSSION

Long-term soil development: A trajectory or
environmentally driven processes?

The time-series data on soil fungi and bacterial community changes
trace (35) long-term postglacial soil development that has hitherto
only been investigated along spatial gradients [e.g., (38, 41)]. Previ-
ous aDNA shotgun studies have focused on changes in aboveground
terrestrial ecosystems [e.g., (27)], lakes (42), or oceans (43). Our
analysis of the postmortem damage patterns indicates that a signifi-
cant portion of the analyzed plant, fungal, and bacterial reads likely
has an ancient origin (Supplementary Text). The temporal consis-
tency between pollen data (37) and sedaDNA, as well as the agree-
ment among the three different sedaDNA-based taxa group signals,
further corroborates this conclusion. Nevertheless, substantial knowl-
edge gaps remain regarding taxa-specific DNA preservation (44)
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Relative abundance (%) of most important taxa

Fig. 2. Relative abundance of the most prominent plants, fungal, and bacterial taxa recovered from the sediment of Lake Lama. The abundance is relative to the
taxa recovered in the respective subset (plants, fungi, and bacteria). In brackets is the respective vegetation type, fungal ecology, or bacterial element cycle. (A) Most

prominent taxa in the Late Glacial. (B) Most prominent taxa in the Holocene.

and variations in the proportion of ancient communities across
taxonomic groups (45, 46), necessitating further investigation.

From variation partitioning using constrained ordination (Fig. 5)
(35), vegetation explains the highest unique amount of variance in
the fungal compositional data, followed by temperature (see Materi-
als and Methods), while time passed since deglaciation uniquely
explains only a minor variation in the dataset. Similarly, vegetation
and temperature uniquely explain a relatively high amount of varia-
tion in the bacterial dataset.

Generally, our findings (35) on the importance of vegetation
and temperature on soil development confirm spatial and experi-
mental studies. For example, the rapid migration of Betula nana
(dwarf birch) in the Arctic tundra has been identified as a main
driver of soil microbial shifts after experimental warming (47).
Also, Alnus (alder) has been found to affect the establishment of
bacterial communities after glacier retreat (48). In tundra commu-
nities from the Taymyr Peninsula, vegetation cover also highly affects
the composition and biomass of fungi and bacteria (49). We find

von Hippel et al., Sci. Adv. 11, eadj5527 (2025) 7 May 2025

that temperature has a greater impact on the bacterial community
than on fungal composition, which is in contrast to experimental
evidence from a pine forest (50).

Overall, our results indicate that postglacial soil development
on a millennial timescale represents environmentally driven pro-
cesses rather than a pure trajectory, that is, time passed since glacial
retreat explains only a small unique variance in the bacterial and
fungal compositional changes (35). This agrees with the conclusion of
Delgado-Baquerizo et al. (3) who compared multiple topsoils world-
wide of varying ages and showed that parent material, climate, vegetation,
and topography have a much greater impact on soil development
than soil age has. However, our results disagree with the finding that
time since recent deglaciation is most important for soil microbi-
ome establishment (51). Most of the variance in our fungal and bac-
terial data is not explained at all, and most of the variance is
explained by a combination of tested variables, indicating that we
may have missed major drivers and/or internal dynamics [e.g., ex-
ternal nutrient supply (52) and variation in wetness (53)] and that
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Late Glacial

Lichen-dominated
weathering

Fluvial glacier
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Peltigerales

R-COOH
Organic acids

Malassezia sp.
Unknown function

S

Thiobacillus

Penicillium sp.

Caulobacter

Weathering intensity

Rhizobium sp.

Shrubby tundra

alicaceae
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Saxifraga
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Komagataella sp.
Unknown function
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R
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23 ka B.P.

Basaltic bedrock
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Fig. 3. Ecosystem and soil dynamic changes over time. Top part: Development and changes in the ecosystem over time during the Late Glacial, when glacial melt-water
flow and lichen cover lead to strong weathering of the basaltic bedrock. After early colonization, the vegetation subsequently developed toward shrubby tundra. Bottom
part: Carbon (C) cycling in the soil was high. Sulfur (S) cycling was high during early colonization, while arsenic (As) cycling was prominent until the onset of the Holocene.
The size of the circles represents the importance of the respective element cycling process. All cyclers besides Penicillium (fungus) are representing bacterial taxa. Yeast

taxa were highly abundant throughout the Late Glacial.

soil-temporal-environmental relationships are complex. We also
need to consider that DNA preservation varies across sedimentary
layers due to differences in taphonomic processes.

Bioweathering supported by lichens and mycorrhiza

Basalt, forming the bedrock in the Lake Lama catchment, is largely
composed of feldspar silicates containing high amounts of potassium,
which is a mobile element released through weathering (54). Thus, we
(35) interpret a high ratio of mobile K to immobile Ti (Fig. 6) in the
sediment as a proxy for strong soil weathering (55).

We reveal enhanced weathering during the initial phase of soil
formation shortly after deglaciation (35). According to the fungal re-
cord, this is at least partially related to lichens (and their release of
organic acids) that are known to be early colonizers of basaltic rocks
(9, 56). A second phase of high weathering occurred during the phase
of maximum Salix abundance when glacial meltwater percolated the
soils during the Bolling/Allerod warm period (Figs. 2 and 6).

Strong basalt weathering in the Late Glacial is also confirmed by
the high abundance of arsenite oxidizers (mainly Herminiimonas
arsenicoxydans and Herminiimonas arsenitoxidans; Figs. 2 and 6) in
our bacterial record. It is likely that the weathering of basalt led to
the release of iron hydroxides (57), which have a high affinity to bind
to arsenic (58). Arsenic-cycling taxa oxidize the arsenic anion to ar-
senate (40), a process that is highly needed after the high arsenic
release from initial rock weathering.

Weathering declined with Larix forest expansion after the onset
of the Holocene, alongside a decline in lichen and an increase in

von Hippel et al., Sci. Adv. 11, eadj5527 (2025) 7 May 2025

mycorrhiza relative abundance (Figs. 2 and 6) (35). Previous short-
term studies have demonstrated a decline in lichen abundance and
diversity with warming (59). This indicates that lichens in the catch-
ment acted as the main primary rock weathering fungi for the ini-
tial rock breakdown (56), while mycorrhizae took over the role for
finer mineral weathering by releasing inorganic nutrients from
minerals after first soil establishment (60). Warming is assumed to
affect the diversity and composition of mycorrhizal communities
rather than their relative abundance (61), an assumption supported
by our data.

On the taxon level, we find an increase in mycorrhizal Rhizophagus
as well as Glomerales with the onset of the Holocene (Fig. 2) (35).
Glomerales are arbuscular mycorrhizal fungi, living in symbiosis
with around 80% of the vascular land plants (62). Our data suggest
a strong dependency of woody taxa on arbuscular mycorrhizae
compared to tundra species (Figs. 2 and 6). Suillineae co-occurred
with Larix migration at the onset of the Holocene, disappeared dur-
ing the Picea forest stage, and reappeared in the late Holocene with
a second peak in Larix, as confirmed by co-occurrence analysis (Fig.
2 and fig. S3). This finding supports studies by Zhou and Hogetsu
(63) and Praeg and Illmer (64), who highlight Suillineae as an im-
portant Larix mycorrhizal associate. Suillineae species are ectomy-
corrhizal fungi, usually a symbiosis of woody taxa and Asco- or
Basidiomycetes (21), which are known to enhance weathering by
secreting oxalate (65).

We also note an increase in Laccaria species after 5 calibrated
thousand years before the present (cal ka B.P.) (Fig. 2) (35). Laccaria
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Fig. 4. Soil establishment during the Holocene, resulting in the formation of podzol. With the onset of the Holocene, Pinaceae invaded the area and an early Larix
(larch) forest was established. During the thermal optimum in the Holocene, this early Larix forest was replaced by Picea (spruce), leading to an increase in iron (Fe) cycling
in the soil and the start of podzol development. The changes in the soil properties enabled the remigration of Larix with Vaccinium taxa as an herbaceous soil cover. The
nutrient cycling in the Holocene is dominated by nitrogen (N) cyclers in the soil. Additionally, carbon (C) cycling changed toward polysaccharide cycling and sulfur cycling
diversified. In the late Holocene, iron cycling increased. All cyclers besides Mortierella (fungus) are representing bacterial taxa.

