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1 | INTRODUCTION

Abstract

Reliable information on past and present vegetation is important to project future
changes, especially for rapidly transitioning areas such as the boreal treeline. To
study past vegetation, pollen analysis is common, while current vegetation is usually
assessed by field surveys. Application of detailed sedimentary DNA (sedDNA)
records has the potential to enhance our understanding of vegetation changes, but
studies systematically investigating the power of this proxy are rare to date. This
study compares sedDNA metabarcoding and pollen records from surface sediments
of 31 lakes along a north-south gradient of increasing forest cover in northern
Siberia (Taymyr peninsula) with data from field surveys in the surroundings of the
lakes. sedDNA metabarcoding recorded 114 plant taxa, about half of them to spe-
cies level, while pollen analyses identified 43 taxa, both exceeding the 31 taxa
found by vegetation field surveys. Increasing Larix percentages from north to south
were consistently recorded by all three methods and principal component analyses
based on percentage data of vegetation surveys and DNA sequences separated tun-
dra from forested sites. Comparisons of the ordinations using PRocrusTEs and PROTEST
analyses show a significant fit among all compared pairs of records. Despite similari-
ties of sedDNA and pollen records, certain idiosyncrasies, such as high percentages
of Alnus and Betula in all pollen and high percentages of Salix in all sesdDNA spectra,
are observable. Our results from the tundra to single-tree tundra transition zone
show that sedDNA analyses perform better than pollen in recording site-specific
richness (i.e., presence/absence of taxa in the vicinity of the lake) and perform as
well as pollen in tracing vegetation composition.
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increasingly used to reconstruct past vegetation (Alsos et al., 2016;
Anderson-Carpenter et al, 2011; Giguet-Covex et al., 2014;

The reliable assessment of vegetation changes on small spatial scales
and through time is a pressing research target in the light of current
global ecosystem perturbations. Environmental DNA (eDNA), such as
DNA archived in lake sediments (sedimentary DNA or sedDNA) is

Jargensen et al., 2012; Parducci et al., 2013), but the degree of relia-
bility of this tool has not been fully assessed (Parducci et al., 2014).
Studies comparing the taxonomic overlap of pollen and DNA in lake

sediment core records suggest that the DNA stems from highly local
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sources (Boessenkool et al., 2014; Jgrgensen et al., 2012; Pedersen
et al., 2014), and a comparison of lake sediment core DNA and his-
torical planting records has ascertained that the chronology of the
sedDNA is reliable and not confounded by leaching through the sed-
iment (Sjogren et al., 2016). For eDNA extracted from terrestrial
soils, it has been confirmed that it mirrors the vegetation growing on
the soils (Yoccoz et al., 2012), but a similar analysis of DNA from
lake sediments across different vegetation types is lacking to date.
Such analyses, however, are indispensable to prove that it is not
lake-to-lake differences in the taphonomy but the site-to-site differ-
ence in the vegetation that dominates the sedDNA signal. Such
proof represents a prerequisite to apply sedDNA to lake sediment
records with the purpose of millennial-scale vegetation reconstruc-
tion as lakes typically undergo long-term changes in their hydrologic
and sedimentation regimes.

The northern Siberian boreal treeline ecotone, covering an area
of northern taiga to southern tundra, is one of the most prominent
ecosystem boundaries and vegetation gradients on earth, even visi-
ble from space. It is known for its particular sensitivity to tempera-
ture change (Lloyd, Bunn, & Berner, 2011; MacDonald, Kremenetski,
& Beilman, 2008), and a northward shift is expected in response to
global warming (ACIA 2004). This change will potentially have signifi-
cant effects not only on northern ecosystems and biodiversity, but
also on feedback to the climate system due to albedo changes
(Bonan, 2008). The reconstruction of past positions of the treeline is
therefore a pressing ecological research target and has been
addressed by numerous palaeoecological studies (e.g., Anderson,
Lozhkin, & Brubaker, 2002; Andreev, Schirrmeister, et al., 2002;
Andreev, Siegert, et al., 2002; Binney, Gething, Nield, Sugita, &
Edwards, 2011; Blyakharchuk & Sulerzhitsky, 1999; Frost & Epstein,
2014; Hahne & Melles, 1997; Niemeyer, Herzschuh, & Pestryakova,
2015; Pellatt, Smith, Mathewes, & Walker, 1998). However, a reli-
able reconstruction of past treeline changes still presents a method-
ological challenge. Even current vegetation assessments based on
vegetation field surveys are challenging in such remote, high latitude
areas, which can typically be investigated only for a limited amount
of time during the very short growing season.

Traditionally, treeline transitions are studied using pollen analyses
of lake sediments (Gervais, MacDonald, Snyder, & Kremenetski,
2002; Moser & MacDonald, 1990; Pellatt et al., 1998; Seppa,
Nyman, Korhola, & Weckstrom, 2002), but unfortunately, the rela-
tionship between sedimentary pollen and surrounding vegetation is
not straightforward. Siberia encompasses Earth’s largest boreal tree-
line area, which is formed solely by larch (Larix sp.). This poses a par-
ticular problem to pollen-based vegetation reconstructions, because,
compared to other woody taxa, larch pollen is only produced in low
amounts (Li et al., 2015; Sjogren, van der Knaap, Huusko, & van
Leeuwen, 2008). It is also poorly dispersed and even more poorly
preserved in sediments and thus strongly underrepresented in pollen
records (Binney et al., 2011; Niemeyer, Klemm, Pestryakova, &
Herzschuh, 2015; Niemeyer, Herzschuh, et al., 2015). To guide the
inference of treeline transitions in fossil pollen records, modern pol-

len signals from lakes located along forest tundra transects have
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been investigated (Kay, 1979; Moser & MacDonald, 1990; Pelankova
et al., 2008; Seppa et al., 2002; Spear, 1993; Velichko, Andreev, &
Klimanov, 1997). An adequately reliable record of small-scale vegeta-
tion changes within the forest tundra ecotone was only possible
when plant macrofossils could be used as an additional proxy (Birks
& Birks, 2000), but these are sparsely recorded in lake sediments
(Birks, 2001).

Employing DNA metabarcoding (Taberlet et al.,, 2012), sedDNA
can be used to identify plants to a high taxonomic resolution
(Senstebg et al., 2010; Taberlet et al., 2007), especially when specific
sequence reference databases can be employed for sequence identi-
fication, as is possible for arctic and boreal plants (e.g., Soininen
et al., 2015; Sgnstebg et al., 2010; Willerslev et al., 2014). Although
earlier studies report a lower diversity retrieved by sedDNA (Boes-
senkool et al., 2014; Parducci et al.,, 2014; Paus et al., 2015; com-
piled by Birks & Birks, 2016), the putatively local source area of
sedDNA (Boessenkool et al., 2014; Jgrgensen et al., 2012; Parducci
et al., 2014) suggests that sedDNA analysis could be a particularly
appropriate tool to assess small-scale vegetation changes, as in the
forest tundra ecotone.

