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Climate change has a major impact on arctic and boreal terrestrial ecosystems as warming leads to
northward treeline shifts, inducing consequences for heterotrophic organisms associated with the plant
taxa. To unravel ecological dependencies, we address how long-term climatic changes have shaped the
co-occurrence of plants and fungi across selected sites in Siberia.

We investigated sedimentary ancient DNA from five lakes spanning the last 47,000 years, using the
ITS1 marker for fungi and the chloroplast P6 loop marker for vegetation metabarcoding. We obtained
706 unique fungal operational taxonomic units (OTUs) and 243 taxa for the plants. We show higher OTU
numbers in dry forest tundra as well as boreal forests compared to wet southern tundra. The most
abundant fungal taxa in our dataset are Pseudeurotiaceae, Mortierella, Sordariomyceta, Exophiala,
Oidiodendron, Protoventuria, Candida vartiovaarae, Pseudeurotium, Gryganskiella fimbricystis, and Tricho-
sporiella cerebriformis. The overall fungal composition is explained by the plant composition as revealed
by redundancy analysis. The fungal functional groups show antagonistic relationships in their climate
susceptibility. The advance of woody taxa in response to past warming led to an increase in the abun-
dance of mycorrhizae, lichens, and parasites, while yeast and saprotroph distribution declined. We also
show co-occurrences between Salicaceae, Larix, and Alnus and their associated pathogens and detect
higher mycorrhizal fungus diversity with the presence of Pinaceae. Under future warming, we can expect
feedbacks between fungus composition and plant diversity changes which will affect forest advance,
species diversity, and ecosystem stability in arctic regions.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

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

Permafrost soils comprise almost half of the global soil organic
carbon (Tarnocai et al., 2009). The permanently frozen ground
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enables only the establishment of vegetation with shallow roots
(Blume-Werry et al., 2019), most usually, tundra plants. However,
global warming is leading to increased shrub-growth on perma-
frost in arctic regions, particularly at the boundary between the
High and Low Arctic (Myers-Smith et al., 2015). Changes in the
vegetation cover will subsequently influence the carbon pool as
tundra plants growing on permafrost regulate the uptake and
release of carbon dioxide and methane (McGuire et al., 2009).

Boreal forests are the world's largest terrestrial biome, covering
an area of around 9% of the total land mass between 45� and 70�

north (Czimczik et al., 2005). The climate in their distribution area
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is defined by severe winters, warm summers, relatively little pre-
cipitation, and an overall short growing season (MacDonald et al.,
2008), leading to generally low species diversity in the forests.
Boreal ecosystems are highly impacted by global warming as
increasing temperatures result in reduced snow cover (Kreyling
et al., 2012), loss of permafrost (Fedorov et al., 2017), longer
growing seasons (Jarvis and Linder, 2000) or severe droughts and
wildfire (Flannigan et al., 2009). As a consequence, the distribution
and abundance of boreal plants is altered (Zhang et al., 2011) and
local wildlife is endangered (Bradshaw et al., 2009). Furthermore, in
Siberia, the migration of evergreen coniferous tree taxa into Larix
dominated areas after warming has been observed, possibly lead-
ing to decreased albedo and further temperature increases (Kharuk
et al., 2007, 2009). The composition of underground microorgan-
isms in boreal forests, for example fungi and bacteria, is also
impacted as it is shaped by the tree species present (Urbanov�a et al.,
2015), suggesting microbial communities will shift with changing
vegetation.

Fungi represent a principal component of soils and sustain a
broad variety of ecosystem functions (Frąc et al., 2018). Fungal
functional types reflect the strong interactions between plants and
fungi but, so far, detailed processes involved in particular temporal
changes in their covariation are not understood (Zobel et al., 2018).
Grouping fungi according to their roles in the terrestrial ecosystem
allows the assessment of compositional shifts. This, however, re-
mains challenging as the ecological functions of many taxa are still
not understood. Major ecological functional fungus groups in forest
ecosystems are saprotrophs, mycorrhizae, and parasites. Sapro-
trophic species are decomposers in terrestrial ecosystems (Baldrian
and Val�a�skov�a, 2008). A plant's benefit from mycorrhizal fungi is
the enabled acquisition of mineral nutrients in solution (e.g.
phosphate), while the fungus in return receives carbohydrates from
the plants (Finlay, 2008), making them indispensable for the plants'
establishment and survival. Mycorrhizal fungi-plant associations
include arbuscular mycorrhizae, ectomycorrhizae, ericoid mycor-
rhizae, and orchid mycorrhizae (Brundrett and Tedersoo, 2018).
Parasitic fungi, such as Heterobasidion, infecting conifer tree taxa
(Garbelotto and Gonthier, 2013), are important for eliminating
weak trees to maintain the functioning of healthy forest ecosys-
tems. While biotrophic plant parasites feed from living tissue,
necrotrophic fungi penetrate the plant, destroy the tissue, and
subsequently provoke plant death (Naranjo-Ortiz and Gabald�on,
2019).

Experimental warming led to an increase in ectomycorrhizal
fungi and free-living filamentous fungi, while a decrease in yeast
was observed (Treseder et al., 2016). It also showed an increase in
the evenness of fungal tundra communities, including ectomycor-
rhizal fungi, in relation to rising temperature (Deslippe et al., 2012).
Furthermore, under warming, saprotrophs shifted their meta-
bolism from wood-decaying to self-maintenance and subsequent
spore-production (Romero-Olivares et al., 2015, 2019). Warming
also leads to an increase in specific plant pathogens (Otrosina and
Cobb, 1989). Next generation sequencing studies of soil fungi in
arctic Alaska revealed that warming does not affect overall fungus
richness but leads to changes in the community composition. The
results of these studies revealed that decreases in ectomycorrhizae,
ericoid mycorrhizae, and lichens in the tundra accompany in-
creases of saprotrophic, pathogenic, and root endophytic fungal
richness (Geml et al., 2015; Mundra et al., 2016). Almost all infor-
mation on fungal compositional turnover originates from short-
term warming experiments (from one season up to a few years;
e.g. Heinemeyer et al., 2003; Geml et al., 2015). Accordingly, time-
series of compositional changes in fungal communities during
past climate changes are highly desirable to assess potential shifts
of ecosystem functioning in a rapidly warming world. Time-series
2

are also an asset when testing whether lab experiments reflect
real natural developments on long geological timescales.

Compositional changes of vegetation and associated fungal
communities are slow. They occur on decadal, centennial, or even
millennial time-scales not being covered by short observational
time-series and thus the exploitation of palaeoecological archives is
required. As large parts of Siberia were not covered by glaciers
during the Last Glacial Maximum (LGM; Svendsen et al., 2004),
lakes from this region provide sedimentary archives which
continuously cover the rather warm marine isotopic stage (MIS) 3
(50e30 thousand years (ka)), the cold MIS 2 (30e15.5 ka), and
warm Holocene (MIS 1) (the last 11.6 ka) (Kreveld et al., 2000;
Swann et al., 2005), thereby encompassing tremendous vegetation
changes. Lake sediments represent natural archives of terrestrial
environmental change (e.g. Epp et al., 2015; Alsos et al., 2018;
Courtin et al., 2021). As northern Russia is warming faster than the
global average (Biskaborn et al., 2019b), lake sediments can provide
valuable information on associated terrestrial ecosystem changes.
While many sedimentary pollen records focus on vegetation
change, there is only limited information about fungi (e.g. from
non-pollen palynomorphs; Van Geel, 2001) as their fossil remains
are limited (Loughlin et al., 2018; Quamar and Stivrinsz, 2021).

Sedimentary ancient DNA metabarcoding (sedaDNA) is a
promising palaeoecological proxy using specific genetic marker
regions to study past biodiversity (Sønstebø et al., 2010). So far,
many sedaDNA studies have investigated plant metabarcoding,
mostly applying the trnL P6 loopmarker (Parducci et al., 2017; Alsos
et al., 2018; Liu et al., 2020), but only a few studies focus on fungal
aDNA from sedimentary deposits (Lydolph et al., 2005; Bellemain
et al., 2013; Talas et al., 2021), working on Siberian permafrost
sediments (Bellemain et al., 2013) and lake sediments (Talas et al.,
2021). For fungal metabarcoding, the internal transcribed spacer
(ITS) region is the most commonly used DNA barcoding region
(Seifert, 2009), but the primers used in early studies caused quite
some amplification biases (Bellemain et al., 2010). Subsequently,
primers specifically targeting ancient and degraded DNA were
designed and used on permafrost deposits (Epp et al., 2012;
Bellemain et al., 2013). These have been refined according to the
current status of reference databases by Seeber et al. (2022),
providing a primer pair that is highly suitable to amplify sedaDNA,
targeting short amplicons of a mean length of 183 bp and highly
specific towards fungi. This primer combination enables studies
using sedaDNA to trace fungus-plant interactions over time and
their adaptation mechanisms towards warming even up to species
level. The advantage of targeting lake sediment samples as ancient
DNA records over permafrost is that during the sedimentation
processes, environmental DNA is continuously deposited in the
lake, allowing a chronological community reconstruction. A recent
investigation of lake sediments showed clear variations in fungal
community compositions: while saprotrophs remained stable over
time, host-specific fungi such as plankton parasites and mycor-
rhizae shifted in relation to human impact and changing climate
(Talas et al., 2021).

This study analyses lake sediments from five sites in Siberia
spanning MIS 3, 2, and 1 for their fungal composition using
sedaDNA metabarcoding with the ITS1 marker as well as their
vegetation composition applying the trnL P6 loop marker. We
address the following questions: (1) How does fungal and plant
alpha diversity change with varying climatic and environmental
conditions? (2) How do fungal taxonomic composition and func-
tion change relative to vegetation transition? Based on the answers,
we draw conclusions on fungus-plant covariation under climatic
changes over long timescales and its impact on biodiversity alter-
ation in Arctic terrestrial environments. As exemplified by the
response of fungus-plant interactions, our results help to predict
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more accurately the impact of future warming on biodiversity
shifts.

2. Geographic setting and study sites

All study sites are located within Siberia, central eastern Russia
(Fig. 1), and are characterised by permafrost soils (Brown et al.,
1997; Tchebakova et al., 2009). The climate in the area is rather
continental with hot summers and long, severe winters (Atlas
Arktiki, 1985). The most prevalent vegetation is boreal forest with
spruce, pine, fir, and larch in the western and southern parts and
pure larch forest in the east. Arctic regions along the coast and on
the Taymyr Peninsula are covered by tundra. The main character-
istics of the sampling locations are displayed in Table 1. The climate
data are taken from the Russian Institute of Hydrometeorological
Information: World Data Center (2021) unless indicated differently.