Fungi

Temperature

Vegetation

o

Residuals = 88.7 Residuals = 74.8

Fig. 5. Variation partitioning of fungi and soil bacteria. The numbers are the percentage of explained variation for the respective driver (for overlapping areas the
combined variation). We show that vegetation as a single variable has the greatest impact on the establishment of either community, followed by the temperature. The
unexplained variation is given as the percentage of the residuals. The asterisks indicate the statistical significance of each single result (*P < 0.05; **P < 0.01; ***P < 0.001).
Values < 0 are not shown.

are known to form mycorrhizae with not only Pinaceae but also
Salicaceae and Fabaceae (66). In mycorrhizal associations with Larix,
Laccaria is known to reduce the amount of phenolics, which defend plant
roots against parasitic fungi (67). In the late Holocene, Hyaloscypha
species became more abundant, coinciding with increasing Vaccinium
abundance (blueberry; the family Ericaceae), confirming known in-
teractions from modern studies (68). Overall, most of our detected
mycorrhizal taxa are known to be nonspecific to distinct plant species

von Hippel et al., Sci. Adv. 11, eadj5527 (2025) 7 May 2025

(62). This suggests that mycorrhizal fungi in such an extremely cold
and nutrient-poor habitat must be generalists, supporting a broad
diversity of plants in their growth.

Turnover in carbon, nitrogen, and sulfur cycling

Our bacterial record reveals a dominance of carbon cyclers during
the Late Glacial tundra phase, while nitrogen cyclers become more
abundant with woody-taxa densification from about 15 ka on (Fig.
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Fig. 6. Reconstruction of soil development from Lake Lama sediment. General weathering is shown by the K/Ti ratio of the XRF data. Arsenic cycling bacteria are
prominent in the samples from the Late Glacial up until 7.5 cal ka B.P. A transition in relative abundance from lichen toward mycorrhizae is apparent throughout the
core. We display a turnover in nutrient cycling bacteria from carbon (C)-dominated cycling in the Late Glacial to nitrogen (N)-dominated cycling in the Holocene and
show the sulfur (S) cycling alongside. The pH preferences (acidic/alkaline) of the taxa of the respective subsets show an acidification with increasing soil age and ongo-
ing development.
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6) (35). This finding supports a 7-year monitoring study on the
modern Siberian tundra-taiga ecotone that shows increasing nitro-
gen cycling with densification of the tree stands (69). Additionally,
the N content in tundra soils was generally increased when exposed
to warming (70). We find the major turnover from carbon to nitro-
gen cyclers occurred at the transition from light Larix-dominated
forest to dark Picea-dominated coniferous taiga. Unexpectedly, our
study suggests that the forest composition has a larger effect on C/N
cycling than the general rapid migration of forest.

As well as their relative share, the composition of the carbon-
cycling community also shifted along with vegetation change
(Figs. 2 and 6) (35). While we recovered a high relative abundance
of polyaromatic degraders in the Late Glacial (Brevundimonas and
Caulobacter), polysaccharide degraders gained importance in the
Holocene (e.g., Paenibacillus spp.). This aligns with modern spatial
gradients where tundra soils in northern Siberia were found to con-
tain polyaromatic compounds (71), while forest soils generally had
a larger proportion of microbial polysaccharides (72).

A shift from bacterial-only carbon cycling to fungal-bacterial co-
cycling is revealed (35), probably because the boreal litter is very
difficult to decompose due to its high amount of phenol-rich sub-
strates (73). It is known that the increasing abundance of phenolic
acids in soil has a stimulating effect on the abundance of saprotro-
phic fungi (74) as they can tolerate high concentrations of phenolic
compounds and degrade them (75).

We also detect a diversification of the nitrogen pathways (Figs. 2,
4, and 6) (35). During the Late Glacial, nitrogen fixation was mainly
from the air (Rhizobium spp.). Wettening and warming in the Holo-
cene (37) and subsequent establishment of dark taiga resulted in a
diversification of nitrification processes, including ammonium oxi-
dation (Nitrosomonas spp.) as well as nitrite oxidation (Nitrotoga
and Pseudolabrys). To date, current knowledge diverges: Some studies
showed that increasing moisture (76) and temperature, to a certain
extent (77), stimulate nitrogen fixation in high Arctic ecosystems
(78). Experimental warming can also induce a decline in nitrogen
fixation in Arctic tundra sites (76). Previous studies (79, 80) have
shown that, depending on the tree species, between 20 and 40%
(Picea plantation) and 70% (Picea abies forest) of the nitrogen fixa-
tion from the air is retained in the canopy. Our study suggests that
the establishment of (dark) evergreen taiga results in higher foliage
retention, meaning that nitrogen is directly captured in the crowns
without microbial biomass being involved (81). Subsequently, the
fixation of nitrogen in soil from the air is hindered (82), and the ni-
trogen cycling pathways diverge.

Sulfur cyclers show a peak dominated by Thiobacillus during the
initial plant establishment when sulfur cycling was vital for amino acids
(methionine and cysteine) and such protein synthesis (Figs. 2 and 6)
(35). In contrast, we assume that low S cycling occurs during phases
of increased weathering. During these phases, S adsorbed onto Fe and
Al hydroxides likely became a good source of plant-available sulfur
as well as a hindering S leaching (83) such that the need for additional
bacterial cycling was low. A warmer climate and the establishment of
forest soils resulted in stronger sulfur cycling, as indicated by high
abundances of sulfur oxidizers, including Sulfuriferula plumbiphila,
mostly replacing Thiobacillus. Warming has previously been demon-
strated to result in a higher relative abundance of sulfur cycling genes
in tundra soils (84) and to induce high amino acid turnover (mineral-
ization and, subsequently, reuptake) in Alaskan taiga soils (85). Our
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data underline the demand for diversified sulfur sources with slower
plant turnover in boreal forests.

Tracing podzolization

We reveal an increase in taxa preferring acidic soil alongside soil de-
velopment (Fig. 6) (35). The peak of acidophilus plants is observed at
2.5 cal ka B.P. when they make up around 50% of the relative abun-
dance (mainly spruce, larch, alder, birch, pine, and blueberry; Picea,
Larix, Alnus, Betula, Pinus, and Vaccinium) of taxa with known pH
preferences. This agrees with modern data comparing multiple forest
sites, which show that Picea forests have the lowest pH (86). Slowly
decomposing litter (87) as well as poor buffer capacity (88) in ever-
green Picea forests lead to recalcitrance [e.g., high C/N ratios and lig-
nin concentrations; (87)], while Larix litter has comparatively high
base cation fluxes (89). Additionally, less nutrients in the soils in Picea
forest inhibit organic matter breakdown, leading to the formation of
organic acids and subsequently to acidification of the soil (21, 23).

The bacterial community also shows a strong peak in acidophilus
taxa in the late Holocene (Fig. 6) (35). The impact of soil acidifica-
tion on the composition of bacterial communities is known to be
driven by ecological filtering (i.e., better adapted taxa invade in the
area) (90). The acidic-preferring bacteria in our data show a shift
from mainly Delftia species during the Late Glacial toward Sideroxydans
dominance in the Holocene.

Fungi also show an increasing acid preference in the late Holo-
cene (35), although the signal is not as pronounced as for the other
organismic groups, being underlined by many acid-tolerant fungi
such as Trichoderma or Hyaloscypha, which occur throughout the
whole record (Figs. 2 and 6). Rousk and Baath (91) find that lower-
ing of the pH generally leads to increased fungal growth, while bac-
terial growth is decreased. Our data take this further by showing
that lowering of the pH leads to more acid-tolerant bacteria, while
fungal communities are less affected by pH changes. Alongside the
acidification of the soil, we see evidence for podzolization with in-
creasing iron cycling around 7 to 6 cal ka B.P. in our record (Figs. 2
and 6), coincident with the onset of the temperature and moisture
maximum in the region (37), suggesting that podzolization is, to
some extent, also warmth and rain induced.

The strong peak in iron-cycling bacteria (mainly Ferrigenium
kumadai and Sideroxydans) in the late Holocene (35), alongside
the re-expansion of Larix into Picea forests, indicates an iron defi-
ciency induced by leaching (Figs. 2 and 6). We further detect an
increased relative abundance of Vaccinium in the late Holocene,
suggesting compositional differences between the early Larix for-
est at the onset of the Holocene and the late Holocene Larix forest
that resulted from podzolization during the preceding Picea phase.
A comparison of modern Larix and Picea communities reveals a
higher Fe concentration in the soil with Picea than in that with
Larix (92). We assume that the iron cycling is not affected by the
general presence of Larix, but the change in soil composition in-
duced by the preceding Picea is evidence of a trajectory of soil
development in the area.

Implications and conclusions

By analyzing sedaDNA shotgun metagenomics from sediments
from Lake Lama (northern-central Siberia), we reveal a pronounced
vegetation shift from tundra toward taiga at the Late Glacial-
Holocene transition (35). Alongside, we find a lichen decline but an
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increase in mycorrhizae as well as a shift from carbon-dominated
nutrient cycling toward nitrogen dominance.

With our study, we have shown that lake sedaDNA not only is a
valuable tool for analyzing compositional changes of plants, fungi,
and bacteria but also allows the reconstruction of soil development.
While our postmortem damage analyses confirm that the composi-
tional signal is mainly of ancient origin, in future studies, biases
from post-sedimentary and post-sampling compositional changes
require more attention.