Here we investigate and compare the potential of sedDNA and
physical pollen signals to record the present position of the treeline
in Siberia, in order to assess their comparative power to track histor-
ical changes. In contrast to earlier studies, which have compared pol-
len and sedDNA merely by assessing the overlap in taxa retrieved
(Boessenkool et al.,, 2014; Jgrgensen et al., 2012; Pedersen et al.,
2014), we here conduct an explicit statistical comparison of ordina-
tions of the multivariate data sets. We investigated records from
modern lake sediments from the treeline area in northern Siberia
(Russia) and aimed (i) to investigate whether the results of three dif-
ferent vegetation assessment techniques (vegetation field surveys,
sedDNA metabarcoding, pollen analyses) are comparable in tracing
vegetation richness and (ii) to assess whether sedDNA analysis is
capable of providing additional information to pollen analysis in

future palaeovegetation studies.

2 | MATERIALS AND METHODS

2.1 | Study area

The study area, located on the southern Taymyr peninsula (Krasno-
yarsk Krai, Russia; Figure 1), extends along a north-south transect
(71.1-72.7°N and 105.9-100.8°E) spanning approximately 250 km
between the most distant lakes. The sites ranged from tundra areas
mainly characterized by herbaceous taxa, via single-tree tundra with
open vegetation and a few larch trees, to forest tundra areas charac-
terized by higher abundances of tree and shrub taxa. This lowland
area was not glaciated during the Last Glacial (Bigelow et al., 2003;
Hahne & Melles, 1997; Moller, Bolshiyanov, & Bergsten, 1999).

The landscape, which is underlain by continuous permafrost, is
flat and characterized by a large number of thermokarst lakes. Active
layer depths up to 80 cm were measured in the field. Mean July and

January temperatures are 14.0°C and 31.1°C, respectively, and the
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FIGURE 1 Location of the vegetation field survey sites and of the sampled lakes across a north-south transect across the treeline ecotone
in the Khatanga region (main image) and its location in Russia (inset). The border between tundra and forest tundra is indicated by the dashed
line. The locations of lakes sampled as single lakes (A, C, E, G, H) or as part of a lake group (B, D, F, I) are indicated. Images adapted from

Google Earth

mean annual precipitation is 252 mm (Khatanga weather station
71.969°N and 102.467°E, WMO-ID: 20891; 1906-2014; Global His-
torical Climatology Network, Menne, Durre, Vose, Gleason, & Hous-
ton, 2012). The area is covered by a thin layer of snow in winter.
The southernmost study sites are situated within Larix forest tundra
(mainly composed of L. gmelinii (Rupr.) Rupr.) (Abaimov, 2010), while
northernmost sites are located in the tundra where some larch
krummholz patches are present but shrubs and herbs dominate the

vegetation.

2.2 | Vegetation field surveys and lake sediment
sampling

Fieldwork was conducted in July and August 2013. In total, 32 med-
ium-sized lakes (Table 1; radii range: 50-150 m; median: 80 m) sur-
rounded by regionally characteristic and homogenous vegetation
were selected for sampling with the help of satellite images and after
visual inspection from a helicopter. The vegetation surveys focused
on seven sites, each associated with a specific cluster of lakes
(Table 1). The vegetation survey sites represent the three major veg-
etation types present in our study area: tundra, single-tree tundra
and forest tundra. For most of the survey sites, plots of 20 x 20 m
(400 m?) with 1 x 1 m subplots comprising the typical vegetation
were assessed by estimating individual taxon cover (%) and are
located between 100 and 2,000 m from the lake shores. To ensure
that spatial variability within a 2 km radius has only a small influence
on the vegetation composition and richness, especially for the pat-
chy vegetation areas of the tundra to single-tree tundra border, we
carried out two comparative vegetation field surveys at three of the
study sites (4, 7 and 9; Table 1, Figure 1). Because of greater

heterogeneity, the northernmost vegetation survey was conducted
in 47 1 x 1 m plots distributed within a 0.25-km? area. Vascular
plant cover was averaged across each survey site and the percentage
of each taxon relative to the total vascular plant sum was calculated.
Our tight fieldwork schedule in this remote area precluded an exten-
sive vegetation investigation. Nevertheless, we conducted the sur-
veys in a way that the time spent on them was approximately
estimated to be equivalent to the time spent on collecting and later
processing the sediment samples in the laboratory.

Lake sediments were sampled from a rubber boat using an
Ekman-Birge bottom sampler that collects approximately the upper-
most 10 cm of undisturbed surface sediment. Samples for DNA and
pollen analyses were retrieved from the uppermost 1 cm of surface
sediment, which is considered to reflect the last 5-10 years as
inferred by Niemeyer, Herzschuh, et al. (2015), and transferred by
sterile spatula into plastic bottles (Nalgene). These bottles had been
previously cleaned in a dedicated ancient DNA laboratory at the
Alfred Wegener Institute Helmholtz Centre for Polar and Marine
Research (AWI) in Potsdam, Germany, by consecutively using sodium
hypochlorite, ethanol and DNA-free water, and subjecting to UV-
light exposure at 10 cm distance for 15 min. All samples were stored
cool and dark during transportation and were finally stored at 7°C at
AWI Potsdam until further analysis.

2.3 | Pollen analysis

Pollen preparation followed the standard procedure described in
Faegri and Iversen (1989). From each subsample, 1 ml of sediment
was taken using a syringe. Before treatment, a Lycopodium spore
tablet (Batch nr. 1031; n = 20,848) was added to each of the
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TABLE 1 Name, location and information on surrounding vegetation of the sampled lakes

