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The lake sediments of Hasseldala Port in south-east Sweden provide an archive of
local and regional environmental conditions ~14.5-9.5 ka BP (thousand years before
present) and allow testing DNA sequencing techniques to reconstruct past vegetation
changes. We combined shotgun sequencing with plant micro- and macrofossil analyses
to investigate sediments dating to the Allered (14.1-12.7 ka BP), Younger Dryas
(12.7-11.7 ka BP), and Preboreal (<11.7 ka BP). Number of reads and taxa were
not associated with sample age or organic content. This suggests that, beyond the
initial rapid degradation, DNA is still present. The proportion of recovered plant DNA
was low, but allowed identifying an important number of plant taxa, thus adding valid
information on the composition of the local vegetation. Importantly, DNA provides a
stronger signal of plant community changes than plant micro- and plant macrofossil
analyses alone, since a larger number of new taxa were recorded in Younger Dryas
samples. A comparison between the three proxies highlights differences and similarities
and supports earlier findings that plants growing close to or within a lake are recorded by
DNA. Plant macrofossil remains moreover show that tree birch was present close to the
ancient lake since the Allered; together with the DNA results, this indicates that boreal
to subarctic climatic conditions also prevailed during the cold Younger Dryas interval.
Increasing DNA reference libraries and enrichment strategies prior to sequencing are
necessary to improve the potential and accuracy of plant identification using the shotgun
metagenomic approach.

Keywords: environmental DNA, ancient DNA, shotgun sequencing (metagenomics), pollen, macrofossils remains,
lake sediments
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INTRODUCTION

The final stages of the last glacial period were, in the
North Atlantic region, characterized by distinct and alternating
warmer/colder and wetter/drier climate states before interglacial
temperatures were attained (Bjorck et al, 1996; Lowe et al,
2008; Steffensen et al., 2008; Schenk et al., 2018). These marked
climatic shifts caused a series of environmental changes that
are registered in various geological archives (Blockley et al,
2012; Rasmussen et al., 2014). The sediments of the ancient
lake at Hisseldala Port in southern Sweden (Figures 1A-D)
provide a detailed record for this time interval and suggest that
local and regional responses to climate variability between 14.5
and 9.5 ka BP (thousand years before present) are recorded in
multiple types of environmental proxy data (Wohlfarth et al,
2017 and references therein). Hisseldala Port’s sediments thus
offer an excellent testing ground for DNA analysis, as recently
demonstrated in Ahmed et al. (2018), who investigated Archaeal
composition changes in these sediments.

Previous pollen stratigraphic investigations, combined with
a high-resolution chronology, identified several climatic shifts
between warmer and colder time intervals at Hésseldala Port:
the transition from a cold Older Dryas into a warmer Allered at
14.1 ka BP, the transition from the Allered into the cold Younger
Dryas at 12.7 ka BP, and the transition between the Younger
Dryas and the early Holocene (Preboreal) at 11.8-11.7 ka BP
(Wohlfarth et al., 2017). The area around Hisseldala Port had
become free of stagnant ice some time before 14.5 ka BP. Run off
from unstable catchment soils was considerable during the early
lake stage and continued during the early Allerod. These unstable
soils likely prevented the initial establishment of denser local
vegetation. With the start of the Holocene and due to gradual
infilling, the lake changed into a peatbog with greatly altered soil
conditions. This again had an impact on the type of plants on and
around the site.

Over the last decade, environmental DNA (eDNA) studies
of lake sediments have added a new dimension to traditional
biological proxies (e.g., pollen and plant macrofossil analyses)
often used to investigate and reconstruct past vegetation changes
and palaeoenvironments (Parducci et al., 2017). We know that
in sediments eDNA binds to mineral and organic components
(extracellular DNA) and that it is also present within cells in plant
and animal remains that become embedded in the sediments
(for a review see Nagler et al., 2018). Indeed, PCR (polymerase
chain reaction) amplification of short fragments of chloroplast
DNA from sediments (metabarcoding) has been successfully used
to demonstrate the presence of animals and plants in different
palaeoenvironmental settings (e.g. Willerslev et al., 2003, 2014;
Parducci et al., 2012; Epp et al.,, 2015; Alsos et al., 2016; Pedersen
et al., 2016).