We show that the establishment of fungal and bacterial soil com-
munities is, to a great extent, influenced by the vegetation cover, fol-
lowed by temperature variation, while the time since initial soil
development only plays a minor role (35). This suggests that there
could be significant turnover in the soil microbiome under future
global warming alongside shifting treelines. As the relationship be-
tween plants and their associated microorganisms is rather tight, un-
derstanding drivers of soil microbiome communities is an asset when
developing advanced fertilizers adapted to global warming scenarios.

We found evidence of rapid initial weathering of basalt after
glacier retreat with herb- or shrub-dominated tundra, which de-
clined with the warming-induced taiga advance (35). Under-
standing past weathering enables the application of its mechanisms
to address ongoing global challenges: Weathering of basalt is a
known carbon sink for atmospheric CO, (93, 94). Powdered ba-
salt grains can be applied to soils to enhance weathering and thus
lock-up large amounts of carbon dioxide, removing it from the
global carbon cycle (95). We show that the most basalt weather-
ing occurred during Salix dominance in the river valleys, which is
of particular interest when assessing general soil development
under ongoing global change and making use of basaltic carbon
capturing potentials.

We could show a shift from carbon-dominated nutrient cycling
in the Late Glacial toward intensified nitrogen cycling in the Holo-
cene (35). An intensified need for diverse nitrogen cycling in taiga
vegetation in comparison to tundra is noted, highlighting the differ-
ences between tundra and taiga turnover times. Our data addition-
ally reveal a diversification of sulfur sources in boreal forests for
plant establishment and their amino acid synthesis. Together, the
data provide strong evidence for a relationship between nutrient
pools and cycling in relation to plant life cycles.

Last, our data also trace the establishment of podzol in the
study area with increasing iron cycling in the Holocene as well as
soil acidification (35). We highlight that the early and the late
larch forests show differences in their underlying herbaceous taxa,
inferred from changing soil and, therefore, growing conditions.
The podzolization process was initiated with the establishment of
dark evergreen taiga. The remigration of larch forest into the area
in the late Holocene indicates that soil establishment is a trajec-
tory as podzolization is irreversible despite changing vegetation
cover. This might be an important result for forecasting future
plant establishment or even be applicable to foster soil develop-
ment in agricultural settings where multiple plant types need to be
grown on the same ground.

Our study (35) provides basic knowledge for understanding and
forecasting treeline advance under future global warming. It forms
the base for the development of potential afforestation strategies and
as such highlights the potential of large-scale carbon-capture en-
hancement through boreal forest establishment alongside basalt
grain weathering.
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MATERIALS AND METHODS
This study presents results earlier included in a cumulative thesis (35).

Geographical setting and study site

Lake Lama (69.32°N, 90.12°E; 53 m above sea level) is located on the
Taymyr Peninsula, northern-central Siberia, at the western rim of
the basaltic Putorana Plateau (Fig. 1). The current vegetation in the
area consists of dense taiga with Picea, Larix, and Betula, as well as
shrubs such as Alnus fructicosa, Salix, and Juniperus communis and
dwarf shrubs (37). Modern mean temperatures are 13.8°C for July
and —28.8°C for January [Volochanka weather station; distance to
the lake, 247 km; (96)]. In 1997, an 18.85-m-long sediment core
(PG1341) was retrieved from the lake at a depth of 66 m, dating
back to the last about 23 ka. Before processing, the sediment has
been stored in the dark and at 4°C. We refined the age-depth model
of von Hippel et al. (36) (fig. S1).

XRF scanning of the sediment core

X-ray fluorescence (XRF) scanning (35) was conducted at the Uni-
versity of Cologne, Germany, on one core half using an Itrax core
scanner (Cox Analytical Systems, Sweden) equipped with a Cr tube
and a silicon-drift detector in combination with a multichannel ana-
lyzer. Analyses were performed at 30 kV and 55 mA, at a resolution
of 2 mm and an integration time of 6 s. Results are semiquantitative
estimates of relative concentrations of the detected elements (97),
derived from the detected peak area intensities and given in total
counts per second. The K and Ti count data were normalized to the
K/Ti element ratio to account for variations in organic content and
other elements (98).

Core subsampling

Before subsampling, the cores were split in half (35). One half was
stored as the archive half, and the other one was used as work half.
The sub-core segments were sampled for sedaDNA in the climate
chamber of the Helmholtz Centre Potsdam - German Research
Centre for Geosciences (GFZ) remote from any genetic laboratory.
The chamber was cleaned with DNA Exitus and deionized water be-
fore sampling. All sampling devices were sterilized with DNA Exitus
and ultraviolet light radiation for 1 hour before usage. During the
sampling process, protective clothing as well as face masks and hair
nets were worn. Before sampling, the surfaces of the cores were
scraped twice with clean knives that were treated with DNA Exitus
and deionized water. The samples were taken using four knives
while only sampling the interior section of the work half of the core
to avoid contamination with modern bacteria. The samples were
then placed in sterile 8-ml Sarstedt tubes and frozen to —20°C until
further processing. We included a total of 42 samples in the study,
with an interval of ~500 years between samples.

DNA extraction

The extraction of the sedaDNA (35) was conducted in the dedicated
aDNA laboratories at Alfred Wegener Institute, Helmholtz Centre for
Polar and Marine Research (AWT), Potsdam, using the DNeasy Power-
Max Soil DNA Isolation Kit (QIAGEN), following the manufacturer’s
instruction. An additional incubation step overnight in a rotation incu-
bator at 56°C was added, and the elution of the DNA was performed as
described in von Hippel et al. (36). After the extraction, the DNA was
concentrated using the GeneJET PCR purification Kit (Thermo Fisher
Scientific, Germany) by which 1 ml of the DNA extract was reduced to
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a volume of 50 pl. The concentrated extracts were measured with a
Qubit dsDNA BR assay kit using a Qubit 4.0 Fluorometer (Thermo
Fisher Scientific, Germany), diluted to a final concentration of 3 ng/yl,
and stored in aliquots of 15 pl to avoid extensive freeze-thaw cycles.

Single-stranded DNA library build

The DNA libraries (35) were built following the single-stranded
DNA library preparation protocol of Gansauge et al. (99) with the
ligation of the second adapter in a rotating incubator as described by
Schulte et al. (100), using 30 ng of DNA as input. Furthermore, the
libraries were quantified with quantitative polymerase chain reac-
tion (qQPCR). Further details on the protocol are described by
Schulte et al. (100). For the setup of the index polymerase chain re-
action (PCR), we used 1x AccuPrime Pfx reaction mix, AccuPrime
Pfx Polymerase (2.5 U/pl), 4 pl of P7_X indexing primer (10 pM)
and P5_X indexing primer (10 pM), and 57 pl of deionized water.
The final DNA library (24 pl) was added to the reaction. The PCR
was conducted according to the following protocol: 2 min at 95°C,
20 sat 95°C, 30 s at 60°C, 1 min at 68°C, and final elongation for 5 min
at 68°C. The appropriate number of amplification cycles (steps 2 to
4) for the index PCR was calculated from the qPCR results and varied
between 11 and 13 cycles for samples and blank controls.

The PCR products were purified with MinElute (QIAGEN, Switzerland)
according to the manufacturer’s instructions and eluted in 30 pl of elu-
tion buffer. The DNA library concentration was determined using a
Qubit 4.0 Fluorometer dsDNA BR assay kit (Thermo Fisher Scientific,
Germany). For the quality control and to measure the fragment length
composition, we loaded the libraries on a TapeStation (Agilent, United
States). Mean fragment length and concentration of indexed libraries
were used to calculate the molarity of each library, and equimolar li-
brary pools were prepared. In total, we compiled four library pools.

The library pools APMG-37 (10 samples, four library blanks, and
one extraction blank) and APMG-38 (10 samples, three library blanks,
and two extraction blanks) were sent to Fasteris SA, Switzerland, and
were run on a NovaSeq device [2 X 100 base pairs (bp)]. Each extrac-
tion batch includes nine samples and one extraction blank, while a
library batch includes seven samples or extraction blanks and one ad-
ditional library blank. A table with the sample composition of the se-
quencing runs as well as their metadata is provided in data S1. The third
(23 samples, six library blanks, and three extraction blanks) and fourth
(15 samples, whereof 14 were sample replicates to increase read counts
for poorly sequenced samples) library pools were sequenced on an
NextSeq 2000 platform (2 x 100 bp) at AWI Bremerhaven, Germany.