3. Materials and methods

3.1. Sampling

After coring, all sediment was stored at 4 �C to remain cool until
sampling and further processing to preserve the cores under con-
ditions similar to those on the lakebed. A parallel study (Seeber
et al., 2022) on the fungal metabarcoding marker addressed
whether the time of the coring and the subsequent long-term
storage conditions influenced the metabarcoding results, for
example by promoting mould. The study demonstrated that there
is no direct impact on the results. SedaDNA samples were taken
from 1 m sub-core segments that were cut in half lengthwise.
Subsampling was undertaken in the climate chamber of the
Helmholtz Centre Potsdam e German Research Centre for Geo-
sciences (GFZ) at 10 �C. The chamber is located in the cellar where
nomolecular genetic studies are conducted. Before subsampling, all
surfaces were cleanedwith DNA Exitus Plus™ (VWR, Germany) and
demineralised water. All tools were cleaned according to the rec-
ommendations of Champlot et al. (2010) to avoid contamination
Fig. 1. Map of central Russia showing the location of the study sites (AþB). (C) to (G) satellite
a star. The “distribution of deciduous and evergreen forests” is taken from the ESA CCI Land
For the illustration, the land cover classes “70” (“Tree cover, needleleaved, evergreen”) and
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with modern DNA and between the samples themselves. All ma-
terials were taken from the palaeogenetic DNA laboratory at the
Alfred-Wegener-Institute (AWI) in Potsdam where they had been
treated to remove DNA.

During sampling, protective clothing as well as face masks were
worn. The surfaces of the core halves were scraped off twice with
sterile scalpel blades and samples were taken using four knives and
then placed in sterile 8 mL Sarstedt tubes. All samples were taken
under the same conditions. The core from Levinson Lessing was
similarly sampled in the laboratories of the Institute of Geology and
Mineralogy at the University of Cologne. After sampling, the aDNA
samples were frozen at �20 �C until DNA extraction and
amplification.

Samples for DNA analyses were taken according to their esti-
mated ages, at intervals of about 5 cal kyr (calibrated kiloyears),
leading to 15 samples from Lama, 9 samples from Levinson Lessing,
10 samples from Kyutyunda, and 8 samples from Bolshoe Toko. For
CH12, 28 samples were taken, at a higher temporal resolution of
intervals of about every 100e250 years.

3.2. DNA extraction and amplification

SedaDNA was extracted using the DNeasy PowerMax Soil DNA
Isolation Kit (Qiagen, Germany) according to the manufacturer's
instructions. Before adding 3e7 g of wet sediment material for each
sample, the PowerBead solution was mixed with buffer C1 and
additionally Proteinase K (2 mg mL�1) and DTT (5 M) to break up
remaining small pieces of tissue and yield higher DNA concentra-
tion. The Proteinase K was added to the bead beating tubes before
vortexing to reduce the risk of cross-contamination. We placed the
tubes on a vortexer for 10 min and included an additional incuba-
tion step at 56 �C in a rotation oven overnight. All further steps
were conducted according to the manufacturer's instructions. The
final elution was conducted using 2 mL of solution C6. Each
extraction batch was processed on a different day to avoid
contamination between batches. 0.5 mL of the CH12 extracts were
purified and concentrated to 50 mL with a GeneJET PCR purification
images of the lakes with their surroundings. The locations of the cores are marked with
Cover time-series v2.0.7 (1992e2015)- data set (https://www.esa-landcover-cci.org/).
“80” (“Tree cover, needleleaved, deciduous”) were extracted.

https://www.esa-landcover-cci.org/


Table 1
Main characteristics of the sampled lakes.

Lake Coordinates Type of vegetation Mean temperature Dimension Coring

Levinson
Lessing

74.27�N, 98.39�E; 48 m a.s.l.
(Taymyr peninsula)

sparse lichen-herb, moss-forb, dry sedge-forb
tundra with dominant Dryas octopetala, Salix
polaris, and Cassiope tetragona (Anisimov and
Pospelov, 1999)

July: 12.5 �C
January: 31.5 �C
Hatanga weather station;
71.98 �N, 102.47 �E;
distance to the lake:
289 km

15 km � 2.5 km,
maximum depth:
120 m (Lebas et al.,
2019)

year: 2017
length: 46 m
(Co1401; Fig. 1D) at
a depth of 112 m
age: 62 cal ka BP
(Scheidt et al., 2021)

CH12 72.4�N, 102.29�E; 60 m a.s.l.
(southern Taymyr Peninsula north
of the Putorana Plateau)

shrub tundra dominated by Sphagnum,
Hylocomium, Aulacomnium, Dicranum, and
Polytrichum as well as Empetrum nigrum, Betula
nana, and Vaccinium uliginosum; stands of Larix
gmelinii (Klemm et al., 2016; Niemeyer et al.,
2017)

July: 12.5 �C
January: 31.5 �C
Hatanga weather station;
71.98 �N, 102.47 �E;
distance to the lake: 60 km

elliptically shaped,
mean radius: 100 m,
maximum depth:
14.3 m

year: 2011
length: 1.21 m
(Fig. 1C)
age: 7.1 cal ka BP
(Stoof-Leichsenring
et al., 2015; Klemm
et al., 2016)

Kyutyunda 69.38 �N, 123.38�E; 66 m a.s.l.
(northern Siberia on the central
Siberian Plateau)

tundra-taiga transition zone, formed of a mosaic
of Larix forest and shrub tundra with Poaceae,
Dryas, and Saxifraga species

July: 13 �C January: 35.3 �C
Kjusjur weather station;
70.68 �N, 127.4 �E;
distance to the lake:
210 km

roughly circular at
2.2 km by 3 km,
maximum depth:
3.5 m

year: 2010
length: 7 m (PG
2023; Fig. 1F)
age: 38.8 cal ka BP
(Supplement 1 and
2)

Lama 69.32�N, 90.12�E; 53 m a.s.l.
(Putorana Plateau)

dense taiga with Picea, Larix, and Betula, shrubs
such as Alnus fruticosa, Salix, and Juniperus
communis, and dwarf shrubs (Andreev et al., 2004)

July: 13.8 �C
January: 28.8 �C
Volochanka weather
station; 70.97 �N, 94.5 �E;
distance to the lake:
247 km

area: 318 km2;
80 km � 7 km;
maximum depth:
254 m

year: 1997
length: 18.85 m
(depth 66 m;
PG1341, Fig. 1E)
age: 23 kal ca BP
(Supplement 3 and
4)

Bolshoe
Toko

56.15� N, 130.30 �E; 903 m a.s.l.
(northern slope of eastern Stanovoy
Mountain Range in southern
central Yakutia)

deciduous boreal forests formed by Larix cajanderi
and L. gmelinii with occurrences of Picea obovata,
P. jezoensis, and Pinus sylvestris (Konstantinov,
2000)

July: 34 �C January: 65 �C
Toko weather station; 56.1
�N, 131.01 �E; distance to
the lake: 44 km
(Konstantinov, 2000)

area:
15.4 km � 7.5 km,
maximum depth:
72.5 m

year: 2013
length: 3.8 m (at
26 m depth;
PG2133; Fig. 1G)
age: 33.8 cal ka BP
(Courtin et al., 2021)
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Kit (Thermo Fisher Scientific, Germany). For all other lakes, 1 mL
DNA extract was used for the purification. Afterwards, the con-
centration was measured with a Qubit Fluorometer (Qubit dsDNA
BR assay kit, Qubit 4.0 Fluorometer, Thermo Fisher Scientific, USA)
and the DNA diluted to 3 ng mL�1 which balanced out the differently
processed volumes. Small aliquots were prepared to avoid freeze-
thaw cycles. DNA extraction blanks were not concentrated, but
used directly for subsequent PCR analyses.

For the amplification of fungal DNA, the tagged forward primer
ITS67 and reverse primer 5.8 S were used (Seeber et al., 2022). The
amplified region has a size of approximately 183 bp (without the
primers). The use of tagged primers is essential to enable the
assignment of the DNA sequences to original samples after next
generation sequencing. For each batch, six replicates were con-
ducted independently from each other.

For the reconstruction of the palaeovegetation, we used the
chloroplast trnL P6 loop marker regionwith the tagged primer trnL
g as the forward and trnL h as the reverse primer (Taberlet et al.,
2007). For each batch, three replicates were conducted indepen-
dently from each other.

A PCR reaction contained in total 25 mL consisting of 3 mL DNA at
a concentration of 3 ng mL�1, 0.2 mM of each primer, 10� HiFi buffer,
2 mM MgSO4, 0.1 mM dNTPs, 0.8 mg mL�1 BSA, and 1.25 U Plat-
inum Taq High Fidelity DNA Polymerase (Invitrogen, United States),
which can replicate through Uracil and is thus suitable for PCRs on
damaged DNA (Rasmussen et al., 2010). Each PCR batch also con-
tained 3 mL of the corresponding DNA extraction blank and a PCR
negative control with 3 mL of DEPC-water instead of the DNA
sample. All steps were conducted in the palaeogenetic laboratories
at AWI Potsdam.
4

The PCR reaction itself was conducted in the Post-PCR labora-
tories at AWI Potsdam, which are located in a separate building to
avoid contamination of ancient DNA samples with amplified DNA.
Initially, lake CH12was conducted as a separate project itself for the
establishment of the metabarcoding primers (Seeber et al., 2022).
To support the study of the marker establishment as well as this
study, the results were merged after sequencing which led to small
differences in the PCR protocol as described as follows. The fungal
ITS marker amplification for the CH12 samples was conducted in a
thermocycler (Biometra, Germany) following the protocol for
voucher samples (Seeber et al., 2022) while the other fungal sam-
ples were amplified using the following protocol: initial denatur-
ation at 94 �C for 2 min, 40 cycles of 30 s denaturation at 94 �C, 30 s
annealing at 54 �C, and 30 s elongation at 72 �C, final elongation of
10 min at 72 �C. The thermocycler protocol for plant trnL P6 loop
amplification followed the protocol of Epp et al. (2018).