Nearest vegetation

Lake name Latitude (°N) Longitude (°E) Vegetation type Lake cluster survey site (site number)
13-TY-01 72.6678 105.8807 Tundra A -
13-TY-02 72.5531 105.7175 Tundra B 2
13-TY-05 72.5481 105.7505 Tundra B 2
13-TY-03 72.5479 105.7258 Tundra B 2
13-TY-04 72.5473 105.7421 Tundra B 2
13-TY-06 72.5416 105.7635 Tundra B 2
13-TY-08 72.4883 105.6483 Tundra c -
13-TY-12 72.4129 105.4477 Single-tree tundra D 4.1
13-Ty-11 724118 105.4636 Single-tree tundra D 4.1
13-TY-10 72.4062 105.4425 Single-tree tundra D 4.2
13-TY-09 72.4008 105.4399 Single-tree tundra D 4.2
13-TY-15 72.3924 105.4658 Single-tree tundra D 4.2
13-TY-13 72.3916 105.4435 Single-tree tundra D 4.2
13-TY-14 72.3866 105.4566 Single-tree tundra D 4.2
13-TY-16 72.1810 104.4879 Single-tree tundra E -
13-TY-28 72.1549 102.1013 Forest tundra F 9.1
13-TY-27 72.1533 102.0754 Forest tundra F 9.1
13-TY-26 72.1493 102.0560 Forest tundra F 9.2
13-TY-29 72.1484 102.1160 Forest tundra F 9.1
13-TY-30 72.1420 102.0905 Forest tundra F 9.1
13-TY-31 72.1360 102.0680 Forest tundra F 9.2
13-TY-32 72.1278 102.0344 Forest tundra F 9.2
13-TY-25 71.8865 101.2170 Forest tundra G -
13-TY-17 71.4031 102.2826 Forest tundra H -
13-TY-20 71.1122 100.8529 Forest tundra | 7.2
13-TY-21 71.1067 100.8229 Forest tundra | 7.2
13-TY-23 71.1038 100.8760 Forest tundra | 7.2
13-TY-19 71.1020 100.8272 Forest tundra | 7.1
13-TY-22 71.0971 100.8539 Forest tundra | 7.2
13-TY-24 71.0959 100.7975 Forest tundra | 7.1
13-TY-18 71.0927 100.8310 Forest tundra | 7.1

The related lake cluster and nearest field vegetation survey site are also indicated. The dashes (-) indicate lakes which do not have a vegetation field
survey site in their vicinity.

subsamples and diluted by hydrochloric acid (HCI; 10%). The subse-
quent procedure included treatment by a potassium hydroxide
(KOH; 10%) water bath to remove organic material, followed by
sieving of macrofossils in the samples (200 um mesh size), hot
hydrofluoric acid (42%) to dilute the minerogenic content and a two
minute acetolysis (consisting of acetic anhydrite and sulphuric acid
9:1) treatment to colour the pollen grains for microscopic identifica-
tion. To remove small pollutants from the samples, we used an ultra-
sonic bath (sieve size: 7 um) for a maximum of 30-s, after having
tested that this ultrasound treatment did not damage large pollen
grains, such as Larix. Pollen samples were analysed using a Zeiss
Axioskop 40 light microscope at 400x magnification. Identification
was based on relevant literature (Beug, 2004; Moore, Webb, & Col-
linson, 1991; Savelieva, Raschke, & Titova, 2013) and the pollen

reference collection of the AWI in Potsdam. At least 498 terrestrial
pollen (arboreal and nonarboreal) grains were counted in each sam-
ple and included in the pollen sum. Taxa which were present in only
one sample and had a maximum of two pollen grains per sample
were excluded from the data set. Three randomly selected samples
were analysed twice, and comparison of respective spectra yielded
negligible differences.

2.4 | Sedimentary DNA analysis

2.4.1 | Molecular genetic laboratory work

Extractions were performed in a dedicated DNA isolation and pre-
PCR laboratory at the Alfred Wegener Institute Helmholtz Centre

for Polar and Marine Research in Potsdam, Germany, working
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under a UV cabinet (AirClean600 PCR Working station; Star Lab),
which is only used for DNA extractions of environmental samples.
The DNA isolation laboratory is physically separated from the post-
PCR area to prevent contamination of DNA samples with PCR
products. Approximately 8 g of sediment was taken from the sam-
ples and processed using the PowerMax® Soil DNA Isolation Kit
(MoBio Laboratories, Inc., USA). For lysis, the samples were added
to the Powerbead solution with 0.8 mg proteinase K and 1.2 ml of
C1 buffer, vortexed thoroughly and incubated overnight in a shaker
at 56°C. The successive steps of the extraction protocol were car-
ried out according to the manufacturer’s instructions, using 1.6 ml
elution buffer for the final elution step. In total, we extracted 32
samples in four batches of seven or nine samples with one extrac-
tion blank per batch. Extraction blanks were processed in the same
way as the samples. PCRs were set up for each of the batches sep-
arately, each including a negative control. PCR set-up was per-
formed under a dedicated UV cabinet in the pre-PCR laboratory.
PCRs were set up in 25 pl volumes containing 1.25 U Platinum®
Tag High Fidelity DNA Polymerase (Invitrogen), 1x PCR buffer,
2mM MgSO4 1 mm dNTPs, 0.2 mm of each primer, 0.8 mg/ml
bovine serum albumin and 3 ul DNA extract and carried out in a
Biometra Professional thermocycler. PCR conditions were 94°C for
five minutes, followed by 50 cycles of 94°C for 30 s, 50°C for 30 s
for annealing, 68°C for 30 s and a final elongation at 72°C for
10 min. Because we aimed to assess the power of DNA metabar-
coding to track historical changes in vegetation, we chose the short
marker amplified using the primers trL g and trnL h (Taberlet et al.,
2007).We also performed the PCRs with a high number of cycles,
as it is customary in aDNA studies. Both primers carried unique 8-
bp tags on the 5’ end that varied from each other in at least five
base pairs and were elongated by NNN tagging (De Barba et al.,
2014) to improve generating clusters on the lllumina sequencer. All
32 extracted samples were processed in four PCR runs, including
the appropriate extraction blank and a negative control per PCR.
One sample did not yield any PCR product and was therefore
excluded from further analysis. In total, our set-up included four
PCR negative controls and four extraction blanks, and these were
negative in all PCR runs that were analysed further. Each PCR was
repeated and 15 pl of the two PCR products from the same sample
were merged. This pooling was performed to increase the richness
and the probability of tracing rare sequences. However, a recent
study has shown that the main vegetation components can already
be retrieved from a single PCR (Alsos et al., 2016). Pooled samples
were purified using the MinElute PCR Purification Kit (Qiagen). The
DNA concentration was quantified with the Qubit® 2.0 fluorometer
(Invitrogen), using the broad range DNA assay, and the purified
PCR products were pooled equimolarly. Library preparation and
sequencing (2 x 100 bp, paired-end reads) was performed by an
external sequencing service (Fasteris SA, Switzerland), using 10% of
an lllumina HiSeq lane. Libraries were prepared according to the
MetaFast protocol, which omits a PCR step in the library build.
Samples were sequenced on two individual runs, and the data were

later combined into a single data set.

2.4.2 | Analysis of sequence data

To filter, sort and assign taxonomic information to the resulting
DNA sequences, we used the ositooLs package (http://metabarcod
ing.org/obitools/doc/welcome.html; Boyer et al., 2016). We used il-
luminapairedend to align forward and reverse reads, obigrep to
remove sequences shorter than 10 bp in length, obiunig to merge
identical reads (coverage of 100% required) and obiclean to remove
probable PCR errors. Taxonomic assignments were performed using
the program ecotac and were based on a sequence reference data-
base for Arctic and Boreal vascular plants and bryophytes (containing
1,664 vascular plants and 486 bryophyte species, published by Soini-
nen et al. (2015), Sgnstebg et al. (2010) and Willerslev et al. (2014)).
Additionally, we used a sequence reference database constructed
from the embl standard sequences release 117 (Kanz et al., 2005,
http://www.ebi.ac.uk/ena) as described in Epp et al. (2015).