Bioinformatic pipeline for the analysis of the

sequencing results

The analysis of the raw sequencing data included a quality check using
fastQC [version 0.11; (101)] and a deduplication step (removing identi-
cal reads) with clumpify (BBmap version 38.87, https://sourceforge.
net/projects/bbmap/). The paired-end forward and reverse reads
were merged with fastp [version 0.20.1; (102)] applying a low com-
plexity filter to remove reads of low complexity from the dataset.
Taxonomic classification was done with Kraken2 (103) against the
nucleotide database by NCBI to yield a better comparable pipeline
for all assessed taxa, so none of the selected groups becomes over- or
underrepresented (ftp://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/nt.gz;
download: October 2022, with default k-mer size of 35). We prefer
the usage of the widely used and resource efficient Kraken2 tool over
other less widely used and resource-intensive tools to allow for a
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better reproducibility of our results by other groups. However, our
comparison of the results gained by Kraken2 with all other pipelines
now used to palaecometagenomic data including HOPS and HOLI
yielded very similar compositional and temporal patterns (fig. S5
and tables S2 to S4). We applied a conservative confidence threshold
of 0.8 (100). Additionally, we tested thresholds of 0.2 and 0.5 to as-
sess the comparability between stratigraphic plots of the most
prominent taxa for plants, bacteria, and fungi with less conservative
thresholds (fig. S6 and table S1).

Data analysis

The analysis of the processed DNA data was done in R, version 4.0.3. As
a first step, we combined the converted kraken report file, with meta-
data (depth and age of the sediment samples) and a lineage file, which
adds the full taxonomic lineage of the identified taxa via TaxID. The
raw reads of all three sequencing runs were lastly merged in R.

Three taxonomic data subsets (plants, fungi, and bacteria) were
created. For the plant dataset, we extracted all reads assigned to
Streptophyta and kept those reads that were at least assigned to ge-
nus level. We cleaned the plant subset from aquatic and non-Siberian
taxa (namely, taxa not occurring in a vicinity of 1000 km to the lake
as identified using gbif.org). The fungi subset is defined by all reads
of the kingdom “fungi” Due to generally poorly sequenced fungal
genomes and, therefore, their absence in databases, we decided to
work on taxa assigned to at least phylum level for terrestrial fungi.
The bacteria subset contains reads assigned to the domain of “bacte-
ria” Among bacteria, we only kept reads that were assigned to at
least genus level. For microorganisms, we filtered for all taxa known
from soil habitats and excluded taxa, e.g., characteristic for aquatic
habitats. For all aquatic fungi and bacteria, we provide references to
prove the selection criteria. We also verified the bacterial assign-
ments using a scraping script with Python, taking BacDive as the
reference database. After filtering, we keep 74% of all Streptophyta
reads, 82% of all fungi reads, and 88% of all bacteria reads (fig. S4).
The taxa list and the taxa selection criteria are given in data S2.

Analysis of postmortem damage patterns

Postmortem damage signatures for metagenomic plant DNA data
from Lake Lama core were analyzed with the HOPS (104) pipeline
(using the function maltextract) and the metaDMG pipeline based
on HOLI (105) classification tool. Bacterial and fungal DNA dam-
age patterns were investigated using PyDamage v0.72 (106), which
uses the entire short read metagenomic data assembled into larger
DNA fragments (contigs) by MEGAHIT v1.2.9. By remapping the
short reads to the contigs, pyDamage estimates the postmortem
damage of the contigs (Supplementary Text), which were taxonomi-
cally classified with Kraken2 nucleotide 0.0. Results of all approach-
es were investigated according to the C-to-T substitution frequencies
of the first 10 positions (5’ end) and the C-to-T substitution frequencies
of the first position of the reads in the respective taxa groups and
across sample age (Supplementary Text). In addition, the taxonomic
composition resulting from the pipelines were compared using un-
filtered (damaged and non-damaged reads) and filtered (damaged
reads only) datasets, and a Procrustes analysis on all samples ages
and taxa (Supplementary Text) was performed.

Statistical analysis of the dataset
All statistical analyses (35) were carried out with the software R,
version 4.0.3. Taxonomic datasets were filtered for taxa occurring
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at least in three samples. For bacterial dataset, the taxa must occur
with a minimum sample read count of 20. Then, we resampled 100 times
each taxonomic subset to the basecount of the sample mean value
to balance uneven read counts between the samples. The resam-
pling of the fungi had a mean count of 285, the plant data of
3855.5, and the bacteria of 26,627. We followed the github script
of Kruse (2019, https://github.com/StefanKruse/R_Rarefaction).
All the following statistical analyses were performed on the resa-
mpled datasets. For analysis of the long-term soil development
and its driving forces, we assessed the time (i.e., the age of the
sediment) and the impact of multiple environmental variables
(vegetation and temperature). We defined “soil development” as
the bacterial communities on one side and fungal soil communi-
ties on the other side (whole subsets). Constrained ordination
analyses were run to statistically relate the environmental vari-
ables to the variation in the composition of either soil community.
To yield the variable “vegetation,” we performed a redundancy
analysis on the double-square rooted vegetation subset and deter-
mined the significant principle component (PC) axes using PCA-
significance(), which provided the first two PC axes were significant.
We used the scores of the PC axes 1 and 2 and merged them as a
dataframe. We used a reconstruction of the temperature variation
in the Northern Hemisphere as further input for the environmen-
tal variables to yield the variable “temperature” The reconstruc-
tion of the temperature variation followed the script of Kruse
(https://github.com/StefanKruse/R_PastElevationChange). In brief,
it is based on the mean temperature reconstructions by Shakun
et al. (107) and Marcott et al. (108). For the variable “time,” we
used the respective ages of the samples as the input.

The K/Ti element ratio data derived from the XRF scanning were
used as a proxy for weathering (67). The analysis of the XRF data was
done by smoothing the scanning data with the function predict (pack-
age: stats). All data were plotted with ggplot2 (package: tidyverse).

We analyzed co-occurrence patterns between mycorrhizal fungi
and respective tree taxa. To do so, we analyzed the Spearman cor-
relation between the fungal dataset and the plant dataset using the
function cor (package: stats). The correlation matrix was converted
in a dataframe, and only positively correlated mycorrhizal taxa with
a correlation value of at least 0.2 were selected. With the final taxa
selection, we plotted the reduced data using the function corrplot
(package: corrplot).

For assessing the pH preferences of all data subsets, we assigned
the taxa to five categories of preference, namely, acidic, slightly
acidic, neutral, slightly alkaline, and alkaline (data S2). We merged
the percentages of the slightly alkaline- and alkaline-preferring
taxa to yield the overall alkaline preference for plotting. The dis-
played acidic-preferring taxa are only those being assigned to
strong acidic preference.

Supplementary Materials
The PDF file includes:
Supplementary Text

Figs.S1to S12

Tables S1to S5

Legends for data S1to S3

References

Other Supplementary Material for this manuscript includes the following:
Data S1to S3

von Hippel et al., Sci. Adv. 11, eadj5527 (2025) 7 May 2025

REFERENCES AND NOTES

1. D.A.Wardle, L. R. Walker, R. D. Bardgett, Ecosystem properties and forest decline in
contrasting long-term chronosequences. Science 305, 509-513 (2004).

2. E.A.Davidson, I. A. Janssens, Temperature sensitivity of soil carbon decomposition and
feedbacks to climate change. Nature 440, 165-173 (2006).

3. M. Delgado-Baquerizo, P. B. Reich, R. D. Bardgett, D. J. Eldridge, H. Lambers, D. A. Wardle,
S.C.Reed, C. Plaza, G. K. Png, S. Neuhauser, A. A. Berhe, S. C. Hart, H.-W. Hu, J.-Z. He,

F. Bastida, S. Abades, F. D. Alfaro, N. A. Cutler, A. Gallardo, L. Garcia-Veldzquez, P. E. Hayes,
Z.-Y.Hseu, C. A. Pérez, F. Santos, C. Siebe, P. Trivedi, B. W. Sullivan, L. Weber-Grullon,

M. A. Williams, N. Fierer, The influence of soil age on ecosystem structure and function
across biomes. Nat. Commun. 11,4721 (2020).

4. T.A.Jackson, Weathering, secondary mineral genesis, and soil formation caused by
lichens and mosses growing on granitic gneiss in a boreal forest environment. Geoderma
251-252,78-91 (2015).

5. H.A.Ewing, The influence of substrate on vegetation history and ecosystem
development. Ecology 83, 2766-2781 (2002).

6. E.F. Kelly, O. A. Chadwick, T. E. Hilinski, The effect of plants on mineral weathering.
Biogeochemistry 42,21-53 (1998).

7. R.Finlay, H. Wallander, M. Smits, S. Holmstrom, P. van Hees, B. Lian, A. Rosling, The role of
fungi in biogenic weathering in boreal forest soils. Fungal Biol. Rev. 23, 101-106 (2009).

8. J.Berthelin, G. Ona-Nguema, S. Stemmler, C. Quantin, M. Abdelmoula, F. Jorand,
Bioreduction of ferric species and biogenesis of green rusts in soils. Comptes Rendus
Geosci. 338, 447-455 (2006).

9. J. Chen, H.-P. Blume, L. Beyer, Weathering of rocks induced by lichen colonization — a
review. Catena 39, 121-146 (2000).