All PCR products were checked by gel electrophoresis (2%
agarose gels). Only products showing expected gene bands were
used for purification and subsequent sequencing. Purification was
done with the MinElute PCR Purification Kit (Qiagen, Germany)
with the elution in 50 mL of the elution buffer. Each PCR product
was used entirely for purification and treated independently. DNA
concentration was measured with a Qubit 4.0 Fluorometer,
measuring dsDNA using the broad-sensitivity kit. For sequencing,
40 ng of each purified PCR product were pooled. If the concentra-
tion was not measurable, the total purified volume was added to
the pool. All PCR replicates were used for the final pools (6 for the
ITS1 metabarcoding, 3 for the chloroplast P6 loop metabarcoding).
For extraction blanks and PCR no-template controls, 5 mL of each
PCR product was added to avoid diluting the concentration of the
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final sequencing pool too much. The final pool was purified again
withMinElute and adjusted to a final concentration of 33 ng mL�1 in
30 mL. Three fungal sequencing pools with 175e187 samples each
(Pool 1: 187 samples (3 replicates of each lake besides CH12 and 18
samples of a different project), Pool 2: 187 samples (all CH-12
samples), Pool 3: 175 samples (3 more replicates for the other
lakes)) were sent to Fasteris SA sequencing service (Switzerland).
The service included library preparation using a specified protocol
(Metafast library; a PCR-free library preparation method), quality
control and sequencing on an Illumina MiSeq platform (2 � 250 bp,
V3 chemistry with an expected output of 20 million paired-end
reads).

The plant PCR products were treated equally to the fungal PCR
products. We sequenced two pools for the plant metabarcoding.
These pools were sequenced on an Illumina NextSeq500 device
(2 � 150 bp, 120 million paired-end reads). In addition, plant trnL
P6 loop data from the lake CH12 were used from Epp et al. (2018).
3.3. Bioinformatic analysis

For the quality-check, filtering and taxonomic assignment of the
sequencing results, we used the open source OBITools pipeline
(Boyer et al., 2016). First, illuminapairedend was conducted to pair
sequence ends, followed by obigrep which filters out all unpaired
reads. Afterwards, ngsfilter was used to demultiplex the file into
unique samples and obiuniq was applied to dereplicate sequence
reads. All sequences shorter than 10 bp and with fewer than 10
reads were deleted applying obigrep. A detailed description of all
filtering steps is attached (Supplement 5).

After filtering, ecotag was applied to the vegetation dataset to
perform taxonomic classification of the sequences against the
sequence database. For the taxonomic assignments in the meta-
barcoding community, different approaches can be used. One
approach is to work with each assigned sequence variant (ASV)
present in the sample (after filtering out sequencing errors) and
compare them to a reference database. In the case of the vegetation
dataset, we are working on the level of ASVs. For taxonomic clas-
sification of the vegetation dataset, we used the ArctBorBryo
database based on quality-checked and curated Arctic and Boreal
vascular plant and bryophyte reference libraries (Sønstebø et al.,
2010; Willerslev et al., 2014; Soininen et al., 2015). Only those
ASVs that have a 100%match to the database were kept in the plant
dataset. The taxonomic names (either family, genus or species
level) of the plant ASVs were checked on https://www.gbif.org/ for
their occurrence in the study area. To simplify the dataset, all reads
assigned to the ASVs with the same scientific name are merged into
one taxon.

A different approach to analyse metabarcoding data is to work
with operational taxonomic units (OTUs). Whenworking on the OTU
level, the sequence types are clustered together according to a specific
threshold of sequence identity. For fungalmetabarcoding,workingon
ASV level instead of OTUs might lead to an overestimation of the
richness of common fungal species due to their haplotype variation
(Estensmo et al., 2021; Tedersoo et al., 2022), but might also result in
an underestimation of the richness of rare species. As the common
fungi drive themain composition of the datasets, we therefore chose
to work on an OTU level for this study. Additionally, clustering fungal
OTUs is, in general, commonly used by the community, following the
guideline of Tedersoo et al. (2022), and makes a comparison to other
studies easier. For the fungal dataset, the open source sumaclust al-
gorithm (Mercier et al., 2013) was applied to cluster sequences with
an identity threshold of 0.97, generating operational taxonomic units
(OTUs) before applying ecotag.
5

An analysis comparing ASVs and OTUs for the fungal data
showed only small differences in the results, which did not change
the overall pattern. Only absolute numbers of assigned sequences
differed (5684 ASVs and 5411 OTUs). Nonetheless, we tested the
distribution of the fungal taxa based on OTUs as well as on ASVs in a
PCA. A fairly similar distribution of the samples is found (Supple-
ments 6 and 7). The richness analysis revealed very similar trends
when using ASVs or OTUs. We compared the ordinations by
applying the functions procrustes () and protest () in the R package
vegan (Oksanen et al., 2020). The Procrustes comparison of the first
two PCA axis scores of the datasets with OTUs and ASVs yielded a
sum of squares of 1.44 while the Protest comparison with 999
permutations showed the sum of squares to be 0.7213 with a sig-
nificance level of 0.001.

After filtering, ecotag was applied to perform taxonomic classi-
fication of the OTUs against the embl142 (based on the EMBL
nucleotide sequence database, release 142; Kanz et al., 2005) and
the UNITE database release for fungal metabarcoding (Nilsson et al.,
2019). The UNITE database is a curated fungus database where
detection of false positive reads might be lower than in the broader
EMBL release. Using only the UNITE database for the assignment,
however, might preclude identification of certain taxa. Therefore,
the final assignment for each fungal OTU is based on the assign-
ment from the database with the higher identity. When both da-
tabases match the same identity but differ in their specific species
assignment, the UNITE database is used for final taxonomic
classification.

All databaseswere built to be applicable for the ecotag algorithm
as following: the sequences of the databases and NCBI taxonomy
files were formatted in the ecoPCR format and ecoPCR was run to
simulate in silico amplification of database sequences with the
subsequent primers (allowing 5 mismatches in each primer
sequence). The putatively amplified sequences were used as the
reference databases and taxonomy information was added.

Fungal OTUs with identity levels equal to or higher than 98%
were used for further analyses to keep only well-annotated se-
quences. All contaminants (non-fungal reads; OTUs occurring only
in no-template controls/extraction blanks) and aquatic fungi as
well as OTUs with total read counts lower than 10 have been
excluded from further analysis. Seeber et al. (2022) describe these
reads in more detail and show that they make up only a small part
of the dataset, validating the reliability of the primer pair. For the
vegetation data, the identity cut-off was at 100%. The taxa were
checked on https://www.gbif.org/ for their occurrence in the study
area. Taxa which do not occur in the area were filtered out from the
dataset. Further excluded ASVs are algae which are also amplified
by the marker, but are not part of the terrestrial vegetation being
assessed in this study.We resampled both datasets to normalise the
count data following the script of Kruse (2020; https://github.com/
StefanKruse/R_Rarefaction) while using the lowest overall count of
a sample as the base count. The vegetation data were resampled to
a base count of 12,489, resulting in an exclusion of the samples
from 9.9 cal ka BP (calibrated kiloanni before 1950 CE) of Kyutyunda
and 7 cal ka BP from CH12 due to too low counts. The fungus data
were resampled to a base count of 5,284, resulting in the exclusion
of the sample from 5 cal ka BP fromKyutyunda and the sample from
18.8 cal ka BP from Lama.
3.4. Assessment of negative controls and contamination

For the plant dataset, we ran in total 29 extraction blanks (EBs)
and 29 no-template controls (NTCs) along with the 189 samples.
100% of EBs and 90% of NTCs are clean and show no or a negligible

https://www.gbif.org/
https://www.gbif.org/
https://github.com/StefanKruse/R_Rarefaction
https://github.com/StefanKruse/R_Rarefaction
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proportion of contamination (lower than 0.01% of total reads). In
10% of NTCs we detected between 0.014 and 0.035% of the total
reads (Supplement 8). We also checked the blanks for their con-
tained ASVs and the percentage of the reads in the blanks vs. the
samples. We identified 12 different ASVs which are present at more
than 10% of their abundance (samples þ blanks) in the blanks
(Supplement 9).

We ran a total of 58 EBs and 45 NTCs alongwith the 384 samples
for the fungal metabarcoding. 81% of EBs and 82.2% of NTCs are
clean and show no or a negligible proportion (lower than 0.01%) of
total reads. In 19% of EBs we detected 0.01e0.49% of the total reads,
and in 17.8% of NTCs we detected 0.01e0.44% of the total reads
(Supplement 10). We identified 13 different OTUs which are pre-
sent at more than 10% of their abundance (samplesþ blanks) in the
blanks (Supplement 11). We excluded these OTUs from the analysis
and ran the RDA again. The RDA with the excluded OTUs is dis-
played in Supplements 13 and 14. The results are very similar to the
RDA in Fig. 4 (RDA1: 11.95% and RDA2: 2.83%; with excluded OTUs:
RDA 1: 12.15% and RDA2: 2.84%). Also, the distribution of the
samples and the taxa is robust. Those OTUs which we found in the
controls are mostly highly dominant in the samples which there-
fore can easily lead to cross-contamination during the laboratory
work. As this happened in only a very few controls, we kept the
OTUs in the dataset. Nonetheless, we cannot rule out entirely that
the OTUswhich do occur in the controls are partially contamination
as these are mostly taxa which can be found ubiquitously (e.g.
Malassezia can be found in soil but also on human skin).

3.5. Statistical analysis and visualisation

We filtered the fungus dataset following Schiro et al. (2019) and
assigned identified taxa to functional types according to their most
probable role in the ecosystem (Schulze and Mooney, 2012).
Mycorrhizal fungi include arbuscular mycorrhizae, ectomycorrhiza,
and ericoid mycorrhizae. Other groups are saprotrophs, parasites,
lichens, yeasts, and symbionts. A large number remained as “un-
known” if their role in the ecosystem is not well understood.
Identified plant taxa were assigned to either woody or herbaceous
taxa.

For the statistical analysis, all data have been double-square
rooted to better account for low-abundant taxa. All statistical an-
alyses were implemented on percentage data using R, version 4.0.3
(R Core Team, 2020). Taxa were plotted colour-coded after their
assigned functions. Plotting was done using the tidyverse package
and ggplot2 (Wickham, 2016). To analyse differences in species
diversity amongst the samples and locations, we calculated the
alpha diversity using specnumber () of each sample from the
resampled fungus and plant dataset.

To investigate relationships between fungi and vegetation, we
used the functions cor.test () and cor (). First, we assessed whether
there is a correlation between fungal OTU and ASV richness and
plant taxon richness. Second, we related the fungal richness to the
most significant vegetation PCA axis scores which were extracted
from the PCA performed on the vegetation dataset. Finally, we
applied the significant vegetation PCA axes as constraining vari-
ables in a redundancy analysis (RDA) performed on fungal
compositional data using the function rda (). The scores of the
vegetation PC axes were combined in a data frame using the
function as.data.frame () to be used as the explanatory variable. For
each axis, only taxa making up most of the separation of the axes
were plotted with their names in the final RDA to not overload the
plot. The significance of the vegetation PC axes was identified using
PCAsignificance (). We used 10 samples from CH12 which are
evenly distributed over the sediment record for the RDA to balance
6

the weight of all lakes in the ordination. All ordination analyses
were performed on double square-rooted data.