We based our further analyses on the sequences that showed
a 100% match (best identity value 1.0 in the ecotac analysis) to
sequences of plants occurring in Arctic regions and deposited in
one of the sequence reference databases mentioned above. This is
a conservative approach, but after applying this threshold, the
record still provided 219 unique DNA sequences, of which 164
appeared in three or more samples, represented by several hun-
dreds to thousands of reads per sequence. Some of them belonged
to the same taxon, and reads of sequences that were identified to
the same taxonomic unit were combined. Finally, 114 taxa were
included in further data handling (Appendix S1). Sequences with full
identity to sequences deposited in embl, but belonging to taxa that
are considered highly unlikely to be authentic (e.g., because they
stem from food plants or occur only in a very different geographi-
cal area; e.g., Malae and Triticeae; 106 and 66 sequence reads,
respectively) and sequences of taxa that appeared in the blanks
(Festuca and Pooideae; 14,804 and 12 sequence reads, respectively)
were discarded from all samples. We also checked how many
sequences and corresponding taxa were retrieved from three or
more independent samples, and we consider these sequences to be
more reliably present in the data set than sequences not retrieved
independently. Before comparison to pollen and vegetation field
data, all sequences belonging to aquatic flora (except for Cyper-
aceae, as they are also common elements of the arctic terrestrial
flora) and bryophytes were extracted from the record, keeping only

terrestrial plants for comparison.

2.5 | Statistical analyses

The multivariate data sets of seven vegetation survey sites and 31
lakes (for pollen and sedDNA data) were used for statistical analyses.
To allow visual comparison of the different records and changes of
abundance, percentage bar plots of vegetation, pollen counts, and
sedDNA composition were produced using the TiLa software (Grimm,
1992). To realistically estimate the taxonomic richness in pollen and
sedDNA and to test whether the pollen and sequence counts were

sufficient to capture the diversity in each sample, the raw count data
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were subjected to rarefaction analyses (Birks & Line, 1992). Only
those taxa that occurred with a minimum of 0.5% in at least five
samples were kept for the numerical analyses of the pollen and
sedDNA data, as this restricts the analyses to the taxa that were
most reliably retrieved from the samples and which are considered
part of the dominant vegetation. For the vegetation field surveys,
the same threshold was applied, but an additional taxon, which
mainly occurred at the northernmost site, but there reached a cover
of over 20%, was included too. All recorded DNA and pollen per-
centages, which met our criteria for inclusion in the statistical analy-
ses, were square-root-transformed prior to computational analyses
to limit the influence of outliers.

Principal component analysis (PCA; Bennett, 1996; Legendre,
Oksanen, & ter Braak, 2011; ter Braak, 1983, 1994) was performed
to investigate the major structure in the individual data sets. The
transformation of the vegetation field data to pollen types in the
PCA caused problems in the differentiation of the explanatory vari-
ables, because with the transformed data, the number of taxa (11)
only slightly exceeds the number of sites (7). To circumvent this
problem, here we did not use the transformed taxa, and we only
explored the first two axes of the PCA as they reflect nearly all vari-
ables (Figure 2). To allow direct comparison of the records, vegeta-
tion and sedDNA data were transformed into the same taxonomic
units as the pollen taxa data (e.g., Pedicularis capitata was trans-
formed to Pedicularis) and a PCA was rerun for each record.

To compare the fit between site and species scores of the first
four PCA axes for pollen and sedDNA, as well as vegetation against
pollen and DNA records, PROCRUSTES rotation analyses was performed
(Peres-Neto & Jackson, 2001) and the significance of similarity

between the tested data sets was assessed by proTesT (Jackson,
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(Oksanen et al., 2011) and “ricJA” (Juggins, 2009). All data sets are
available at http://pangaea.de (please see Data availability section
for details). The implementation of all three vegetation assessment
approaches (sampling and laboratory work) required a comparable

amount of time, approximately estimated at 8 hrs per sample or site.

3 | RESULTS

3.1 | Vegetation field survey

The vegetation field surveys noted 31 different vascular plant taxa,
reflecting three different vegetation types (Figure 2). The tundra site
is particularly characterized by a high Dryas (D. octopetala) cover of
about 25% and a lack of alder (Alnus alnobetula), with only very few
krummholz individuals of larch (L. gmelinii). Single-tree tundra is
mainly characterized by up to 15% of Cassiope tetragona, Cyper-
aceae, Betula nana and Eriophorum sp. The forest tundra sites in con-
trast have a Larix cover of between 14% and 20% and are also
characterized by Alnus, even though this occurs with varying abun-
dance. In contrast to the tundra site, where Salix glauca obtains a
cover of about 4%, Salix spp. only has a small cover at the other
sites (median 0.2%).

occurs steadily at all sites with a cover of between 6% and 11%.

Vaccinium (V. uliginosum and V. vitis-idaea)

The first two axes of the PCA explain 83.6% of the variance.
The PCA biplot of the vegetation survey data reveals that tundra
vegetation is characterized by a distinct vegetation composition, in
particular by high Dryas and Betula values (Figure 3). The plant taxa
obtained by the vegetation survey could be transformed into 23 ter-
restrial pollen taxa, whereof 11 taxa surpassed the threshold to be

included in further statistical analyses. They are presented in the

1995). All analyses were carried out using the r software (version reduced bar plot (Appendix S2) and a reduced PCA biplot
L3.0.3; R Development Core Team, 2014) using packages “vEGanN” (Appendix S3).
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FIGURE 2 Vegetation cover as revealed by field surveys of 400-m? plots from tundra (top) to forest tundra (bottom). Black dots indicate
percentages below 0.5%. Taxa are sorted according to their PCA taxa scores
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FIGURE 3 The first two axes of a principal component analysis
of the vegetation field survey data, which cumulatively explain 90%
of the variance. The plot indicates that the vegetation composition
of the tundra site is distinct from those of the single-tree tundra and
forest tundra sites. Taxa close to the centre of the plot are not
labelled to enhance the readability of the plot

3.2 | Pollen data

In total, 43 different terrestrial vascular plant taxa were identified by
pollen (Appendix S4), the majority of them to genus level (33), some

to family level (8) and only two to species level. Of these, nineteen

pollen taxa met the criteria to be included in the statistical analyses
(Figure 4). Together, these taxa represent more than 95% of the
investigated pollen grains in each sample. Rarefied pollen richness is
about 25 taxa (relative to a pollen sum of 498 grains) in each sample,
without any obvious trend across the transect. Rarefaction curves of
all samples do not show an asymptotic response within a count sum
of between 498 (indicated by the solid line) and 830 (Appendix S5).