10. P-E.Courty, M. Buée, A. G. Diedhiou, P. Frey-Klett, F. Le Tacon, F. Rineau, M.-P. Turpault,

S. Uroz, J. Garbaye, The role of ectomycorrhizal communities in forest ecosystem processes:
New perspectives and emerging concepts. Soil Biol. Biochem. 42, 679-698 (2010).

11. H.Lambers, O. K. Atkin, F. F. Millenaar, “Respiratory patterns in roots in relation to their
functioning”in Plant Roots (CRC Press, ed. 3, 2002), pp. 810-866.

12. E.Hoffland, T. W. Kuyper, H. Wallander, C. Plassard, A. A. Gorbushina, K. Haselwandter,

S. Holmstrom, R. Landeweert, U. S. Lundstrom, A. Rosling, R. Sen, M. M. Smits,
P. A.van Hees, N. van Breemen, The role of fungi in weathering. Front. Ecol. Environ. 2,
258-264 (2004).

13. M.G. A.Van Der Heijden, R. D. Bardgett, N. M. Van Straalen, The unseen majority: Soil
microbes as drivers of plant diversity and productivity in terrestrial ecosystems. Ecol. Lett.
11, 296-310 (2008).

14. M.F. Cotrufo, M. D. Wallenstein, C. M. Boot, K. Denef, E. Paul, The Microbial Efficiency-
Matrix Stabilization (MEMS) framework integrates plant litter decomposition with soil
organic matter stabilization: Do labile plant inputs form stable soil organic matter? Glob.
Chang. Biol. 19, 988-995 (2013).

15. S.Trumbore, Carbon respired by terrestrial ecosystems - Recent progress and challenges.
Glob. Chang. Biol. 12, 141-153 (2006).

16. C.Liang, T. C. Balser, Microbial production of recalcitrant organic matter in global soils:
Implications for productivity and climate policy. Nat. Rev. Microbiol. 9,75 (2011).

17. B.D.Lindahl, K. Ihrmark, J. Boberg, S. E. Trumbore, P. Hogberg, J. Stenlid, R. D. Finlay,
Spatial separation of litter decomposition and mycorrhizal nitrogen uptake in a boreal
forest. New Phytol. 173, 611-620 (2007).

18. R.Dixon, D. Kahn, Genetic regulation of biological nitrogen fixation. Nat. Rev. Microbiol. 2,
621-631 (2004).

19. E.George, H. Marschner, . Jakobsen, Role of arbuscular mycorrhizal fungi in uptake of
phosphorus and nitrogen from soil. Crit. Rev. Biotechnol. 15, 257-270 (1995).

20. T.A.M.Pugh, T. Rademacher, S. L. Shafer, J. Steinkamp, J. Barichivich, B. Beckage,

V. Haverd, A. Harper, J. Heinke, K. Nishina, A. Rammig, H. Sato, A. Arneth, S. Hantson,
T. Hickler, M. Kautz, B. Quesada, B. Smith, K. Thonicke, Understanding the uncertainty in
global forest carbon turnover. Biogeosciences 17, 3961-3989 (2020).

21. U.S.Lundstrom, N. van Breemen, D. Bain, The podzolization process. A review. Geoderma
94, 91-107 (2000).

22. L.Wiklander, A. Andersson, The replacing efficiency of hydrogen ion in relation to base
saturation and pH. Geoderma 7, 159-165 (1972).

23. D.Sauer, H. Sponagel, M. Sommer, L. Giani, R. Jahn, K. Stahr, Podzol: Soil of the year 2007.
A review on its genesis, occurrence, and functions. J. Plant Nutr. Soil Sci. 170, 581-597
(2007).

24. M.E.D'’Amico, M. Freppaz, G. Filippa, E. Zanini, Vegetation influence on soil formation rate
in a proglacial chronosequence (Lys Glacier, NW Italian Alps). Catena 113, 122-137 (2014).

25. C.Giguet-Covex, G. F. Ficetola, K. Walsh, J. Poulenard, M. Bajard, L. Fouinat, P. Sabatier,

L. Gielly, E. Messager, A. L. Develle, F. David, P. Taberlet, E. Brisset, F. Guiter, R. Sinet,
F. Arnaud, New insights on lake sediment DNA from the catchment: Importance of
taphonomic and analytical issues on the record quality. Sci. Rep. 9, 14676 (2019).

26. E.Capo, C. Giguet-Covex, A. Rouillard, K. Nota, P. D. Heintzman, A. Vuillemin, D. Ariztegui,

F. Arnaud, S. Belle, S. Bertilsson, C. Bigler, R. Bindler, A. G. Brown, C. L. Clarke, S. E. Crump,

110f 14

G70T 11 19quiads(] uo 3IngsIny YOYI0I[qIqSIORIISIOATU ) J& SI0°00UdI0S MM //:sd)Y WOoIj papeo[umo


https://github.com/StefanKruse/R_Rarefaction
https://github.com/StefanKruse/R_PastElevationChange

SCIENCE ADVANCES | RESEARCH ARTICLE

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

von Hippel et al., Sci. Adv. 11, eadj5527 (2025)

D. Debroas, G. Englund, G. F. Ficetola, R. E. Garner, J. Gauthier, |. Gregory-Eaves,

L. Heinecke, U. Herzschuh, A. Ibrahim, V. Kisand, K. H. Kjeer, Y. Lammers, J. Littlefair,

E. Messager, M.-E. Monchamp, F. Olajos, W. Orsi, M. W. Pedersen, D. P. Rijal, J. Rydberg,

T. Spanbauer, K. R. Stoof-Leichsenring, P. Taberlet, L. Talas, C. Thomas, D. A. Walsh, Y. Wang,
E. Willerslev, A. van Woerkom, H. H. Zimmermann, M. J. L. Coolen, L. S. Epp, |. Domaizon,
I. G. Alsos, L. Parducci, Lake sedimentary DNA research on past terrestrial and aquatic
biodiversity: Overview and recommendations. Quaternary 4, 6 (2021).

L. Parducci, I. G. Alsos, P. Unneberg, M. W. Pedersen, L. Han, Y. Lammers, J. S. Salonen,

M. M. Véliranta, T. Slotte, B. Wohlfarth, Shotgun environmental DNA, pollen, and
macrofossil analysis of lateglacial lake sediments from southern Sweden. Front. Ecol. Evol.
7,189 (2019).

L. Talas, N. Stivrins, S. Veski, L. Tedersoo, V. Kisand, Sedimentary ancient DNA (sedaDNA)
reveals fungal diversity and environmental drivers of community changes throughout
the Holocene in the present Boreal Lake Lielais Svétinu (Eastern Latvia). Microorganisms
9,719 (2021).

K. H. Kjeer, M. Winther Pedersen, B. De Sanctis, B. De Cahsan, T. S. Korneliussen,

C.S. Michelsen, K. K. Sand, S. Jelavi¢, A. H. Ruter, A. M. A. Schmidt, K. K. Kjeldsen,
A.S.Tesakov, I. Snowball, J. C. Gosse, I. G. Alsos, Y. Wang, C. Dockter, M. Rasmussen,

M. E. Jorgensen, B. Skadhauge, A. Prohaska, J. A. Kristensen, M. Bjerager, M. E. Allentoft,
E. Coissac, A. Rouillard, A. Simakova, A. Fernandez-Guerra, C. Bowler, M. Macias-Fauria,

L. Vinner, J. J. Welch, A. J. Hidy, M. Sikora, M. J. Collins, R. Durbin, N. K. Larsen, E. Willerslev,
A 2-million-year-old ecosystem in Greenland uncovered by environmental DNA. Nature
612, 283-291 (2022).

S. Liu, K. R. Stoof-Leichsenring, L. Harms, L. Schulte, S. Mischke, S. Kruse, C. Zhang,

U. Herzschuh, Tibetan terrestrial and aquatic ecosystems collapsed with cryosphere loss
inferred from sedimentary ancient metagenomics. Sci. Adv. 10, eadn8490 (2024).

B. Niemeyer, L. S. Epp, K. R. Stoof-Leichsenring, L. A. Pestryakova, U. Herzschuh, A
comparison of sedimentary DNA and pollen from lake sediments in recording
vegetation composition at the Siberian treeline. Mol. Ecol. Resour. 17, e46-e62 (2017).

M. E. Edwards, I. G. Alsos, N. Yoccoz, E. Coissac, T. Goslar, L. Gielly, J. Haile, C.T. Langdon,
A.Tribsch, H. A. Binney, H. von Stedingk, P. Taberlet, Metabarcoding of modern soil DNA
gives a highly local vegetation signal in Svalbard tundra. Holocene 28, 2006-2016 (2018).
P.Sjogren, M. E. Edwards, L. Gielly, C. T. Langdon, I. W. Croudace, M. K. F. Merkel,

T. Fonville, I. G. Alsos, Lake sedimentary DNA accurately records 20th Century
introductions of exotic conifers in Scotland. New Phytol. 213, 929-941 (2017).