4. Results

4.1. Fungi: sedaDNA sequencing results and overall patterns of
alpha diversity and taxonomic composition

In total, we obtained 52, 213, 129 paired read counts in the
fungal dataset. After applying the OBItools pipeline, we retained
25,751 unique sequences with 32, 027, 606 counts. Clustering at a
similarity threshold of 97% with sumaclust resulted in 5411 OTUs.
Excluding OTUs with a similarity lower than 98% against the da-
tabases led to 716 remaining OTUs for the embl142 database,
whereas the UNITE database returned 268 OTUs. After resampling
to a base count of 5284 and subsequent filtering steps, 118 OTUs
remained, covering 95.25% of the initial reads obtained after
applying the OBItools pipeline. The filtered OTUs are regarded as
“rare” and are not further assessed.

The highest OTUnumbers before subsequent filtering of taxa are
detected for CH12 (209 OTUs). This is followed by forested Bolshoe
Toko (146 OTUs), Levinson Lessing (137 OTUs), and Lama (135
OTUs). The lowest OTU number is detected for the northern lake
Kyutyunda (78 OTUs). The OTU richness of single samples ranges
from 3 OTUs (Kyutyunda, 30 cal ka BP) to 82 OTUs (CH12, 5.5 cal ka
BP) with a mean of 23.53 OTUs. Samples from the Holocene show
higher richness in comparison to samples from MIS2 and MIS3 in
most lakes, while for Bolshoe Toko the overall OTU richness follows
a decreasing trend.

The 10 most dominant taxa, summing up to 71% of the entire
fungal dataset, are Pseudeurotiaceae (20%; 30 samples), Mortierella
(13%; 63 samples), Sordariomyceta (11%; 26 samples), Exophiala
(5.8%; 6 samples), Oidiodendron (5.6%; 10 samples), Protoventuria
(5.5%; 14 samples), Candida vartiovaarae (3.1%; 7 samples), Pseu-
deurotium (2.7%; 9 samples), Gryganskiella fimbricystis (2.6%; 32
samples), and Trichosporiella cerebriformis (2.4%; 11 samples).

The most dominant functional type in the dataset are sapro-
trophs (40%; 38 OTUs), while yeasts are present at 10% (23 OTUs).
Parasites (9.05%; 13 OTUs) and mycorrhizae (4.5%; 14 OTUs) are
relatively rare. Least abundant are other symbionts (1.07%; 5 OTUs),
lichens (0.2%; 4 OTUs), and mould (0.2%; 1 OTU). Fungi of unknown
function comprise 24.2% (21 OTUs) of the dataset.

4.2. Vegetation: sedaDNA sequencing results and overall patterns of
alpha diversity and taxonomic composition

In total, we obtained 48, 939, 032 reads for the vegetation data.
Assembling of paired-end reads, demultiplexing into samples, and
cleaning resulted in 152,194 unique sequence types with 20, 063,
932 counts. A total of 243 distinct taxa were obtained with 100%
similarity to the database (Sønstebø et al., 2010; Willerslev et al.,
2014; Soininen et al., 2015).

The comparison of taxa richness between the lakes reveals the
highest number for Lama (163), followed by Bolshoe Toko (152) and
Levinson Lessing (146). CH12 (138) and Kyutyunda (133) have the
lowest numbers. The taxon richness of single samples varies be-
tween 9 (7 cal ka BP, CH12) and 112 (35 cal ka BP, Bolshoe Toko).

The most common plant taxa are Salicaceae (37.4%; 69 samples),
Dryas (20.4%; 69 samples), Larix (5.94%; 44 samples), Alnus alno-
betula (5.88%; 67 samples), Papaver (3.86%; 59 samples),
Menyanthes trifoliata (3.83%; 45 samples), Bistorta vivipara (2.72%,
63 samples), Asteraceae (2.43%; 66 samples), Betula (1.6%; 67
samples), and Anemone patens (1.4%; 18 samples). These taxa
constitute 85.5% of the dataset.



Fig. 2. Site-specific fungus abundance displayed in abundance categories according to relative percentages. Fungi of the same functional type are colour-coded. The numbers in
brackets give the OTUs detected for the specific taxon. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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4.3. Site-specific plant-fungus covariation

4.3.1. Fungus and plant covariation in arctic Siberia from MIS3 to
the Holocene

In Levinson Lessing (northern Taymyr Peninsula, tundra,
40e0 cal ka BP), the Pseudeurotiaceae (unknown function) as well
as Mortierella and Gryganskiella fimbricystis (both saprotrophs) are
highly abundant during MIS3 (Fig. 2). Around 38 cal ka BP, the
Didymellaceae (parasites) also occur. At the end of MIS3, Thamnolia
vemicularis (lichen) occurs. The most abundant plant taxa at this
time are Salicaceae, Dryas, and Papaver. The most abundant fungus
taxa in MIS2 are also Pseudeurotiaceae and Mortierella, but Tri-
chosporiella cerebriformis (unknown function) also occurs often. For
plants, the most dominant taxa are Salicaceae and Papaver, fol-
lowed by Dryas at the end of MIS2 (Fig. 3). During the Holocene,
Mortierella remains the most frequent fungal taxon but mycorrhizal
Fig. 2. (cont
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OTUs (Inosperma calamistratum, I. geraniodorum, Mallocybe fusco-
marginata, Oidiodendron) and parasites (Didymellaceae, Kalmusia
variispora) become abundant as well. In the Holocene, there is a
drastic decline in Papaver while Alnus alnobetula becomes highly
abundant. Dryas as well as Salicaceae remain mostly abundant.

CH12 (southern Taymyr Peninsula, tundra, 7e0 cal ka BP) only
spans the mid to late Holocene. Around 7 cal ka BP, Inocybe
(mycorrhizae) as well as Golovinomyces sordidus and Didymellaceae
(parasites) are highly abundant. Mortierella is present throughout
the whole record but shows strong declines when mycorrhizae and
parasites are abundant around 5 cal ka BP (Fig. 2). Until 5.5 cal ka BP,
Alnus alnobetula and Salicaceae are highly abundant. Woody taxa
such as Alnus alnobetula, Larix, Betula, and Rhododendron have their
highest abundances around 5 cal ka BP (Fig. 3). After 5 cal ka BP, an
increase in yeast taxa (e.g. Lipomyces anomalus, Cryptococcus) is
detected. This coincides with a decline in the aforementioned
inued).



Fig. 3. Fungal functional types in relation to fungal OTU richness and dominant plant taxa. Left column: distribution of fungal functional types for each lake. Middle column: fungal
OTU richness of each lake (total OTU numbers), with the black line representing the fungal taxa while the green line marks the vegetation taxa for comparison. Right column: ten
most dominant plant taxa of each lake. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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woody taxa. The lichen genus Peltigera is abundant in more recent
times when the variety of mycorrhizal taxa also increases and
Inocybe, Hyaloscypha finlandica, Scleroderma, Cortinarius, Inocybe
giacomi, and Hyaloscypha hepaticola occur. Saprotrophic taxa such
9

as Mortierella species, Lyophyllum fumosum, Penicillium, and Exo-
phiala are present throughout the whole record.

Lama (northern Siberia, tundra-taiga transition zones, 24e0 cal
ka BP) covers MIS2 and the Holocene. The most abundant fungal



Fig. 4. Fungal and plant co-variation displayed in a redundancy analysis (RDA). The most relevant principal component axes of the vegetation were determined, the scores extracted
and then integrated into the RDA. The fungal taxa are displayed either with their names or as a dot colour-coded according to their functional group (see Fig. 2 and 3). The plant taxa
are marked with black arrows. The numbers after the taxa names indicate the specific OTU. The samples are displayed as stars and colour-coded according to their lake origin. The
vegetation explains 20% of the fungus distribution. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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taxa during MIS2 are Pseudeurotiaceae, Protoventuria (parasite),
Mortierella, and Cyphellophora reptans (yeast) (Fig. 2). Dryas as well
as Salicaceae dominate the vegetation. Around the beginning of the
Bølling/Allerød (15 cal ka BP), Pseudosperma and Inosperma species
(mycorrhizae) become abundant. A little later, Venturia hystrioides
and Kalmusia species (all parasites) start to occur. Salicaceae is still
the most dominant plant taxon, but Alnus alnobetula, Picea, Betula,
and Populus also frequently occur after 15 cal ka BP. Additionally, a
drastic decline in Dryas took place after 15 cal ka BP (Fig. 3).

Kyutyunda covers the late MIS3 to the Holocene (northern
Siberia, tundra-taiga transition zones, 38.8e0 cal ka BP). The most
dominant fungal taxa during the late MIS3 are Oidiodendron,
Pseudeurotium (unknown function), and Penicillium (saprotroph)
(Fig. 2). During this time, Salicaceae and Asteraceae are the most
abundant plant taxa but Alnus alnobetula also occurs (Fig. 3).
Oidiodendron is mainly present at the end of MIS3. Shortly after, a
large increase in Betula is detectable. In MIS2, the fungal taxa
Oidiodendron and Penicillium are still highly prevalent and the
taxon Lachnum fuscescens (unknown function) becomes common
(Fig. 2). Salicaceae remains the most dominant plant taxon and
Betula starts to occur more frequently. High abundance of Dryas as
well as the first instances of Alnus alnobetula are detectable in the
10
late MIS2 (Fig. 3). During the Holocene, Pseudeurotium (unknown
function) and Kalmusia variispora became the most abundant
fungal taxa. Salicaceae maintained its broad distribution while
other woody taxa such as Alnus alnobetula and Rhododendron
increased in their abundances.

Bolshoe Toko also spans the late MIS3 to the Holocene (central
Yakutia, taiga, 35e0 cal ka BP). During the late MIS3, Pseudeur-
otiaceae are the most abundant fungal family but parasitic species
(e.g. Kalmusia species, Inonotus hispidus) and saprotrophs (e.g.
Mortierella, Grykanskiella fimbricystis) also occur (Fig. 2). At this
time, Salicaceae is the most abundant plant taxon with Dryas
occurring frequently. Alnus alnobetula and Betula are also present
but at lowabundance (Fig. 3). InMIS2, Gryganskiella fimbricystis and
Mortierella are highly abundant fungi and a few yeast taxa (e.g.
Dioszegia fristringensis, Piskurozyma capsuligena) start to occur. In
late MIS2, Inosperma calamistratum (mycorrhizae) also occurs.
Vegetation is still dominated by Salicaceae until the end of MIS2
with scarce abundances of Alnus alnobetula and Betula. In the Ho-
locene, Protoventuria (parasite) is the most abundant fungal taxon
but also Kalmusia species (parasite), Exophiala heteromorpha (sap-
rotroph), and Candida vartiovaarea (yeast) are commonly found. A
large increase in more diverse woody taxa is detected with more
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occurrences of Salicaceae as well as Alnus alnobetula, Betula, Larix,
and Populus.