Overall, Betula, Alnus and Cyperaceae are the dominant pollen
taxa. Betula and Alnus have an increasing trend from north to south,
while Cyperaceae decreases. Furthermore, Poaceae and Vaccinium
occur in all samples with at least 15% and 4%, respectively. Larix pol-
len percentages are always below 5% and are very low at most tun-
dra and single-tree tundra sites. Samples with a particularly high
Pinaceae pollen content are found at tundra and single-tree tundra
sites. These overall trends become more obvious in the biplot of the
first two PCA axes (Figure 5), which together explain 52% of the
variance in the data set. The pollen composition of tundra lake sedi-
ments is distinct from the pollen composition of lake sediments orig-
inating from single-tree tundra and forest tundra with respect to
their higher percentages of Cyperaceae, Artemisia and Rosaceae. All
spectra from tundra and most single-tree tundra lakes are located in
the left part of the biplot, while most spectra from forest tundra
lakes appear in the right part of the plot.

3.3 | sedDNA data

The sum of obtained terrestrial seed plant sequence reads in the sin-
gle samples ranges between 3,722 and 257,881 after filtering. In
total, 114 terrestrial seed plant taxa were identified by the sedDNA

analyses, of which about 45% could be identified to species level. Of
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FIGURE 4 Bar plot of pollen spectra from 31 lakes located along a north-south transect in the Siberian treeline area. Pollen percentages of
those taxa included in the statistical analyses are shown and are arranged according to their species scores. Single black dots identify

occurrences of <0.5% of the total sum of pollen
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FIGURE 5 The first two axes of a principal component analysis
of the pollen percentages that together explain 52% of the total
variance. Samples from the tundra sites are mostly located
separately from single-tree tundra and forest tundra sites. Taxa
located close to the centre of the plot are not displayed

these, 95 were retrieved from three or more independent samples.
Rarefied richness per sample varied between 54 and 14 taxa relative
to a sequence number of 3,722, with no obvious trend across the
transect. Approximately one-third of the lake samples do not show
saturation in the rarefaction curves (Appendix S6).

Overall, the relative composition of taxa is rather variable even
between nearby lakes (Figure 6). Salix is the dominant taxon in most

spectra, but it shows no clear trend from forest tundra to tundra
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sites. Betula has high percentages, particularly in some tundra lakes.
The percentages for Carex aquatilis, Carex spp. and especially Dryas
are, on average, higher in the tundra samples than in samples from
more southerly sites. Larix is below 1% in the samples from tundra
lakes. Larix and Rosoideae percentages are lower in the single-tree
tundra than in the forest tundra. Alnus percentages are below 10%
(except for lake 13-TY-27), but are, on average, highest in the single-
tree tundra lakes. Percentages of Ledum increase from single-tree to
forest tundra.

When transformed to pollen taxonomic levels, 47 taxa were
identified by the sedDNA approach (Appendix S7), of which 14 taxa
surpass the threshold to be included in the statistical analyses (see
bar plot in Appendix S8 and biplot in Appendix S9). The ordination
biplot of the first two axes of the sedDNA data (Figure 7), explaining
46% of the data variance, distinguishes between samples from tun-
dra lakes in the left lower corner and single-tree and forest tundra
lakes in the upper right and upper left. Spectra from single-tree and

forest tundra form a joint cluster in the biplot.

3.4 | Comparison of the ordinations by ProcrusTEs
rotation and PROTEST

Results of the ProcrusTEs rotation analyses and associated PROTEST
(Table 2) indicate significant accordance between the score of the sites
for pollen and sedDNA (m*? = 0.5949, p = .001). Site-specific residuals
show no trend along the transect. The pairwise comparison of the
scores of the taxa among all three records likewise yields significant fits.
The best fit, as indicated by a low p-value, is found between vegetation
and pollen species scores. Taxa residuals of Salix, Rosaceae, Ranunculus,
Betula and Larix are always above average (Figures 8 and 9), showing

weak similarity for these taxa in all tested data set combinations.
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FIGURE 6 Bar plot of DNA spectra from 31 lakes located along a north-south transect in the Siberian treeline area. sedDNA sequence
percentages matching the threshold applied for statistical analyses are shown and arranged according their species scores in ordination. Black

dots indicate sequence percentages <0.5% of the total sum of DNA
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FIGURE 7 The first two axes of a principal component analysis
of the DNA sequence percentages that together explain 46% of the
total variance. Taxa located close to the centre of the plot are not
displayed. Samples from the tundra sites are clearly separated from
single-tree tundra and forest tundra sites

TABLE 2 Results of ProcrusTEs and prOTEST analyses indicate
significant fit among all pairwise comparisons of data sets obtained
by vegetation field survey, pollen and sedDNA analyses

12

p-value r m rmse
Pollen and sedDNA: sites .001 5923 0.6491  0.3405
Pollen and sedDNA: taxa .005 .5088 0.7411 0.2604
Vegetation and sedDNA: taxa .004 5502 0.6973  0.2991
Vegetation and pollen: taxa .001 .6848 0.5311 0.3602

p-value, likelihood of the relationship by chance; r, correlation between
the two ordination results; m*2, procrusTEs rotation sum of squares; rmse,
root mean square error.

4 | DISCUSSION

4.1 | Comparison of the vegetation field survey,
pollen and sedDNA approaches in recording
vegetation richness and composition

Overall we found a good fit between the results obtained by the
three different methods—vegetation surveys, pollen and sedDNA
analyses—that were used to record vegetation composition in the
vicinity of lakes located across a forest tundra transect in north-cen-
tral Siberia. All methods recorded a rather similar ensemble of the
10-15 most common taxa. Furthermore, all methods were able to
differentiate typical tundra from forest tundra sites. However, a
detailed comparison yielded certain peculiarities of each approach.
The results of the vegetation field surveys reliably reflect the
general vegetation composition pattern of denser vegetation in the

forest tundra compared with tundra, which is characterized by high
Ledum cover (Zyryanova, Abaimov, Daimaru, & Matsuura, 2010),
Dryas as a major element in various tundra plant community associa-
tions (Matveyeva, 1994) and increasing Larix cover from north to
south. In general, the vegetation composition recorded by the field
surveys clearly reflects the three vegetation types in the study area
as also observed from satellite images and from helicopter.