I. G. Alsos, Y. Lammers, N. G. Yoccoz, T. Jergensen, P. Sjogren, L. Gielly, M. E. Edwards, Plant
DNA metabarcoding of lake sediments: How does it represent the contemporary
vegetation. PLOS ONE 13, e0195403 (2018).

B. von Hippel, “Long-term bacteria-fungi-plant associations in permafrost soils inferred
from palaeometagenomics,” thesis, Universitat Potsdam (2024).

B. von Hippel, K. R. Stoof-Leichsenring, L. Schulte, P. Seeber, L. S. Epp, B. K. Biskaborn,

B. Diekmann, M. Melles, L. Pestryakova, U. Herzschuh, Long-term fungus-plant
covariation from multi-site sedimentary ancient DNA metabarcoding. Quat. Sci. Rev. 295,
107758 (2022).

A. A. Andreey, P. E. Tarasov, V. A. Klimanov, M. Melles, O. M. Lisitsyna, H.-W. Hubberten,
Vegetation and climate changes around the Lama Lake, Taymyr Peninsula, Russia during
the Late Pleistocene and Holocene. Quat. Int. 122, 69-84 (2004).

A. Zumsteg, J. Luster, H. Goransson, R. H. Smittenberg, I. Brunner, S. M. Bernasconi,

J. Zeyer, B. Frey, Bacterial, archaeal and fungal succession in the forefield of a receding
glacier. Microb. Ecol. 63, 552-564 (2012).

M. V. Korneikova, Comparative analysis of the number and structure of the complexes of
microscopic fungi in tundra and taiga soils in the north of the Kola Peninsula. Eurasian
Soil Sci. 51,89-95 (2018).

D. Muller, D. D. Simeonova, P. Riegel, S. Mangenot, S. Koechler, D. Liévremont, P. N. Bertin,
M.-C. Lett, Herminiimonas arsenicoxydans sp. nov., a metalloresistant bacterium. Int. J.
Syst. Evol. Microbiol. 56, 1765-1769 (2006).

C. Kabala, t. Chachulski, B. Gadek, B. Korabiewski, M. Metrak, M. Suska-Malawska, Soil
development and spatial differentiation in a glacial river valley under cold and extremely
arid climate of East Pamir Mountains. Sci. Total Environ. 758, 144308 (2021).

R. E. Garner, |. Gregory-Eaves, D. A. Walsh, Sediment metagenomes as time capsules of
lake microbiomes. mSphere 5, €00512-20 (2020).

H. H. Zimmermann, K. R. Stoof-Leichsenring, V. Dinkel, L. Harms, L. Schulte, M.-T. Hiitt,

D. Niirnberg, R. Tiedemann, U. Herzschuh, Marine ecosystem shifts with deglacial sea-ice
loss inferred from ancient DNA shotgun sequencing. Nat. Commun. 14, 1650 (2023).

X. Han, J. Toly, L. Deng, A. Fiskal, C. J. Schubert, L. H. E. Winkel, M. A. Lever, Long-term
preservation of biomolecules in lake sediments: Potential importance of physical
shielding by recalcitrant cell walls. PNAS Nexus 1, pgac076 (2022).

V. Pérez, Y. Liu, M. B. Hengst, L. S. Weyrich, A case study for the recovery of authentic
microbial ancient DNA from soil samples. Microorganisms 10, 1623 (2022).

A. D. Williams, V. W. Leung, J. W.Tang, N. Hidekazu, N. Suzuki, A. C. Clarke, D. A. Pearce,
T.T.-Y.Lam, Ancient environmental microbiomes and the cryosphere. Trends Microbiol.
33, 233-249 (2025).

7 May 2025

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

J.R. Deslippe, M. Hartmann, S. W. Simard, W. W. Mohn, Long-term warming alters the
composition of Arctic soil microbial communities. FEMS Microbiol. Ecol. 82, 303-315 (2012).
M. Krishna, S. Gupta, M. Delgado-Baquerizo, E. Morrién, S. C. Garkoti, R. Chaturvedi,

S. Ahmad, Successional trajectory of bacterial communities in soil are shaped by
plant-driven changes during secondary succession. Sci. Rep. 10, 11461 (2020).

N. Schmidt, M. Bélter, Fungal and bacterial biomass in tundra soils along an arctic
transect from Taimyr Peninsula, central Siberia. Polar Biol. 25, 871-877 (2002).

M. P. Berg, J. P. Kniese, H. A. Verhoef, Dynamics and stratification of bacteria and fungi in
the organic layers of a scots pine forest soil. Biol. Fertil. Soils 26, 313-322 (1998).

A. Franzetti, F. Pittino, |. Gandolfi, R. S. Azzoni, G. Diolaiuti, C. Smiraglia, M. Pelfini,

C. Compostella, B. Turchetti, P. Buzzini, R. Ambrosini, Early ecological succession patterns
of bacterial, fungal and plant communities along a chronosequence in a recently
deglaciated area of the Italian Alps. FEMS Microbiol. Ecol. 96, fiaa165 (2020).

Y. Jiang, Y. Lei, Y. Yang, H. Korpelainen, U. Niinemets, C. Li, Divergent assemblage patterns
and driving forces for bacterial and fungal communities along a glacier forefield
chronosequence. Soil Biol. Biochem. 118, 207-216 (2018).

J.Voriskovd, B. Elberling, A. Priemé, Fast response of fungal and prokaryotic communities
to climate change manipulation in two contrasting tundra soils. Environ. Microbiome 14,
6(2019).

S.K. Liu, C. Han, J. M. Liu, H. Li, Hydrothermal decomposition of potassium feldspar under
alkaline conditions. RSC Adv. 5, 93301-93309 (2015).

S. A.Vyse, U. Herzschuh, A. A. Andreev, L. A. Pestryakova, B. Diekmann, S. J. Armitage,

B. K. Biskaborn, Geochemical and sedimentological responses of arctic glacial Lake
llirney, chukotka (far east Russia) to palaeoenvironmental change since ~51.8 ka BP.
Quat. Sci. Rev. 247, 106607 (2020).

C. B. Zambell, J. M. Adams, M. L. Gorring, D. W. Schwartzman, Effect of lichen colonization
on chemical weathering of hornblende granite as estimated by aqueous elemental flux.
Chem. Geol. 291, 166-174 (2012).

Y. N. Vodyanitskii, Iron hydroxides in soils: A review of publications. Eurasian Soil Sci. 43,
1244-1254(2010).

H. D. Pedersen, D. Postma, R. Jakobsen, Release of arsenic associated with the reduction
and transformation of iron oxides. Geochim. Cosmochim. Acta 70, 4116-4129 (2006).
S.l.Lang, J. H. C. Cornelissen, G. R. Shaver, M. Ahrens, T. V. Callaghan, U. Molau,

C. J. F.Ter Braak, A. Holzer, R. Aerts, Arctic warming on two continents has consistent
negative effects on lichen diversity and mixed effects on bryophyte diversity. Glob.
Chang. Biol. 18, 1096-1107 (2012).

R. Landeweert, E. Hoffland, R. D. Finlay, T. W. Kuyper, N. van Breemen, Linking plants to
rocks: Ectomycorrhizal fungi mobilize nutrients from minerals. Trends Ecol. Evol. 16,
248-254(2001).

S.R.Law, A.R. Serrano, Y. Daguerre, J. Sundh, A. N. Schneider, Z. R. Stangl, D. Castro,

M. Grabherr, T. Nasholm, N. R. Street, V. Hurry, Metatranscriptomics captures dynamic
shifts in mycorrhizal coordination in boreal forests. Proc. Natl. Acad. Sci. U.S.A. 119,
€2118852119 (2022).

M. C. Brundrett, L. Tedersoo, Evolutionary history of mycorrhizal symbioses and global
host plant diversity. New Phytol. 220, 1108-1115 (2018).

Z.Zhou, T. Hogetsu, Subterranean community structure of ectomycorrhizal fungi
under Suillus grevillei sporocarps in a Larix kaempferi forest. New Phytol. 154, 529-539
(2002).

N. Praeg, P. llimer, Microbial community composition in the rhizosphere of Larix decidua
under different light regimes with additional focus on methane cycling microorganisms.
Sci. Rep. 10, 22324 (2020).

Z.Balogh-Brunstad, C. Kent Keller, J. Thomas Dickinson, F. Stevens, C.Y. Li, B.T. Bormann,
Biotite weathering and nutrient uptake by ectomycorrhizal fungus, Suillus tomentosus,
in liquid-culture experiments. Geochim. Cosmochim. Acta 72, 2601-2618 (2008).

G. M. Mueller, Systematics of Laccaria (Agaricales) in the continental United States and
Canada, with discussions on extralimital taxa and descriptions of extant types. Fieldiana
Bot. 30, 158 (1992).

B. Miinzenberger, |. Kottke, F. Oberwinkler, Reduction of phenolics in mycorrhizas of Larix
decidua Mill. Tree Physiol. 15, 191-196 (1995).