4.3.2. Quantitative relationships between fungi and plant richness
and composition

In all records, we found only a weak borderline-significant
correlation between fungi OTU and plant taxa richness (r 0.2394,
p-value 0.098). For the fungal ASVs and plant taxa richness, the
correlation is similar (r 0.2351, p-value 0.1039) Fungal richness is
positively correlated to the sample scores of the first plant PCA axis
(PC1: r 0.3863, p-value 0.006; ASVs: PC1 r 0.387, p-value 0.006) and
negatively correlated to the sample scores of the second plant PCA
axis (PC2: r �0.41, p-value 0.003; ASVs: PC2 r �0.424, p-value
0.002). The first axis reflects the differences between samples
characterised by woody taxa including Larix and Alnus alnobetula
and typical tundra taxa. On the second axis, we detected herba-
ceous plant taxa such as Anemone patens and Thymus positively
correlating alongside other taxa preferring wetter habitats. Taxa
such as Oxyria digyna and Dryas, which are associated with rather
dry sites, show a negative correlation.

Sample scores of plant PCA axes 1e5 explain 20% of fungi
composition (p 0.001) as revealed by RDA (Fig. 4 and Supplement
12). Woody taxa such as Alnus alnobetula, Larix, and Rhododendron
appear in the upper right quadrant of the RDA plot together with
the fungal taxa Mortierella_003, Cryptococcus, and Muriformis-
trickeria rosae (unknown function) (Fig. 3) and samples from CH12
aged 5.5 and 1.8 cal ka BP. The RDA also shows that parasitic fungi,
such as Didymellaceae, and yeast, such as Lipomyces anomalus and
Cryptococcus, tend to occur in the presence of woody taxa. Lichens
occur predominantly in samples of Holocene age. Papaver and
Dryas together with the fungal taxa Pseudeurotiaceae, Grykanskiella
fimbricystis (saprotroph), andMortierella species occur in the lower
left quadrant together with all samples from Levinson Lessing.
Populus and Ranunculus in the upper left quadrant appear together
with Lipomyces anomalus (yeast), Cryptococcus (yeast), and Mor-
tierella. Samples here mostly originate from Bolshoe Toko although
there are some from Lama (around the Bølling/Allerød period) and
Kyutyunda (Holocene). Samples from the Holocene all occur in the
upper half of the RDA where woody plant taxa are found and a
broader fungal species richness is detected. In general, Lake CH12
shows a unique fungal composition in comparison to the other
lakes. The samples can be found in the right quadrants of the RDA
while the samples of the other lakes are located in the left quad-
rants or centred (Fig. 4 and Supplement 6).

5. Discussion

5.1. Fungus and plant diversity along a spatiotemporal gradient in
Siberia

Assessing the species richness in an environment enables the
determination of community diversity and can be an indicator for
ecosystem turnover (Hillebrand et al., 2018). After applying meta-
barcoding on 70 samples from five lakes across Siberia, we detected
high fungal richness (706 OTUs) while the analyses of plant rich-
ness yielded 243 distinct taxa. In comparison to Liu et al. (2020)
who investigated plant species richness in lake sediments in
north-eastern Siberia, we detected slightly higher plant diversity
(their study: 90 to 120 taxa in a single lake, this study: 133 to 163
taxa in a single lake) which might be explained by the sediments
from the present study covering a longer time span and therefore
more diverse climate scenarios. To assess fungal richness, we used
OTU clusters instead of sequence variants, which might lead to
under- or overestimation in comparison to species assessment
(Frøslev et al., 2017). Underestimation may also originate from
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missing reference material of local taxa in databases (Goodwin
et al., 2016; Quince et al., 2009). Comparably, a modern species
assessment from the western Ural yielded 376 observed fungal
species (Palamarchuk and Kirillov, 2019), which supports the
conclusion of Seeber et al. (2022) that their marker is suitable to
assess diversity even on long time-scales. Nonetheless, higher OTU
richness (1125 OTUs in 55 samples) was obtained by Talas et al.
(2021) in their study of a Holocene lake sediment core from
eastern Latvia. Their discovery of higher overall diversity is
explained by inclusion and detection of aquatic fungi (23%,
terrestrial 40%), which are mostly lacking in our data. Additionally,
they kept very short reads and included reads with fewer counts (4
instead of 10 in our study).

Bolshoe Toko (146 OTUs) and Lama (135 OTUs) are in forested
areas and showhigher fungal OTU richness compared to Kyutyunda
(78 OTUs) from the northern tundra (Fig. 3). A relationship between
fungal richness and vegetation composition has been shown by
multiple studies (e.g. Tedersoo et al., 2013; Geml et al., 2017),
however data from the Siberian treeline are lacking. Our data
concur that ectomycorrhizal fungal richness is highest with forest
cover (Geml et al., 2017). Spatial fungal richness is confirmed by the
temporal relationship: we observed co-occurrences of high fungal
richness and woody vegetation. Levinson Lessing shows a large
increase in fungal OTU richness and woody taxa dominance during
the warm Holocene compared to the late Glacial although experi-
mental warming did not result in higher fungal diversity (Geml
et al., 2015; Mundra et al., 2016). Talas et al. (2021) show high
richness as well as community turnover with increases in plankton
parasitic species and mycorrhiza after 4 cal ka BP, suggesting that
fungi with more specific hosts or substrates (e.g. ectomycorrhizae)
are more susceptible to ecosystem changes than taxa with wide
preferences. CH12 shows higher OTU richness than the other lakes,
even when considering similar sample numbers, supporting the
hypothesis that fungal communities from the warmer Holocene
might be more species rich. Potentially, warming-induced vegeta-
tion responses rather than direct warming shape the diversity in
fungal communities, suggesting a broadening diversity of fungi
species alongside future treeline migration.

Metabarcoding on arctic tundra communities reveals that each
specific tundra type has a unique community of associated fungi
(Wallenstein et al., 2007; Geml et al., 2021). This might explain the
overall highest fungal OTU richness originating from CH12 (dry
forest tundra), while Kyutyunda (wet southern tundra) shows a
rather low richness. Furthermore, our analysis shows a negative
correlation between fungal richness and the second vegetation PC
axis, covering awetness gradient from species related to drier areas
(high PC scores) to species rather related to wetter areas.

A modern spatial study on the Tibetan plateau showed that
fungal richness is positively correlated with plant richness (Yang
et al., 2017). Interestingly, through statistical analyses, we find
only aweak positive correlation between fungal and plant richness.
Most probably, this indicates a quite complex relationship between
plant richness and vegetation composition. It is also known that
other biotic or abiotic factors such as the bacterial composition or
soil N and C content influence the fungal and plant communities
(Singh et al., 2009). Besides, the shorter amplicon length of the
plant compared to the fungal marker can cause biases when
amplifying highly fragmented DNA, resulting in a weak statistical
relationship. Incomplete databases for arctic fungi might also lead
to underestimation of taxa richness. For plants, it is known that the
catchment influences the record quality if the plants are growing
closer to the soil surface (Giguet-Covex et al., 2019). Potentially,
some fungi are also more likely to end up in the sediment of the
lake if they are growing in the upper soil horizons with their DNA
transported to the lake either via animals or rainfall. At the broad
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scale, plant richness decreases with latitude (Kerkhoff et al., 2014).
However, a modern study from Kamchatka, Russian Far East, re-
ports highest plant species richness in alpine tundra and snowbed
communities (Dole�zal et al., 2013). Recent sedaDNA studies from
the treeline in Chukotka, Russian Far East, and from Bolshoe Toko
showed highest terrestrial plant richness in the late Pleistocene in
steppe-tundra areas and lowest in the forested Holocene (Huang
et al., 2020; Courtin et al., 2021). This indicates that a high corre-
lation between fungus and plant alpha diversity cannot be
expected.

5.2. Changes in ecosystem functioning over a spatiotemporal
gradient

To date, molecular analyses of ecosystem functioning that trace
fungus-plant covariation have been addressed by multiple modern
studies. These studies mainly focus on the organisms required for
modern plant establishment, that is, over spatial (Merges et al.,
2018) and short temporal gradients (Zhang et al., 2016) or under
varying growing conditions (Mohamed and Martiny, 2011). In
palaeo-research, plant communities have been subject tomolecular
analysis such as metabarcoding studies (Liu et al., 2020), shotgun
sequencing (Parducci et al., 2019) or target capture (Murchie et al.,
2021). So far, the turnover of entire ecosystems tracing not only the
plant constituent but also their associated fungal symbionts has not
yet been studied. Our data form not only one of the first molecular
biological studies revealing fungus community changes over a large
temporal gradient but also allow conclusions to be drawn on their
long-term impact on forest establishment. The following examples
highlight the impact of vegetation changes alongside climate
change on fungus ecological functionality and subsequent whole
ecosystem turnover.

5.2.1. Long-term mutualism in arctic environments inevitable for
plant establishment

Most mycorrhizal taxa detected are from the families Cortinar-
iaceae and Inocybaceae and some from Myxotrichaceae and Hya-
loscyphaceae (Fig. 2), in agreement with previous metabarcoding
studies (Nilsson et al., 2005; McGuire et al., 2013; Botnen et al.,
2014). We retrieved Inocybe (including the subgenus Inosperma
(Matheny et al., 2020)) and Cortinarius, both known from high
latitudes (Timling et al., 2012). They represent ectomycorrhizal
associates of arctic tundra and shrubs including Salix and Dryas
integrifolia (Ryberg et al., 2009; Botnen et al., 2014), both being
common taxa in our plant data. Our data also support previous
studies from boreal forests (McGuire et al., 2013), including a study
from the Russian Far East detecting Cortinarius, in addition to Lac-
tarius and Russula, as important ectomycorrhizal of Larix gmelinii
(Miyamoto et al., 2021). Cortinarius also associates with shrubs of
Salicaceae and Rosaceae as well as herbaceous Cyperaceae (Garnica
et al., 2005), which frequently occur in our plant dataset, indicating
a broad variety of host taxa for these fungi, fromwhich we can infer
high adaptability towards warming and changing overall environ-
mental conditions.