The 31 vascular seed plant taxa in our vegetation field surveys,
represent only about one-sixth of the taxa recorded by extensive
(100 km?) vegetation surveys conducted on the Taymyr peninsula
(Matveyeva, 1994; Zyryanova et al., 2010) and in northern Yakutia
(Kuznetsova et al., 2010), although the diversity is not fully compara-
ble as we did not include bryophytes, which show a high diversity in
north Siberia (Zibulski, Herzschuh, & Pestryakova, 2016). The bias
mainly originates from the limited area of our surveys (missing the
spatial heterogeneity) and from the once-only sampling strategy
(missing the seasonal and interannual heterogeneity). The latter issue
meant that some taxa could not be identified to species level
because they were not, for example, collected in a flowering state.
Thus, we assume that richness is strongly underestimated by our
vegetation field surveys, although the temporal effort of the field
surveys is comparable with that taken for the pollen and sedDNA
approaches.

Pollen analyses of lake sediments yielded 43 taxa, which is slightly
higher than other modern (Pisaric, MacDonald, Cwynar, & Velichko,
2001: 20 taxa; Klemm et al., 2013: 32 taxa) or fossil studies (Hahne
& Melles, 1997: 22 taxa; Andreev, Siegert, et al., 2002: 38 taxa; Nie-
meyer, Herzschuh, et al., 2015: 36 taxa) performed in the area. Our
pollen approach vyielded approximately twice as many taxa as
recorded by the vegetation field survey even though pollen data are
mostly limited to the taxonomic level of genera, which should cause
an underestimation of species richness by pollen analyses. Moreover,
the rarefaction curves indicate that our pollen counts were not suffi-
cient to capture the entire richness, as none of the rarefaction
curves reach saturation.

Pollen spectra across all vegetation types are dominated by
shrub taxa, in particular by Alnus and Betula. This is in accordance
with previous studies by Klemm et al. (2013) and Pisaric et al.
(2001), who investigated forest tundra transects located further east.
The high percentages of herbs (Cyperaceae, Brassicaceae, Artemisia,
Rosaceae) that we found are also in agreement with results from
these previous studies. Other studies corroborate our finding that
high Pinaceae percentages characterize tundra sites although the
nearest pine stands are located several hundreds of kilometres to
the south (Klemm et al., 2013; Tchebakova, Rehfeld, & Parfenova,
2005). These results are reasonable, as Pinus is a common element
of the far-distance wind-transported component of pollen spectra in
nonforested areas where pollen productivity of local and regional
vegetation is low (Campbell, McDonald, Flannigan, & Kringayark,
1999; Hjelmroos, 1991).

In agreement with the vegetation surveys, percentages of Alnus
and Larix are higher in the forest tundra lakes than in the tundra
lakes. However, with respect to their relative abundance in the
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FIGURE 8 procrusTes residuals plot of comparison (a) between PCA site scores of pollen and sedDNA (residuals were ordered according to

their position in the transect) and (b) between respective PCA taxa scores (ordered according to the residual scores). Dashed and solid lines are
the first, second and third quartiles. The p-value indicates the likelihood of the relationship occurring by chance and the r-value reflects the

correlation between the two ordination results by superimposition

record distinct biases exist, which probably originate mostly from dif-
ferences in the pollen productivity of the individual taxa (Davis,
1963; Sugita, 1994). Niemeyer, Klemm, et al. (2015) found for this
region that, relative to Poaceae as a reference, Alnus is almost three
times overrepresented while Larix is underrepresented by a factor of
0.16 in lake sediments compared to the surrounding vegetation. This
is in agreement with results of the procrusTES comparison of species
scores, which yield above-average residuals for these two taxa.
Other taxa, such as Ledum, Poaceae and Vaccinium also show strong
differences in their representation within pollen spectra compared to
vegetation, indicating only medium fit of the ordination results.

This study is the first, to our knowledge, to compare sedDNA
data from modern lake sediments along a transect of changing
vegetation to data retrieved from vegetation field surveys and
pollen analyses. The sedDNA approach yielded more than three
times the number of taxa found by the vegetation field survey,
even when considering only taxa that were retrieved from three
independent samples. This holds true despite both approaches
requiring a comparable amount of time. sedDNA analyses also
retrieved more taxa than pollen analyses. Even after conversion
of sedDNA taxa to the identification level reached by pollen,
sedDNA richness is higher than pollen richness. In this respect
our results contradict previous studies which reveal a lower rich-

ness in the (ancient) sedDNA records compared with pollen or

macrofossil records from the same samples (Boessenkool et al.,
2014; Parducci et al,, 2014). We note that these studies were
conducted on ancient material, in which DNA preservation might
have been lower, and that they were conducted using different
sequencing technologies (Roche 454 platform or Sanger sequenc-
ing of clones, while we used lllumina sequencing). Additionally,
some of the earlier studies used long fusion primers in the PCR
set-up, which included the adapters used on the sequencing plat-
form, and which might diminish the efficiency of the PCR. In
terms of richness, our data are, however, comparable to those
reported by Willerslev et al. (2014).

The significant fit between the PCA species scores of sedDNA
and vegetation field survey data, as well as PCA scores of sedDNA
and pollen data, indicates that a similar composition of major taxa
was recorded by each of the three approaches. Interestingly, all
methods are able to identify tundra composition although the
ensembles of taxa were slightly different in the respective analyses:
while the vegetation field survey identified D. octopetala, B. nana
and C. tetragona as most characteristic taxa of tundra records, the
sedDNA identified Dryas, Betula and Cyperaceae (such as Carex vagi-
nata or Eriophorum) and the pollen record identified Cyperaceae and
Pinaceae as the main taxa, instead. Furthermore, all three
approaches fail to distinguish between records from single-tree and

forest tundra.
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vegetation field data. Both are presented as residuals of taxa scores reflecting dissimilarity between the tested data sets. Dashed lines are the

first and third quartiles, while the solid line is the second quartile

There are particular differences in the composition of the three
records. For example, pollen data are unique in having high percent-
ages of extra-regional plant taxa and steadily high percentages of
Betula, Alnus, Cyperaceae or Poaceae, whereas sedDNA spectra are
unique in recording high Salix percentages. Pollen-based Larix per-
centages are lower than those recorded by the sedDNA approach
and the field vegetation surveys. Furthermore, Larix and some other
recorded taxa show high residuals in the procrusTEs and PROTEST anal-
yses, which indicate weak agreement between the pollen and the
sedDNA records for these taxa (Figure 8). However, the residuals

are related neither to location along the transect nor to lake size.