More recently, eDNA extracted from lake sediments has
been directly converted to DNA libraries in order to “shotgun”
sequence the entire metagenome present in the sample and to
investigate the entire diversity of the taxonomic groups present
(Pedersen et al., 2016). Providing that a good fraction of the
analyzed taxa is represented in a reference library, metagenomics
is a more powerful approach compared to metabarcoding for

investigating biodiversity of ancient environments, as it allows
all of the fragmented DNA molecules to be sequenced and
determined, from microorganisms like bacteria and Archaea
(Ahmed etal., 2018) to plants and animals (Pedersen et al., 2016),
including humans (Slon et al., 2017). In addition, this approach
permits statistical data analyses to detect specific substitutions
(Cto T and G to A) that are normally present at the ends
of ancient DNA fragments, and which indicate their ancient
origin (Briggs et al., 2007; Jénsson et al., 2013). Metagenomic
data of lake sediment samples, in combination with pollen
and plant macrofossil data, resulted in for example detailed
palacoenvironmental reconstructions of the ice-free corridor in
North America (Pedersen et al., 2016) providing evidence for new
postglacial colonization routes of humans.

Here, we employ low-coverage shotgun sequencing of eDNA
and compare the full metagenome data set preserved in the
Hisseldala Port record with plant micro- and macrofossil
analyses conducted on the same sediment samples. We (1)
examine whether sufficient and useful plant DNA information
can be retrieved from the lake sediments using the shotgun
sequencing technique, (2) discuss the differences between
the genomic and micro/macrofossil data sets, (3) explore
whether genomic eDNA add valid information on past local
and regional vegetation, and (4) assess the new eDNA data
set in relation to the marked climatic shifts of the last
glacial/interglacial transition.

MATERIALS AND METHODS

Site Description

Hisseldala Port (56°16'N, 15°01'E; 63 m a.s.l) in Blekinge
province, southeast Sweden is today a peat bog underlain by
a distinct Lateglacial lake sediment sequence (Figures 1A-D)
(Wohlfarth et al., 2017). Multiple sediment cores have been
obtained from this site over the years and studied using a
variety of palaco-environmental and palaeo-climatic proxies
(lithostratigraphy, inorganic and organic geochemistry, pollen,
diatoms, chironomids, biomarkers, hydrogen isotopes, charcoal)
(Wohlfarth et al., 2017 and references therein). These allowed
reconstructing temporal changes in lake status, evaporation,
local and regional vegetation, and summer temperature, which
occurred in response to large-scale hemispheric climatic shifts
(Bjorck et al., 1996; Lowe et al.,, 2008; Steffensen et al., 2008).
Hisseldala Port’s multi-proxy data set shows that the small lake
basin formed >14.5 ka BP and pollen assemblages indicate that
the early catchment vegetation was dominated by herbs, shrubs
and dwarf-shrubs. This type of vegetation also persisted during
the Allered (14.1-12.7 ka BP) and Younger Dryas (12.7-11.7 ka
BP) pollen zones. However, Betula pubescens (tree birch) remains
have been found at other sites in Blekinge demonstrating that tree
birch has been present regionally before the Holocene (Berglund,
1966; Wohlfarth et al.,, 2017). With the start of the Holocene,
B. pubescens and later also Pinus sylvestris (Scots pine) plant
macro remains appear in Hisseldala Port’s sediments, testifying
to the presence of these trees in the immediate surroundings of
the ancient lake. Around 11.8 ka BP, the shallow lake started to
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FIGURE 1 | (A) Location of Hasseldala Port in southernmost Sweden. (B) Close-up of the topography around Hésseldala Port. X marks the coring locations; blue =
lakes; brown = peatbogs. (C) View over the peatbog at Hasseldala Port. (D) Hasseldala Port’s typical Lateglacial/early Holocene sediment record showing the
sediments assigned to the Older Dryas (>14.1 ka BP), Allerad (14.1-12.7 ka BP), Younger Dryas (12.7-11.7 ka BP), and Preboreal (<11.7 ka BP) regional pollen

zones.

transform into minerotrophic mire and a few hundred years later
turned into an ombrotrophic bog (Wohlfarth et al., 2017).