After the Last Glacial, vegetation species richness decreased as
well as arbuscular mycorrhizal taxa while ectomycorrhiza associ-
ated with woody taxa and non-mycorrhizal fungi increased (Zobel
et al., 2018). This resulted in changes in the mutualist trait structure
after the Last Glacial Maximum, making mycorrhizal associations
important factors when predicting ecosystem responses to chang-
ing environmental conditions. We also observe increasing fungal
richness in Holocene samples (Fig. 3). This underlines the suitability
of sedaDNA fungal metabarcoding studies for appropriate
ecosystem reconstructions and when considering adaptation
mechanisms alongside ecosystem turnover.
12
Interestingly, we observed highest values of Pinaceae only after
the presence of mycorrhizal taxa (e.g. Cortinarius, Inosperma
calamistratum) (Figs. 2 and 3), although this might be due to low
sample numbers. Without mycorrhizal fungi, Pinaceae growth is
restrained or establishment is inhibited as nutrient uptake is
impossible (Marschner and Dell, 1994). Studies from Japan (Ishida
et al., 2007) and temperate areas in the Himalaya (Pande et al.,
2004) revealed Cortinariaceae as the main ectomycorrhizal asso-
ciates of Pinaceae, strengthening the precision of our dataset and its
ability to correctly recover fungal-plant covariation over long time
scales and its possibility to assess ecosystem dynamics. Our analysis
also highlights the longevity of the dependency of Pinaceae on
these particular fungi.

5.2.2. Wood-decaying species highly impacted by warming
We found Mortierella, Penicillium, and Exophiala as the main

biomass-decaying taxa (Fig. 2). These are common soil fungi in
high-latitude ecosystems (Treseder et al., 2007; Allison et al., 2009)
and are reported amongst the main soil fungi in arctic tundra soils
(Kurek et al., 2007; Zhang et al., 2016) due to their cold tolerance.
Mortierella associates with Vaccinium uliginosum, Betula nana, Salix
glauca, Empetrum nigrum, and Cassiope tetragona (Vo�rí�skov�a et al.,
2019), which are typical taxa in our study. Rhizosphere samples
from Larix sibirica and Betula pendula from Krasnoyarsk, Siberia
revealed Penicillium as one of the main constituents (Boyandin
et al., 2012). Larix forests growing on permafrost show broad host
spectra towards saprotrophs (Leski and Rudawska, 2012) as a
response to changing environment, for example after wildfires
(Miyamoto et al., 2021), which explains the overall broad distri-
bution of saprotrophs after warming in the area.

Saprotrophs are generally highly abundant throughout all re-
cords. Their significant decrease around 10 cal ka BP (Figs. 2 and 3)
demonstrates that the climate change during the Pleistocene/Ho-
locene transition (Biskaborn et al., 2016, 2019a) also affected soil
communities alongside vegetation. This finding agrees with results
from experimental warming studies in boreal ecosystems, indi-
cating that relative saprotroph abundance declines with warming,
while the abundance of mycorrhizal fungi and lichens increases,
underlining long-scale ecosystem turnover as a response to
warming (Deslippe et al., 2012; Geml et al., 2015; Mundra et al.,
2016).

5.2.3. Host-specific parasites show strong co-occurrence with
woody taxa

We detected parasitic OTUs mostly in samples from the warm
Holocene (Fig. 2), confirming early findings that experimental
warming leads to increases in parasitic and virulent fungi (Geml
et al., 2015) along with woody taxa expansion. The most abun-
dant parasitic species from our dataset are Protoventuria, Kalmusia
variispora, K. longispora, and Didymellaceae which co-occur with
Salicaceae, Larix, and Alnus alnobetula (Figs. 2 and 3). In shrubby
tundra in Greenland with Salix occurrences, Venturia species are
amongst the highest abundant fungi (Vo�rí�skov�a et al., 2019), indi-
cating a strong covariation between these taxa. Interestingly, we
observe a decline in Salicaceae after Protoventuria abundance
around 20 cal ka BP (Figs. 2 and 3), supporting previously noted
fungal parasite abundances in permafrost during the LGM (Lydolph
et al., 2005). Venturiaceae has been assigned to Salicaceae as
pathogens in northern latitudes (Hosseini-Nasabnia et al., 2016),
while Kalmusia has been detected in Alnus forests (Iznova and
Ruk�s _enien _e, 2012). Didymellaceae co-occurs with a broad range
of host plants such as Larix decidua (Chen et al., 2017). The RDA
reveals that Kalmusia species preferentially occur in forested areas
alongside saprotrophic and mycorrhizal species (Fig. 4), supporting
the value of our data and the feasibility of co-occurrence analysis in
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sedaDNA studies and their potential when assessing ecosystem
dynamics up to species level. Plant-parasite interplay in relation to
climate change is not fully understood (Burdon and Zhan, 2020) but
it is assumed that parasitic fungi are more specific in their hosts
than mycorrhizal taxa, making them a great target when assessing
ecosystem dynamics and turnover (P~olme et al., 2018).

5.2.4. Lichens influence soil carbon dynamics and local fauna
The recovered lichen OTUs belong to 16 families with the

highest richness in Peltigeraceae and Parmeliaceae. The most
abundant genera are Thamnolia, Peltigera, and Cetraria, all of them
being common in northern Siberian communities (Zhurbenko and
Yakovchenko, 2014) and permafrost (Lydolph et al., 2005). Tham-
nolia species often occur in arctic tundra (Sheard, 1977), showing
low specificity concerning their photobiont while associating with
various Trebouxia species (Nelsen and Gargas, 2009). Peltigera
preferentially grows in temperate regions on soils and among
mosses over rocks, but also on tree trunks (Nash, 2002) and in
boreal forests (Asplund and Wardle, 2015), explaining their abun-
dance in the forested Holocene in CH12 (Fig. 2).

Our analyses are among the few palaeoecological studies
detecting lichens (Fig. 2). Lichens are commonly missing from fossil
records (Taylor and Osborn, 1996) despite being an important
component of boreal forest and tundra biomass (Asplund and
Wardle, 2017; Shevtsova et al., 2020). However, we could only
detect a few reads, belonging to 48 OTUs (<1% of the whole
dataset).

Unexpectedly, most lichens are recorded from warm periods
with well-developed vegetation (late MIS3 and Holocene). Lichens
are a prominent feature of arctic landscapes and short-term
experimental warming in the Canadian arctic led to their decline
(Fraser et al., 2014). For Siberia, lichens have been recovered along a
broad latitudinal gradient with high diversity and biomass
(Safronova and Yurkovsksya, 2019). Lichen cover on permafrost
produces a cooling effect, making lichens of great importancewhen
considering thawing effects (Porada et al., 2016). Reduced or no
lichen cover during the glacial might be relevant for past soil carbon
dynamics. Lichens tolerate high percentages of CO2 (Badger et al.,
1993), but studies about the impact of low CO2 supply are
missing. Possibly, they suffer more than other fungi from reduced
atmospheric CO2 content as lichens also have to supply their algal
or cyanobacterial symbionts.

Lichen distribution also impacts the occurrence of animals such
as Moschus moschiferus, which preferentially settle in lichen-rich
habitats for their food supply (Slaght et al., 2019). Increased
lichen coverage during the Holocene may have supported the
compositional turnover in the megaherbivore fauna. Reindeer
mostly feed on lichen but changing environmental conditions
might impact their distribution and diet to include less lichen
(Drucker et al., 2011) or to vary seasonally (Bocherens et al., 2015),
giving them higher survival advantage. Changing fungus commu-
nities will thus not only impact the boreal forest, but also its fauna.

5.2.5. Habitat-loss of fungal species due to warming resulting in
feedback on whole ecosystem

The most abundant yeast taxa in our dataset are Candida var-
tiovaarae, Malassezia restricta, Cyphellophora reptans, Cryptococcus,
and Lipomyces anomalus (Fig. 2), which are widely distributed in
Siberian soils (Polyakova and Chernov, 2001). Candida vartiovaarae
is broadly present in forest as well as in grassland soils (Yurkov
et al., 2012), while Cryptococcus is associated with peatland
(Thormann, 2006) and boreal swamps (Kachalkin and Yurkov,
2012). A correlation between Malassezia species and nematodes
in central European forests was discovered, suggesting that nem-
atodes act as vectors for the fungi (Renker et al., 2003). To
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investigate these zoophilic relationships and their contribution to
ecosystem stability, further metabarcoding data on small soil or-
ganisms could be an asset.

Whenever yeasts are highly abundant in the records, especially
in colder time periods like the LGM, mycorrhizae decrease (Figs. 2
and 3). Most yeasts show adaptive responses when temperatures
drop to maintain their survival (Kandror et al., 2004). Experimental
warming also shows yeast decline with rising temperatures
(Treseder et al., 2016), indicating that some species will lose their
habitats with ongoing warming, resulting in a major feedback to
the ecosystem, potentially leading to shifts in the entire ecosystem
and subsequent turnover from, for example, tundra to taiga.

From our data, it is not possible to determine the role of yeast in
soil. Generally, they serve both as biotoxins (Santos et al., 2004;
Compant et al., 2005) or growth promoters for plants (Nassar et al.,
2005; El-Tarabily and Sivasithamparam, 2006). In Siberia, yeasts
might either function as plant parasites (Hern�andez-Fern�andez
et al., 2021) or as biodegraders, as after a period of high yeast
abundance, we detect decreasing woody taxa. Further research on
modern mutualistic and parasitic interactions in the area will help
to solve this research gap and to understand yeast impact on long-
term ecosystem stability.

5.3. Implications of our results for ecosystem functioning and future
research avenues

The interplay between climate, vegetation, fungi, and microor-
ganisms in the boreal forest ecosystem is not yet understood. As
fungi are a key component of ecosystem functioning, a major
impact on future ecosystem-climate feedback is expected alongside
compositional change and varying soil microbiome (McCalley et al.,
2014). To our knowledge, we conducted the first study on fungus-
plant interactions and co-occurrences in the palaeo context,
assessing community shifts in boreal forests as well as tundra
ecosystems. However, our results are only a first proxy on future
community changes as the magnitude of warming differs strongly
between our samples and present warming and any relationship
may incorporate lagged responses over large time-scales
(Biskaborn et al., 2021).

To our knowledge, this is the first long-term dataset showing
antagonistic relationships among fungal functional types as well as
warming-related vegetation change related to fungus diversity and
composition changes. By analogy to the past, future woody taxa
advance into arctic regions might result in higher fungus diversity
and a relative increase in mycorrhizae, parasites, and potentially
lichens at the cost of saprotroph and yeast abundance.

Our study design does not allow a definite conclusion to be
drawn on whether future treeline advances will rely on the pres-
ence of specific fungal communities. As ectomycorrhizal commu-
nities in sub-arctic tundra are generally species-rich and do not
show high host preferences (Ryberg et al., 2009, 2011), major
changes may not ensue. However, the investigated soils in the sub-
arctic already have long histories of soil development, unlike the
northern tundra sites and upper mountain areas. Temperature
wise, these are potential habitats for forest establishment butmight
not be favourable for diverse soil fungus composition due to a lack
of nutrients.