4.2 | Comparative assessment of the value of
sedDNA and pollen for inferring vegetation
transitions in the treeline area

Tracing the invasion of trees into tundra areas is currently a pressing
research target in palaeoecology, not only for Siberia (e.g., Devi
et al., 2008; Lloyd et al., 2011; MacDonald et al., 2008) but also for
northern America (Lloyd, 2005; Moore, 2004) and Europe (Eronen,
Lindholm, & Saastamoinen, 1999; Seppa et al.,, 2002). In our data,
both the pollen and the sedDNA approaches allow a separation

between samples from largely treeless vegetation and vegetation

holding trees based on Larix percentages. However, both proxy
methods only provide a semiquantitative estimate of Larix in the
vegetation. For example, Larix occurred with a median of 1% in the
pollen record from forest tundra sites and it obtained a relative
abundance of 4.7% in the sedDNA spectra, while it has a relative
Larix abundance of 23.9% in the vegetation. Furthermore, neither
trnL-based metabarcoding of DNA nor pollen analyses can identify
Larix to species level, and accordingly, the migration history of the
different Larix species, subspecies and hybrids (Abaimov, 2010) can-
not be reconstructed with these approaches.

Based on our results we assume that differences between
sedDNA and pollen analyses in the qualitative record (i.e., taxa rich-
ness) are mainly related to methodological differences with respect
to diversity retrieval from the sedimentary plant remains record,
while taphonomic differences among the two methods are probably
subordinate. First, retrieved species richness depends to a certain
extent on the taxonomic resolution of the marker and, second, upon
the comprehensiveness of the databases. The former means, that
even though the P6 loop of the trnL intron is known to identify gen-
era and species (i.e., 77% and 33%, respectively, for arctic plants;
Sgnstebg et al., 2010), it does not, like some markers on noncoding
chloroplast DNA

intraspecific variation (Shaw et al., 2005). For example, the marker is

regions, resolve closely related species or
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not able to resolve the two closely related Larix species, that is,
L. gmelinii and L. sibirica described for the eastern and western Tay-
myr region. A better resolution could be achieved using more vari-
able markers, which will then be less universal than the trnL
fragment. Some metabarcoding studies have used a suite of addi-
tional markers targeting smaller taxonomic groups in addition to the
trnL fragment (Baamrane et al., 2012; Willerslev et al., 2014), which
could be explored in future sedDNA studies in treeline areas. In con-
trast, a comparable increase in the taxonomic resolution of pollen is
not expected in the future.

Richness recorded by metabarcoding approaches is, to some
extent, dependent on the comprehensiveness of taxa recorded
within reference databases for DNA-based identification (Jargensen
et al, 2012; Parducci et al., 2014; Pedersen et al., 2014; Zhang
et al., 2012). For example, employing the reference database for arc-
tic and boreal plants, which includes many northern plant taxa (Soini-
nen et al, 2015; Sgnstebg et al., 2010; Willerslev et al., 2014),
allows a higher number of taxa to be assigned compared to that of
the emBL database. The restriction of using only taxa which are 100%
identical to taxa in the reference database might additionally lower
the recorded richness.

Other errors can occur during PCR amplification and sequencing,
such as punctual false implemented bases or chimeric sequences
(Paabo et al., 2004), but these can be processed by bioinformatic
tools such as the ositooLs program (Boyer et al., 2016), which we
used during sedDNA data processing.

Irrespective of the method applied, our results do not suggest
richness changes across the Siberian treeline vegetation types, but
this is probably only for methodological reasons. As both marker
specificity and DNA reference databases will increase in the future,
the added value of performing sedDNA in palaeovegetation studies
will also increase, particularly when richness reconstruction is
targeted.

Based on our results we assume that differences in the quantita-
tive composition between pollen and sedDNA spectra originate both
from different taphonomies and from methodological differences.
With respect to taphonomy, differences in productivity, source and
preservation are crucial. First, one original pollen grain represents an
analytical unit in pollen analyses, although the percentage of a single
taxon in the pollen spectra does not directly indicate its cover in the
vegetation. Nevertheless, pollen productivity estimates (PPE) have
been developed that can be used to correct for these biases (e.g.,
Hellman, Gaillard, Brostrom, & Sugita, 2008; Soepboer, Sugita, & Lot-
ter, 2010; Twiddle, Jones, Caseldine, & Sugita, 2012), but many of
them have large errors, particularly for Larix (Niemeyer, Klemm,
et al, 2015). Productivity effects on the relationship between
sedDNA and vegetation are currently largely unknown as equivalent
taphonomic studies have not been carried out, and it is unclear if
comparable analogue corrections can be established in the future.
For example, an analytical sedDNA unit represents an artificial
sequence read, which was, in our case, produced by amplification of
a single template molecule from a mixed-template sample in 50 PCR
cycles. The amplification of the different components of the mixed-
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template sample is not equally efficient, and this bias generally com-
plicates—or possibly renders impossible—estimating a correction of
the original DNA amounts in the sediment. Consequently, currently
we cannot estimate sedDNA productivity similar to PPE.

Second, recording treeline transitions by DNA stored in the sedi-
ment requires an understanding of the original source location of the
plant remains providing the DNA. For example, tree density in cir-
cum-arctic treeline areas is highly heterogeneous on small spatial
scales, due to its patchiness. Hence, methods recording the vegeta-
tion from a small source area should show a higher variability among
samples from nearby lakes than those representing larger source
areas. Furthermore, it is assumed that the pollen load in intermedi-
ate-sized lakes (i.e., radius 50-150 m) is dominated by the extra-local
or regional pollen component, while the area in the direct vicinity
only contributes up to 20% of the total pollen load of the study area
(Jacobson & Bradshaw, 1981). This, in our case, leads to rather
homogeneous pollen records for single-tree and forest tundra, as all
sampling was performed on intermediate-sized lakes, capturing pol-
len load from a regional origin, rather than a local signal. This effect
is to some extent dependent on the transportation abilities of the
different taxa. For example, comparatively light grains of Alnus (fall
speed: 0.0021 m/s; Eisenhut, 1961) are probably transported from
regional sources into tundra lakes while the comparatively large and
heavy Larix grains (0.126 m/s; Eisenhut, 1961) are preferentially con-
tributed from more nearby sources. Accordingly, a Larix migration
into tundra regions would be traced by pollen only if the tree den-
sity around the lakes is already rather high, while an approaching
pine treeline, for example, could be detected even if it is still tens of
kilometres away from the sampled lake, due to its better transporta-
bility of pollen (fall speed approximately 0.031 m/s; Eisenhut, 1961).

In contrast, leaves, twigs and seeds are assumed to represent the
major sources of sedDNA (Willerslev, 2003) rather than pollen
(Boessenkool et al., 2014; Haile et al., 2007; Parducci et al., 2014;
Yoccoz et al., 2012). As inferred by modern analogue studies, these
macrofossil remains originate from within an area of only a few tens
of metres around the lake (Greatrex, 1983; Pisaric, 2002; Zhao,
Sayer, Birks, Hughes, & Peglar, 2006). Our record shows a more local
source of sedDNA compared with the pollen load, too. This is obvi-
ous from the below-threshold Pinus occurrence in the sedDNA
record despite constant presence of Pinaceae within the pollen
record. This implies that sedDNA analyses should be better than pol-
len analyses for reconstructing the vegetation in the direct vicinity
of the lake. Nonetheless, in our data both the sedDNA and pollen
approaches reflected the vegetation signal similarly well.