J. Fehrer, M. Réblov4, V. Bambasova, M. Vohnik, The root-symbiotic Rhizoscyphus ericae
aggregate and Hyaloscypha (Leotiomycetes) are congeneric: Phylogenetic and
experimental evidence. Stud. Mycol. 92, 195-225 (2019).

R. E. Hewitt, H. D. Alexander, B. Izbicki, M. M. Loranty, S. M. Natali, X. J. Walker, M. C. Mack,
Increasing tree density accelerates stand-level nitrogen cycling at the taiga-tundra
ecotone in northeastern Siberia. Ecosphere 13, e4175 (2022).

W. Gao, W. Sun, X. Xu, Permafrost response to temperature rise in carbon and nutrient
cycling: Effects from habitat-specific conditions and factors of warming. Ecol. Evol. 11,
16021-16033 (2021).

D. N. Gabov, V. A. Beznosikov, Polycyclic aromatic hydrocarbons in tundra soils of the
Komi Republic. Eurasian Soil Sci. 47, 18-25 (2014).

S. Murayama, Y. Sugiura, “Origin of soil polysaccharides, and ectomycorrhizal fungal
sclerotia as sources of forest soil polysaccharides” in Sclerotia Grains in Soils: A New

120f 14

G70T 11 19quiads(] uo 3IngsIny YOYI0I[qIqSIORIISIOATU ) J& SI0°00UdI0S MM //:sd)Y WOoIj papeo[umo



SCIENCE ADVANCES | RESEARCH ARTICLE

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

von Hippel et al., Sci. Adv. 11, eadj5527 (2025)

Perspective from Pedosclerotiology, Progress in Soil Science, M. Watanabe, Ed. (Springer,
2021), pp. 91-117.

M.-C. Nilsson, D. A. Wardle, T. H. DeLuca, Belowground and aboveground consequences
of interactions between live plant species mixtures and dead organic substrate mixtures.
Oikos 117, 439-449 (2008).

A. Clocchiatti, S. E. Hannula, M. van den Berg, M. P. J. Hundscheid, W. de Boer, Evaluation
of phenolic root exudates as stimulants of saptrophic fungi in the rhizosphere. Front.
Microbiol. 12, 644046 (2021).

J. B. Brant, E. W. Sulzman, D. D. Myrold, Microbial community utilization of added carbon
substrates in response to long-term carbon input manipulation. Soil Biol. Biochem. 38,
2219-2232 (2006).

K. Rousk, P. L. Sorensen, A. Michelsen, What drives biological nitrogen fixation in high
arctic tundra: Moisture or temperature? Ecosphere 9, 02117 (2018).

M. J. Gundale, M. Nilsson, S. Bansal, A. Jaderlund, The interactive effects of temperature
and light on biological nitrogen fixation in boreal forests. New Phytol. 194, 453-463
(2012).

K. J. Stewart, P. Grogan, D. S. Coxson, S. D. Siciliano, Topography as a key factor driving
atmospheric nitrogen exchanges in arctic terrestrial ecosystems. Soil Biol. Biochem. 70,
96-112(2014).

M. Chiwa, A. Crossley, L. J. Sheppard, H. Sakugawa, J. N. Cape, Throughfall chemistry and
canopy interactions in a Sitka spruce plantation sprayed with six different simulated
polluted mist treatments. Environ. Pollut. 127, 57-64 (2004).

D. Bryan Dail, D.Y. Hollinger, E. A. Davidson, |. Fernandez, H. C. Sievering, N. A. Scott,

E. Gaige, Distribution of nitrogen-15 tracers applied to the canopy of a mature
spruce-hemlock stand, Howland, Maine, USA. Oecologia 160, 589-599 (2009).

H. Sievering, T. Tomaszewski, J. Torizzo, Canopy uptake of atmospheric N deposition at a
conifer forest: Part | -canopy N budget, photosynthetic efficiency and net ecosystem
exchange. Tellus B Chem. Phys. Meteorol. 59, 483-492 (2007).

J. P. Sparks, Ecological ramifications of the direct foliar uptake of nitrogen. Oecologia 159,
1-13 (2009).

R. G. McLaren, K. C. Cameron, R. G. McLaren, K. C. Cameron, Soil Science: Sustainable
Production and Environmental Protection (Oxford Univ. Press, 1996).

J.Feng, C. Wang, J. Lei, Y. Yang, Q. Yan, X. Zhou, X. Tao, D. Ning, M. M. Yuan, Y. Qin, Z. J. Shi,
X. Guo, Z. He, J. D.Van Nostrand, L. Wu, R. G. Bracho-Garillo, C. R. Penton, J. R. Cole,

K.T. Konstantinidis, Y. Luo, E. A. G. Schuur, J. M. Tiedje, J. Zhou, Warming-induced
permafrost thaw exacerbates tundra soil carbon decomposition mediated by microbial
community. Microbiome 8, 3 (2020).

D. L. Jones, K. Kielland, Soil amino acid turnover dominates the nitrogen flux in
permafrost-dominated taiga forest soils. Soil Biol. Biochem. 34, 209-219 (2002).

O. Priha, A. Smolander, Nitrogen transformations in soil under Pinus sylvestris, Picea abies
and Betula pendula at two forest sites. Soil Biol. Biochem. 31, 965-977 (1999).

T.W. Berger, P. Berger, Greater accumulation of litter in spruce (Picea abies) compared to
beech (Fagus sylvatica) stands is not a consequence of the inherent recalcitrance of
needles. Plant Soil 358, 349-369 (2012).

E. Desie, K. Vancampenhout, L. van den Berg, B. Nyssen, M. Weijters, J. den Ouden,

B. Muys, Litter share and clay content determine soil restoration effects of rich litter
tree species in forests on acidified sandy soils. For. Ecol. Manage. 474, 118377
(2020).

C.Kim, H.-C. An, H.-S. Cho, G.-C. Choo, Base cation fluxes and release by needle litter in
three adjacent coniferous plantations. For. Sci. Technol. 9, 225-228 (2013).

X.Zhang, W. Liu, G. Zhang, L. Jiang, X. Han, Mechanisms of soil acidification reducing
bacterial diversity. Soil Biol. Biochem. 81,275-281 (2015).

J. Rousk, E. Baath, Growth of saprotrophic fungi and bacteria in soil. FEMS Microbiol. Ecol.
78,17-30(2011).

R. H. Bares, M. K. Wali, Chemical relations and litter production of Picea mariana and Larix
laricina stands on an alkaline peatland in Northern Minnesota. Vegetatio 40, 79-94
(1979).

S. Gislason, W. S. Broecker, E. Gunnlaugsson, S. Snaebjornsdottir, K. G. Mesfin,

H. A. Alfredsson, E. S. Aradottir, B. Sigfusson, |. Gunnarsson, M. Stute, J. M. Matter,

M.T. Arnarson, I. M. Galeczka, S. Gudbrandsson, G. Stockmann, D. Wolff-Boenisch,

A. Stefansson, E. Ragnheidardottir, T. Flaathen, A. P. Gysi, E. Oelkers, Rapid solubility and
mineral storage of CO; in basalt. Energy Procedia 63, 4561-4574 (2014).

S. O. Snaebjérnsdéttir, B. Sigfusson, C. Marieni, D. Goldberg, S. R. Gislason, E. H. Oelkers,
Carbon dioxide storage through mineral carbonation. Nat. Rev. Earth Environ. 1, 90-102
(2020).

D.S. Goll, P. Ciais, . Amann, W. Buermann, J. Chang, S. Eker, J. Hartmann, |. Janssens, W. Li,
M. Obersteiner, J. Penuelas, K. Tanaka, S. Vicca, Potential CO, removal from enhanced
weathering by ecosystem responses to powdered rock. Nat. Geosci. 14, 545-549
(2021).

Russian Institute of Hydrometeorological Information, World Data Center (2021). http://
meteo.ru/.

7 May 2025

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

1M1,

12

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

. I.Croudace, A. Rindby, R. G. Rothwell, ITRAX: Description and evaluation of a new

multi-function X-ray core scanner. Geol. Soc. Lond. Spec. Publ. 267, 51-63 (2006).

. S.Shala, K. F. Helmens, K. N. Jansson, M. E. Kylander, J. Risberg, L. Lowemark,

Palaeoenvironmental record of glacial lake evolution during the early Holocene at Sokli,
NE Finland. Boreas 43, 362-376 (2014).

M.-T. Gansauge, T. Gerber, I. Glocke, P. Korlevic, L. Lippik, S. Nagel, L. M. Riehl, A. Schmidt,
M. Meyer, Single-stranded DNA library preparation from highly degraded DNA using T4
DNA ligase. Nucleic Acids Res. 45, 79 (2017).