Lichens do not generally suffer fromwarming but are affected by
the vegetation. The observed decline in lichens with denser canopy
cover (Cornelissen et al., 2001) may only be relevant to the more
southerly forests. As our study only returned a few lichen OTUs, it is
not possible to draw a robust conclusion here. High CO2-concen-
trations during experimental darkening leads to generally quick
CO2 uptake by the genus Peltigera and subsequently relatively slow
release (Badger et al., 1993), making lichens potentially valuable for
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the storage of future warming-induced CO2 from soil. Further
research into lichens is promising to delve into mechanisms sup-
porting ecosystem adaptation towards changing environments.

Besides the limitation in temporal resolution, our study suffers
from limited taxonomic resolution and complex abundance pat-
terns. SedaDNAmetabarcoding is highly susceptible to damage and
degradation, leading to biases in PCR products as taxa might be
dismissed due to short lengths (Coissac et al., 2012; Taberlet et al.,
2012). Sometimes, reference genomes are missing and identifica-
tion at the relevant taxonomic resolution is not possible (Sønstebø
et al., 2010). Also, different taxa possess varying amounts of
genome copy numbers per cell which might lead to over-
representation of taxa with high copy numbers while rare taxa can
be missed (Behnke et al., 2011). To strengthen the metabarcoding
data, a further comparison to target capture similar toMurchie et al.
(2021) but on the fungal DNA of the same samples would be an
asset to validate the recovered abundances and diversity.

6. Conclusions

This is the first study showing spatial and temporal changes in
palaeo fungus-plant covariation. Knowing which fungi influenced
the growth of specific plant communities in the past will help to
predict future community turnover due to varying climate. To un-
derstand palaeo community turnover in more detail, it is necessary
to consider a plant's associated heterotrophic organisms in present
times. This will help to place knowledge gained in this study into a
better context. Additionally, our data are a great asset to existing
knowledge about boreal forests as they help to shed light on
adaptation mechanisms of plants towards warming and their
subsequent northward migration. Nevertheless, there are still
many ecological interactions that are unknown which need to be
addressed in future research, such as which organisms contribute
to the rhizospheres of specific plants and whether or how these
associations change with varying climate or how the fauna is
impacted by a changing habitat and food source. This might help
the development of future afforestation and silviculture strategies.
Despite this, our findings will already help the assessment of future
tipping points in boreal forest stability.

Funding

This research has been 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”) and the Initiative and
Networking Fund of the Helmholtz Association. The record from
lake Levinson Lessing was recovered and initially processed with
funds of the BMBF project ‘PLOT - Paleolimnological Transect’
(grant no. 03F0830A).

Availability of data and material

The data are available under Dryad and Pangaea and will be
publicly available after the acceptance of the manuscript.

Pangaea: Metadata of the cores and links to existing Pangaea
entries. doi: 10.1594/PANGAEA.948180

Dryad: Fungal and Plant DNA Datasets (Raw data and scripts).
doi:10.5061/dryad.05qfttf3x

Author contribution

The study was designed by BvH, KSL, UH; KSL supervised and
BvH conducted the experimental lab work; BvH analysed the data
under supervision of UH and KSL; LS sampled the cores and
14
supervised the DNA extractions; PS and LE performed the bio-
informatic evaluation of the marker; MM retrieved the sediment
core of Lake Lama; BD led the projects on Kyutyunda and Bolshoe
Toko; BB retrieved and dated the sediment cores including age
depth modelling of Bolshoe Toko, Kyutyunda and CH12; BvH dated
Lama and performed the age modelling; BvH supervised by UH
wrote a first version of the manuscript; all authors commented on
the first and revised version of the manuscript.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Data availability

The data will be publicly available after acceptance.

Acknowledgements

We are very grateful for the funding of the research through the
project grant “Glacial Legacy”, funded by the European Research
Council (ERC-2017-COG; project reference 772852). The work is
supported by the Russian Ministry of Education and Science No.
FSRG 2020-0019. We would like to thank everyone involved in the
several field campaigns retrieving the lake sediment cores, espe-
cially Luidmila Pestryakova and the team of NEFU Yakutsk for the
organisation of the field work. We thank Svetlana Karachurina and
Sarah Olischl€ager for their help conducting the laboratory part of
the DNA extractions and the vegetation metabarcoding and Gregor
Pfalz for fruitful discussions about the age model. We are also
grateful to Håvard Kauserud for the revision of the ecological
interpretation of the fungal taxa. The radiocarbon dating has been
done by MICADAS (AWI Bremerhaven). We thank Cathy Jenks for
the English proof-reading of the manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.quascirev.2022.107758.

References

Allison, S.D., LeBauer, D.S., Ofrecio, M.R., Reyes, R., Ta, A.-M., Tran, T.M., 2009. Low
levels of nitrogen addition stimulate decomposition by boreal forest fungi. Soil
Biol. Biochem. 41, 293e302. https://doi.org/10.1016/j.soilbio.2008.10.032.

Alsos, I.G., Lammers, Y., Yoccoz, N.G., Jørgensen, T., Sj€ogren, P., Gielly, L.,
Edwards, M.E., 2018. Plant DNA metabarcoding of lake sediments: how does it
represent the contemporary vegetation. PLoS One 13, e0195403. https://doi.org/
10.1371/journal.pone.0195403.

Andreev, A.A., Tarasov, P.E., Klimanov, V.A., Melles, M., Lisitsyna, O.M.,
Hubberten, H.-W., 2004. Vegetation and climate changes around the Lama lake,
Taymyr Peninsula, Russia during the late Pleistocene and Holocene. Quat. Int.
122, 69e84. https://doi.org/10.1016/j.quaint.2004.01.032.

Anisimov, M.A., Pospelov, I.N., 1999. The landscape and geobotanical characteristics
of the levinson-lessing lake basin, byrranga mountains, central taimyr. In:
Kassens, H., Bauch, H.A., Dmitrenko, I.A., Eicken, H., Hubberten, H.-W.,
Melles, M., Thiede, J., Timokhov, L.A. (Eds.), Land-Ocean Systems in the Siberian
Arctic: Dynamics and History. Springer, Berlin, Heidelberg, pp. 307e327.
https://doi.org/10.1007/978-3-642-60134-7_27.

Asplund, J., Wardle, D.A., 2017. How lichens impact on terrestrial community and
ecosystem properties. Biol. Rev. 92, 1720e1738. https://doi.org/10.1111/
brv.12305.

Asplund, J., Wardle, D.A., 2015. Changes in functional traits of the terricolous lichen
Peltigera aphthosa across a retrogressive boreal forest chronosequence.
Lichenol. 47, 187e195. https://doi.org/10.1017/S0024282915000092.

Arktiki, Atlas, 1985. Glav. Upravl. Geodezii I Kartografii Pri Sovete Ministrov SSSR.
Badger, M.R., Pfanz, H., Büdel, B., Heber, U., Lange, O.L., 1993. Evidence for the

functioning of photosynthetic CO2-concentrating mechanisms in lichens con-
taining green algal and cyanobacterial photobionts. Planta 191, 57e70. https://

https://doi.org/10.1016/j.quascirev.2022.107758
https://doi.org/10.1016/j.soilbio.2008.10.032
https://doi.org/10.1371/journal.pone.0195403
https://doi.org/10.1371/journal.pone.0195403
https://doi.org/10.1016/j.quaint.2004.01.032
https://doi.org/10.1007/978-3-642-60134-7_27
https://doi.org/10.1111/brv.12305
https://doi.org/10.1111/brv.12305
https://doi.org/10.1017/S0024282915000092
http://refhub.elsevier.com/S0277-3791(22)00389-4/sref7
https://doi.org/10.1007/BF00240896


B. von Hippel, K.R. Stoof-Leichsenring, L. Schulte et al. Quaternary Science Reviews 295 (2022) 107758
doi.org/10.1007/BF00240896.
Baldrian, P., Val�a�skov�a, V., 2008. Degradation of cellulose by basidiomycetous fungi.

FEMS Microbiol. Rev. 32, 501e521. https://doi.org/10.1111/j.1574-
6976.2008.00106.x.

Behnke, A., Engel, M., Christen, R., Nebel, M., Klein, R.R., Stoeck, T., 2011. Depicting
more accurate pictures of protistan community complexity using pyrose-
quencing of hypervariable SSU rRNA gene regions. Environ. Microbiol. 13,
340e349. https://doi.org/10.1111/j.1462-2920.2010.02332.x.

Bellemain, E., Carlsen, T., Brochmann, C., Coissac, E., Taberlet, P., Kauserud, H., 2010.
ITS as an environmental DNA barcode for fungi: an in silico approach reveals
potential PCR biases. BMC Microbiol. 10, 189. https://doi.org/10.1186/1471-2180-
10-189.

Bellemain, E., Davey, M.L., Kauserud, H., Epp, L.S., Boessenkool, S., Coissac, E.,
Geml, J., Edwards, M., Willerslev, E., Gussarova, G., Taberlet, P., Brochmann, C.,
2013. Fungal palaeodiversity revealed using high-throughput metabarcoding of
ancient DNA from arctic permafrost. Environ. Microbiol. 15, 1176e1189. https://
doi.org/10.1111/1462-2920.12020.

Biskaborn, B.K., Nazarova, L., Kr€oger, T., Pestryakova, L.A., Syrykh, L., Pfalz, G.,
Herzschuh, U., Diekmann, B., 2021. Late quaternary climate reconstruction and
lead-lag relationships of biotic and sediment-geochemical indicators at lake
Bolshoe Toko, Siberia. Front. Earth Sci. 9, 703. https://doi.org/10.3389/
feart.2021.737353.

Biskaborn, B.K., Nazarova, L., Pestryakova, L.A., Syrykh, L., Funck, K., Meyer, H.,
Chapligin, B., Vyse, S., Gorodnichev, R., Zakharov, E., Wang, R., Schwamborn, G.,
Bailey, H.L., Diekmann, B., 2019a. Spatial distribution of environmental in-
dicators in surface sediments of Lake Bolshoe Toko, Yakutia, Russia. Bio-
geosciences 16, 4023e4049. https://doi.org/10.5194/bg-16-4023-2019.