Coring and Sub-sampling

Two new sediment cores (#7.4 and #8) were obtained at a distance
of ca. 5m in June 2015 at Hisseldala Port using a Russian
corer with a chamber length of 1m and a diameter of 10 cm
(Figures 1B-D). The two cores were taken from the deepest part
of the basin in the south-western corner of the bog where several
parallel cores (#1-#6) had previously been obtained and analyzed
(see Wohlfarth etal., 2017 for a description of all previous studies
on these cores). Core #7.4 extends between 340 and 440 cm depth
and core #8 between 290 and 430 cm depth (see Table S1 for
details). The sediments of cores #7.4 and #8 were described and
sub-sampled in August 2015, first for DNA and subsequently for
loss-on-ignition (LOI), plant micro and macrofossil analyses.

Samples for DNA Analyses

To minimize the risks for contamination, we took a number
of precautions during coring, sampling and DNA analysis.
Immediately after collection, the cores were wrapped in plastic
and as quickly as possible transported to the cold room at
the Department of Geological Sciences (IGV) at Stockholm
University where they were stored at 5°C until sub-sampling.
The cold storage is in a part of the building where no DNA
analyses are being performed. Sub-sampling was conducted in
September 2015 in a clean laboratory at IGV using gloves and
wearing lab coats and masks. Eight samples and corresponding
replicates (16 samples) were taken from each core (total of 32

samples) as representative of the warm (Allered, Preboreal) and
cold (Younger Dryas) time intervals previously described for
Hisseldala Port (Wohlfarth et al., 2017). For each sample, we
removed the top 1.5 cm of the outer sediment with sterile scalpels,
sampled uncontaminated material from the innermost part of the
core with a new set of sterile scalpels and placed the sample in
sterile tubes that were immediately closed. This procedure was
repeated two times for each sample. For an overview of the 16
samples collected and analyzed in cores #7.4 and #8 see Figure 2
and Table 1. The 32 samples were frozen within 2h after sub-
sampling and shipped frozen to the Center for GeoGenetics,
University of Copenhagen for molecular analyses. Here, DNA
extractions and library constructions were performed in ancient
DNA facilities specifically dedicated to eDNA analyses following
established criteria and rules during all the steps.

DNA Extraction, Libraries Construction,
and High-Throughput Sequencing

One gram of wet sediment was added to 3ml of lysis buffer
[68 mM N-lauroylsarcosine sodium salt, 50 mM Tris-HCl (pH
8.0), 150 mM NaCl, and 20mM EDTA (pH 8.0) with addition
of 150 ul 2-mercaptoethanol and 0.3 mM DTT], together with
170 pg of proteinase K, and vortexed vigorously for 2 x 20s
using a FastPrep-24 at speed 4.0 ms~!'. An additional 170
ng of proteinase K was added to each sample and incubated,
then gently rotated overnight at 37°C. The MOBIO C2 and
C3 buffers (MOBIO Laboratories, Carlsbad, CA) were used for
removal of inhibitors, following the manufacturer’s protocol. The
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FIGURE 2 | The 16 samples analyzed for eDNA, pollen and plant macrofossil
remains in cores #7.4 (green) and #8 (gray) from Hésseldala Port shown on an
age scale and in relation to the regional pollen zones. Sample IDs shown in
italics represent DNA samples of poor quality, which were excluded from
DNA assignments.