L. Schulte, N. Bernhardt, K. Stoof-Leichsenring, H. H. Zimmermann, L. A. Pestryakova,
L.S. Epp, U. Herzschuh, Hybridization capture of larch (Larix Mill.) chloroplast genomes
from sedimentary ancient DNA reveals past changes of Siberian forest. Mol. Ecol. Resour.
21,801-815(2021).

S. Andrews, “FastQC: A quality control tool for high throughput sequence data” (2010);
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/.

S.Chen, Y. Zhou, Y. Chen, J. Gu, fastp: An ultra-fast all-in-one FASTQ preprocessor.
Bioinformatics 34, i884-i890 (2018).

1. Malik, . Pawlik, A. Slezak, M. Wistuba, A study of the wood anatomy of Picea abies
roots and their role in biomechanical weathering of rock cracks. Catena 173, 264-275
(2019).

R. Hibler, F. M. Key, C. Warinner, K. |. Bos, J. Krause, A. Herbig, HOPS: Automated detection
and authentication of pathogen DNA in archaeological remains. Genome Biol. 20, 280
(2019).

M. W. Pedersen, A. Ruter, C. Schweger, H. Friebe, R. A. Staff, K. K. Kjeldsen,

M. L. Z. Mendoza, A. B. Beaudoin, C. Zutter, N. K. Larsen, B. A. Potter, R. Nielsen,

R. A.Rainville, L. Orlando, D. J. Meltzer, K. H. Kjeer, E. Willerslev, Postglacial viability and
colonization in North America’s ice-free corridor. Nature 537, 45-49 (2016).

M. Borry, A. Hiibner, A. B. Rohrlach, C. Warinner, PyDamage: Automated ancient damage
identification and estimation for contigs in ancient DNA de novo assembly. PeerJ 9,
11845 (2021).

J.D. Shakun, P. U. Clark, F. He, S. A. Marcott, A. C. Mix, Z. Liu, B. Otto-Bliesner,

A. Schmittner, E. Bard, Global warming preceded by increasing carbon dioxide
concentrations during the last deglaciation. Nature 484, 49-54 (2012).

S. A. Marcott, J. D. Shakun, P. U. Clark, A. C. Mix, A reconstruction of regional and global
temperature for the past 11,300 years. Science 339, 1198-1201 (2013).

H. Jénsson, A. Ginolhac, M. Schubert, P. L. F. Johnson, L. Orlando, mapDamage2.0: Fast
approximate Bayesian estimates of ancient DNA damage parameters. Bioinformatics 29,
1682-1684 (2013).

J. Courtin, A. Perfumo, A. A. Andreeyv, T. Opel, K. R. Stoof-Leichsenring, M. E. Edwards,

J. B.Murton, U. Herzschuh, Pleistocene glacial and interglacial ecosystems inferred from
ancient DNA analyses of permafrost sediments from Batagay megaslump, East Siberia.
Environ. DNA 4, 1265-1283 (2022).

S. E. Crump, Sedimentary ancient DNA as a tool in paleoecology. Nat. Rev. Earth Environ.
2,229-229(2021).

L. Kistler, R. Ware, O. Smith, M. Collins, R. G. Allaby, A new model for ancient DNA decay
based on paleogenomic meta-analysis. Nucleic Acids Res. 45, 6310-6320 (2017).

B. Bushnell, “BBMap: A fast, accurate, splice-aware aligner” (2014); https://sourceforge.
net/projects/bbmap.

D. Li, R. Luo, C. Liu, C. Leung, H.Ting, K. Sadakane, H. Yamashita, T. Lam, MEGAHIT v1.0: A
fast and scalable metagenome assembler driven by advanced methodologies and
community practices. Methods 102, 3-11 (2016).

N. Oskolkov, A. Sandionigi, A. Gotherstrom, F. Canini, B. Turchetti, L. Zucconi, . Mimmo,
P. Buzzini, L. Borruso, Unravelling the ancient fungal DNA from the Iceman’s gut. BMC
Genomics 25, 1225 (2024).

K. Frey, B. Pucker, Animal, fungi, and plant genome sequences harbor different
non-canonical splice sites. Cells 9, 458 (2020).

S. Mehrotra, V. Goyal, Repetitive sequences in plant nuclear DNA: Types,
distribution, evolution and function. Genomics Proteomics Bioinformatics 12,
164-171 (2014).

J. Wostemeyer, A. Kreibich, Repetitive DNA elements in fungi (Mycota): Impact on
genomic architecture and evolution. Curr. Genet. 41, 189-198 (2002).

B. A. Nimeth, S. Riegler, M. Kalyna, Alternative Splicing and DNA damage response in
plants. Front. Plant Sci. 11, 91 (2020).

R. H. Nilsson, C. Wurzbacher, M. Bahram, V. R. M. Coimbra, E. Larsson, L. Tedersoo,

J. Eriksson, C. Duarte, S. Svantesson, M. Sanchez-Garcia, M. K. Ryberg, E. Kristiansson,

K. Abarenkov, Top 50 most wanted fungi. MycoKeys 12, 29-40 (2016).

P. A. Seeber, B. von Hippel, H. Kauserud, U. Lober, K. R. Stoof-Leichsenring, U. Herzschuh,
L.S. Epp, Evaluation of lake sedimentary ancient DNA metabarcoding to assess fungal
biodiversity in Arctic paleoecosystems. Environ. DNA 4, 1150-1163 (2022).

E. Capo, M. Monchamp, M. J. L. Coolen, |. Domaizon, L. Armbrecht, S. Bertilsson,
Environmental paleomicrobiology: Using DNA preserved in aquatic sediments to its full
potential. Environ. Microbiol. 24,2201-2209 (2022).

130f 14

G70T 11 19quiads(] uo 3IngsIny YOYI0I[qIqSIORIISIOATU ) J& SI0°00UdI0S MM //:sd)Y WOoIj papeo[umo


http://meteo.ru/
http://meteo.ru/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://sourceforge.net/projects/bbmap
https://sourceforge.net/projects/bbmap

SCIENCE ADVANCES | RESEARCH ARTICLE

Acknowledgments: We are grateful to J. Klimke for the help with pooling the libraries and to
V. Wennrich and N. Mantke for performing the XRF measurements of the sediment halves. We
are also grateful to Amedea Perfumo for the fruitful discussions about the interpretation of the
bacterial patterns. We are thankful for the help of Lars Harms with the bioinformatic pipelines
and T. Béhmer with data visualization. We also thank U. John and N. Kiihne for supporting
shotgun DNA Sequencing at AW! in Bremerhaven. We further acknowledge the support by the
Open Access publication fund of Alfred Wegener Institute Helmholtz-Centre for polar and
marine research. Also, we thank C. Jenkins for the English proofreading of the manuscript.
Funding: This research was funded by the European Research Council (ERC) under the
European Union’s Horizon 2020 Research and Innovation Programme (grant agreement no.
772852, ERC Consolidator Grant “Glacial Legacy,” received by Ulrike Herzschuh), the Leibniz
Prize (DFG, received by Ulrike Herzschuh), and the Initiative and Networking Fund of the
Helmbholtz Association. Author contributions: Conceptualization: B.v.H. and U.H (equally
contributed). Methodology: U.H., B.v.H., and K.R.S.-L. (the first three authors equally
contributed) and M.M. Software: K.R.S.-L. and B.v.H. Validation: B.v.H., UH., K.R.S-L., U.C., and
S.L. Formal analysis: B.v.H., KR.S.-L., UH., U.C,, and S.L. Investigation: B.v.H., U.H., and K.R.S.-L.

von Hippel et al., Sci. Adv. 11, eadj5527 (2025) 7 May 2025

Resources: U.H., KR.S.-L., and M.M. Data curation: B.v.H., K.R.S.-L., and U.H. Writing—original
draft: B.v.H. and U.H. (equally contributed). Writing—review and editing: B.v.H., UH., K.R.S.-L.,
M.M,, S.L., and U.G. Visualization: B.v.H., U.H., and K.R.S.-L. Supervision: U.H. and K.R.S.-L. Project
administration: B.v.H. and U.H. Funding acquisition: U.H. Competing interests: The authors
declare that they have no competing interests. Data and materials availability: All data
needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials. The new age-depth model of Lake Lama PG1341 core is available at
Pangaea: https://doi.pangaea.de/10.1594/PANGAEA.963262. The raw DNA sequencing data
are available at the European Nucleotide Archive (ENA) under the study accession number
PRJEB80877.The data analysis repository including bioinformatic and R scripts are provided at
Zenodo (https://zenodo.org/records/15328439).

Submitted 3 July 2023
Accepted 31 March 2025
Published 7 May 2025
10.1126/sciadv.adj5527

140f 14

G70T 11 19quiads(] uo 3IngsIny YOYI0I[qIqSIORIISIOATU ) J& SI0°00UdI0S MM //:sd)Y WOoIj papeo[umo


https://doi.pangaea.de/10.1594/PANGAEA.963262
https://zenodo.org/records/15328439