Biskaborn, B.K., Smith, S.L., Noetzli, J., Matthes, H., Vieira, G., Streletskiy, D.A.,
Schoeneich, P., Romanovsky, V.E., Lewkowicz, A.G., Abramov, A., Allard, M.,
Boike, J., Cable, W.L., Christiansen, H.H., Delaloye, R., Diekmann, B., Drozdov, D.,
Etzelmüller, B., Grosse, G., Guglielmin, M., Ingeman-Nielsen, T., Isaksen, K.,
Ishikawa, M., Johansson, M., Johannsson, H., Joo, A., Kaverin, D., Kholodov, A.,
Konstantinov, P., Kr€oger, T., Lambiel, C., Lanckman, J.-P., Luo, D., Malkova, G.,
Meiklejohn, I., Moskalenko, N., Oliva, M., Phillips, M., Ramos, M., Sannel, A.B.K.,
Sergeev, D., Seybold, C., Skryabin, P., Vasiliev, A., Wu, Q., Yoshikawa, K.,
Zheleznyak, M., Lantuit, H., 2019b. Permafrost is warming at a global scale. Nat.
Commun. 10, 264. https://doi.org/10.1038/s41467-018-08240-4.

Biskaborn, B.K., Subetto, D.A., Savelieva, L.A., Vakhrameeva, P.S., Hansche, A.,
Herzschuh, U., Klemm, J., Heinecke, L., Pestryakova, L.A., Meyer, H., Kuhn, G.,
Diekmann, B., 2016. Late Quaternary vegetation and lake system dynamics in
north-eastern Siberia: implications for seasonal climate variability. Quat. Sci.
Rev. 147, 406e421. https://doi.org/10.1016/j.quascirev.2015.08.014.

Blume-Werry, G., Milbau, A., Teuber, L.M., Johansson, M., Dorrepaal, E., 2019.
Dwelling in the deep e strongly increased root growth and rooting depth
enhance plant interactions with thawing permafrost soil. New Phytol. 223,
1328e1339. https://doi.org/10.1111/nph.15903.

Bocherens, H., Hofman-Kami�nska, E., Drucker, D.G., Schm€olcke, U., Kowalczyk, R.,
2015. European Bison as a refugee species? Evidence from isotopic data on early
Holocene Bison and other large herbivores in northern europe. PLoS One 10,
e0115090. https://doi.org/10.1371/journal.pone.0115090.

Botnen, S., Vik, U., Carlsen, T., Eidesen, P.B., Davey, M.L., Kauserud, H., 2014. Low host
specificity of root-associated fungi at an Arctic site. Mol. Ecol. 23, 975e985.
https://doi.org/10.1111/mec.12646.

Boyandin, A.N., Rudnev, V.P., Ivonin, V.N., Prudnikova, S.V., Korobikhina, K.I.,
Filipenko, M.L., Volova, T.G., Sinskey, A.J., 2012. Biodegradation of poly-
hydroxyalkanoate films in natural environments. Macromol. Symp. 320, 38e42.
https://doi.org/10.1002/masy.201251004.

Boyer, F., Mercier, C., Bonin, A., Le Bras, Y., Taberlet, P., Coissac, E., 2016. obitools: a
unix-inspired software package for DNA metabarcoding. Mol. Ecol. Resour. 16,
176e182. https://doi.org/10.1111/1755-0998.12428.

Bradshaw, C.J.A., Warkentin, I.G., Sodhi, N.S., 2009. Urgent preservation of boreal
carbon stocks and biodiversity. Trends Ecol. Evol. 24, 541e548. https://doi.org/
10.1016/j.tree.2009.03.019.

Brown, J., Jr, O.J.F., Heginbottom, J.A., Melnikov, E.S., 1997. Circum-Arctic Map of
Permafrost and Ground-Ice Conditions. Circum-Pac. Map. https://doi.org/
10.3133/cp45.

Brundrett, M.C., Tedersoo, L., 2018. Evolutionary history of mycorrhizal symbioses
and global host plant diversity. New Phytol. 220, 1108e1115. https://doi.org/
10.1111/nph.14976.

Burdon, J.J., Zhan, J., 2020. Climate change and disease in plant communities. PLoS
Biol. 18, e3000949. https://doi.org/10.1371/journal.pbio.3000949.

Champlot, S., Berthelot, C., Pruvost, M., Bennett, E.A., Grange, T., Geigl, E.-M., 2010.
An efficient multistrategy DNA decontamination procedure of PCR reagents for
hypersensitive PCR applications. PLoS One 5, e13042. https://doi.org/10.1371/
journal.pone.0013042.

Chen, Q., Hou, L., Duan, W., Crous, P., Cai, L., 2017. Didymellaceae revisited. Stud.
Mycol. 87. https://doi.org/10.1016/j.simyco.2017.06.002.

Coissac, E., Riaz, T., Puillandre, N., 2012. Bioinformatic challenges for DNA meta-
barcoding of plants and animals. Mol. Ecol. 21, 1834e1847. https://doi.org/
10.1111/j.1365-294X.2012.05550.x.

Compant, S., Duffy, B., Nowak, J., Cl�ement, C., Barka, E.A., 2005. Use of plant growth-
promoting bacteria for biocontrol of plant diseases: principles, mechanisms of
action, and future prospects. Appl. Environ. Microbiol. 71, 4951e4959. https://
doi.org/10.1128/AEM.71.9.4951-4959.2005.

Cornelissen, J.H.C., Callaghan, T.V., Alatalo, J.M., Michelsen, A., Graglia, E.,
15
Hartley, A.E., Hik, D.S., Hobbie, S.E., Press, M.C., Robinson, C.H., Henry, G.H.R.,
Shaver, G.R., Phoenix, G.K., Jones, D.G., Jonasson, S., Chapin, F.S., Molau, U.,
Neill, C., Lee, J.A., Melillo, J.M., Sveinbj€ornsson, B., Aerts, R., 2001. Global change
and arctic ecosystems: is lichen decline a function of increases in vascular plant
biomass? J. Ecol. 89, 984e994. https://doi.org/10.1111/j.1365-
2745.2001.00625.x.

Courtin, J., Andreev, A.A., Raschke, E., Bala, S., Biskaborn, B.K., Liu, S.,
Zimmermann, H., Diekmann, B., Stoof-Leichsenring, K.R., Pestryakova, L.A.,
Herzschuh, U., 2021. Vegetation changes in southeastern Siberia during the late
Pleistocene and the Holocene. Front. Ecol. Evol. 9. https://doi.org/10.3389/
fevo.2021.625096.

Czimczik, C.I., Schmidt, M.W.I., Schulze, E.-D., 2005. Effects of increasing fire fre-
quency on black carbon and organic matter in Podzols of Siberian Scots pine
forests. Eur. J. Soil Sci. 56, 417e428. https://doi.org/10.1111/j.1365-
2389.2004.00665.x.

Deslippe, J.R., Hartmann, M., Simard, S.W., Mohn, W.W., 2012. Long-term warming
alters the composition of Arctic soil microbial communities. FEMS Microbiol.
Ecol. 82, 303e315. https://doi.org/10.1111/j.1574-6941.2012.01350.x.

Dole�zal, J., Yakubov, V., Hara, T., 2013. Plant diversity changes and succession along
resource availability and disturbance gradients in Kamchatka. Plant Ecol. 214,
477e488. https://doi.org/10.1007/s11258-013-0184-z.

Drucker, D.G., Kind, C.-J., Stephan, E., 2011. Chronological and ecological information
on Late-glacial and early Holocene reindeer from northwest Europe using
radiocarbon (14C) and stable isotope (13C, 15N) analysis of bone collagen: case
study in southwestern Germany. Quat. Int. 245, 218e224. https://doi.org/
10.1016/j.quaint.2011.05.007.

El-Tarabily, K.A., Sivasithamparam, K., 2006. Potential of yeasts as biocontrol agents
of soil-borne fungal plant pathogens and as plant growth promoters. Myco-
science 47, 25e35. https://doi.org/10.1007/S10267-005-0268-2.

Epp, L.S., Boessenkool, S., Bellemain, E.P., Haile, J., Esposito, A., Riaz, T., Ers�eus, C.,
Gusarov, V.I., Edwards, M.E., Johnsen, A., Stenøien, H.K., Hassel, K., Kauserud, H.,
Yoccoz, N.G., Bråthen, K.A., Willerslev, E., Taberlet, P., Coissac, E., Brochmann, C.,
2012. New environmental metabarcodes for analysing soil DNA: potential for
studying past and present ecosystems. Mol. Ecol. 21, 1821e1833. https://doi.org/
10.1111/j.1365-294X.2012.05537.x.

Epp, L.S., Gussarova, G., Boessenkool, S., Olsen, J., Haile, J., Schrøder-Nielsen, A.,
Ludikova, A., Hassel, K., Stenøien, H., Funder, S., Willerslev, E., Kjær, K.,
Brochmann, C., 2015. Lake sediment multi-taxon DNA from North Greenland
records early post-glacial appearance of vascular plants and accurately tracks
environmental changes. Quat. Sci. Rev. 117, 152e163. https://doi.org/10.1016/
j.quascirev.2015.03.027.

Epp, L.S., Kruse, S., Kath, N.J., Stoof-Leichsenring, K.R., Tiedemann, R.,
Pestryakova, L.A., Herzschuh, U., 2018. Temporal and spatial patterns of mito-
chondrial haplotype and species distributions in Siberian larches inferred from
ancient environmental DNA and modeling. Sci. Rep. 8, 17436. https://doi.org/
10.1038/s41598-018-35550-w.

ESA, 2017. Land cover CCI product user guide version 2. Tech. Rep. Available at:
maps.elie.ucl.ac.be/CCI/viewer/download/ESACCI-LC-Ph2-PUGv2_2.0.pdf.

Estensmo, E.L.F., Maurice, S., Morgado, L., Martin-Sanchez, P.M., Skrede, I.,
Kauserud, H., 2021. The influence of intraspecific sequence variation during
DNA metabarcoding: a case study of eleven fungal species. Mol. Ecol. Resour. 21,
1141e1148. https://doi.org/10.1111/1755-0998.13329.

Fedorov, A.N., Iwahana, G., Konstantinov, P.Y., Machimura, T., Argunov, R.N.,
Efremov, P.V., Lopez, L.M.C., Takakai, F., 2017. Variability of permafrost and
landscape conditions following clear cutting of larch forest in central Yakutia.
Permafr. Periglac. Process. 28, 331e338. https://doi.org/10.1002/ppp.1897.

Finlay, R.D., 2008. Ecological aspects of mycorrhizal symbiosis: with special
emphasis on the functional diversity of interactions involving the extraradical
mycelium. J. Exp. Bot. 59, 1115e1126. https://doi.org/10.1093/jxb/ern059.

Flannigan, M., Stocks, B., Turetsky, M., Wotton, M., 2009. Impacts of climate change
on fire activity and fire management in the circumboreal forest. Global Change
Biol. 15, 549e560. https://doi.org/10.1111/j.1365-2486.2008.01660.x.
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