Third, pre- and postdepositional preservation of pollen and DNA
may affect the compositional signals. For example, pollen taxa differ
in their vulnerability for distortion (Hall, 1981) due to mechanical
forces in sediments or during sample treatment (Havinga, 1967). In
particular, the large and thin Larix pollen grains are probably less
robust than, for example, those of Betula and Alnus (Cushing, 1967,
Havinga, 1967), which may be a cause of the underrepresentation of
Larix in the pollen record. Information about species-specific DNA
preservation is so far entirely lacking. Accordingly, it is impossible to
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conclude whether the overrepresentation of Salix, for example, in
the sedDNA spectra is a source signal (i.e., because Salix grows close
to the lake rims but is only abundant in small amounts in the vegeta-
tion survey sites; Figure 2), is due to PCR bias (i.e., exponentially
amplifying already high numbers of Salix sequences), or is a preserva-
tion signal (i.e., willow leaves may originally be particularly rich in
DNA, which may be more resistant to decomposition). Due to this
currently limited proxy understanding, the advantages of using DNA
analyses in palaeoecological research cannot be fully appreciated, yet
(Birks & Birks, 2016; Parducci et al., 2013; Thomsen & Willerslev,
2015).

In addition, the sedDNA results are biased by experimental pro-
cedures, as each step (DNA extraction, PCR, sequencing) acts as a
filter (Jahn, Zetzsche, Reinhardt, & Gemeinholzer, 2007). Bias can be
particularly strong during PCR, due to the imperfect match of the
primers (Bellemain et al., 2010) and due to preferential initial amplifi-
cation of the more common templates. Also, errors occurring during
PCR amplification and sequencing, such as false incorporation of
nucleotides or the formation of chimeric sequences (Paabo et al.,
2004), can lead to a false high diversity, potentially introducing false
positives (Deakin et al., 2014; Ficetola, Taberlet, & Coissac, 2016)
and causing the numbers of nonerroneous sequences to become
skewed (Thomsen & Willerslev, 2015). Studies focusing on the pres-
ence or absence of certain indicator species therefore require good
planning and replication of results (Ficetola et al., 2015, 2016). For
vegetation reconstruction, a specific test of the replication level
needed to reach reliable conclusions is still lacking, but both our
comparison of established techniques to DNA metabarcoding, as
well as another recent study (Alsos et al., 2016), indicates that the
main components of the vegetation are retrieved reliably without
replication.

Nonetheless, with respect to tracing treeline vegetation in
space our study indicates that sedDNA is more powerful than pol-
len in recording taxa richness and performs comparably well in
recording genus-level vegetation composition. Both our own study
and other diversity assessment studies using modern environmental
DNA (e.g., Yoccoz et al, 2012) as well as ancient DNA studies
(Alsos et al.,, 2016; Jargensen et al., 2012; Parducci et al., 2013;
Sgnstebg et al., 2010; Willerslev et al., 2007) highlight the advan-
tage of high-throughput DNA sequencing analyses to infer vegeta-
tion diversity. Finally, our study supports the view that the
metabarcoding approach provides information that enhances
palaeoecological understanding, especially for the differentiation of
tundra and nontundra areas on a spatial scale, because it is often
complementary to insights gained by traditional approaches (Alsos
et al., 2016; Jargensen et al., 2012; Parducci et al., 2013). Advan-
tages of the sedDNA approach that will become even stronger in
the future are a higher taxonomic resolution (Table 3), its applica-
bility to a variety of archive types such as permafrost, terrestrial,
marine or lacustrine sediments (see overview in Thomsen & Willer-
slev, 2015), a better potential of methodological standardization
among different laboratories, better efficiency in sample throughput
(Sgnstebg et al., 2010) and improvements to reduce PCR bias, such

TABLE 3 Overview of taxa recorded using the three different
approaches

Total number Family Genus
Approach of taxa level level Species level
Vegetation 31 0 12 19
Pollen 42 10 30 2
DNA 114 12 50 52

Differences in richness appear strongest in total number of taxa and the
taxonomic level of species. The data reflect the results retrieved by vege-
tation field surveys and lacustrine surface samples. In total, vegetation
data are based on seven vegetation field surveys, and pollen and
sedDNA data were retrieved from 31 different lakes.

as DNA capture approaches (Perry, Marioni, Melsted, & Gilad,
2010) and metagenomic shotgun analyses (Jones et al., 2015; Ped-
ersen et al., 2016). Future optimisations aside, our study of lake
sedDNA from the treeline area in Siberia indicates that sedDNA
has already a high potential as a circum-arctic palaeoecological
proxy for small-scale spatial investigations of vegetation type differ-
entiation.

5 | CONCLUSIONS

The objectives of this study were to compare sedDNA of lake sedi-
ments to the established methods of vegetation field surveys and
pollen analyses in the Siberian treeline area, which represents a dis-
tinct spatial vegetation gradient. We in particular compared the
methods with respect to their capability of recording vegetation rich-
ness and composition using a comparable amount of time for pro-
cessing each of the three different assessment methodologies, and
to assess the proxy value of sedDNA analyses in palaeoecological
treeline studies.

The main result of our study is that sedDNA analyses capture a
higher richness and at a better taxonomic resolution than vegetation
field surveys or pollen analyses. However, none of the three
approaches yields richness trends along the transect. With the devel-
opment and application of more specific markers (also for bryo-
phytes) along with the construction of respective DNA reference
databases, an even higher richness will probably be inferred from
such samples in the future, which are likely to track even minor rich-
ness trends. We see a reflection of the treeline, and we conclude
that sedDNA is highly useful to analyse vegetation change along
vegetation gradients.

With respect to the quantitative and qualitative composition, all
approaches are capable of differentiating spectra of tundra sites
from those originating from single-tree/forest tundra sites. At the
same time, each method shows certain idiosyncrasies, such as
recording a far-distance transported component by the pollen
approach and an overrepresentation of Salix in sedDNA. For pollen
spectra, taxon-specific productivity, source or preservation signals
are largely understood, but comparable knowledge is currently lack-
ing for sedDNA.
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We conclude that sedDNA can be used as a standalone proxy to
investigate presence/absence of taxa in treeline areas and to clearly
differentiate between tundra and nontundra areas. Hence, sedDNA
can well be applied as a supplementary approach to traditional pol-
len-based investigations when the macrofossil record is scarce. How-
ever, before using sedDNA for quantitative reconstructions of
vegetation composition, a more comprehensive understanding of
sedDNA needs to be developed.
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