extracts were further purified using phenol:chloroform and up-
concentrated using 30 kDa Amicon Ultra-4 centrifugal filters and
this step was repeated if more purification was needed. Lastly,
all filters were washed twice with 500 ul Qiagen EB buffer and
transferred to clean 1.5 ml Eppendorf tube. The 32 samples were
extracted in four separate batches with two extraction controls
each (40 samples in total). The extracted DNA was quantified
using a Quant-iT dsDNA HS assay kit (Invitrogen) on the
Qubit 2.0 Fluorometer according to the manufacturer’s manual.
Aliquots from the DNA extracts were subsequently converted
into Illumina double stranded libraries using a NEBNext® DNA
Library Prep Master Mix Set for 454 (New England BioLabs)
following the manufacturers protocol with the modifications
described in Pedersen et al. (2016). Metagenome libraries were
amplified using AmpliTaq Gold (Applied Biosystems) (14—
20 cycles), purified using the MinElute PCR Purification kit
(Qiagen), quantified on the 2100 BioAnalyzer and then pooled
equimolarly. All pooled libraries were then sequenced using
Mlumina HiSeq 2500 platform (single-end reads). The eight
extraction negative controls and the six library negative controls
(one for each batch) were also prepared and sequenced as
controls for contaminants (46 samples in total).

TABLE 1 | The 16 samples analyzed for eDNA, pollen, and plant macrofossil
remain in cores #7.4 and #8, their age interval, organic matter content, and their
assignment to the regional pollen zones.

Core Sample Age interval Organic matter  Regional

ID ID (yr BP) content (%) pollen zone
#8 HA 8.2 10,440-10,680 76.6 Preboreal
#7.4 HA 8.1 10,800-11,110 556.7 Preboreal

#8 HA 7.2 11,110-11,400 67.5 Preboreal
#7.4 HA 7.1 11,540-11,750 25.7 Preboreal
#7.4 HA 6.1 11,930-12,020 18.8 Younger Dryas
#8 HA 6.2 12,000-12,200 20.3 Younger Dryas
#8 HA 5.2 12,430-12,610 18.4 Younger Dryas
#7.4 HA 5.1 12,400-12,590 17.8 Younger Dryas
#7.4 HA 4.1 12,740-12,940 29.2 Allerdd

#8 HA 4.2 12,790-12,900 27.8 Allerdd

#8 HA 3.2 13,000-13,050 17.4 Alleréd

#7.4 HA 3.1 13,150-13,300 231 Allerdd

#8 HA 2.2 13,460-13,540 16.8 Alleréd

#7.4 HA 2.1 13,440-13,660 18.0 Allerod

#8 HA 1.2 13,730-13,800 9.0 Allersd

#7.4 HA 1.1 13,770-14,000 8.6 Allerdd

Bioinformatic Analyses
Sequence Quality Control

We sequenced a total of 1,340,975,627 DNA reads
distributed  across  Hisseldala ~ Port  samples and
controls. All reads were subjected to the following

quality criteria. First, all reads were trimmed for the
Hlumina 3’ sequencing adapter (parameter setting -a
AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC)

using cutadapt v. 1.11 (Martin, 2011). In addition, we used the
parameter settings -m 30-trim-n -q 10,10 which were employed
to discard reads >30 base pairs (bp), trim trailing N’s, and to
trim low-quality bases (phred score <= 10) from both ends
of the reads. Table S2 summarizes the total number of raw
reads and the total number of reads passing quality control
filters (48% for samples and 19% for controls). Second, we
compared the quality of the raw and trimmed quality filtered
reads using FASTQC (Andrews, 2010) version 0.11.5 and found
that there were marked difference between the controls and the
samples (Figure S1). Eventually, samples HA3.1_2, HA5.1_2,
HA6.2_2, HA1.2, extraction blank E7 and library blank Blank4
failed to provide sufficient number of sequences. All library
and extraction negative controls were markedly different from
the “true” samples in terms of read lengths, phred scores and
duplicate numbers (Figure S2). The bases sequenced for raw
reads and for reads passing quality control filters (QC reads),
showed two characteristic features of ancient DNA reads.
First, the frequency of C to T substitutions is expected to be
elevated at the 5'-end (Briggs et al., 2007); the Hasseldala Port
samples display an increase in thymines at the 5-end in both
raw and trimmed reads, whereas all other bases display lower
frequencies compared to later positions. Second, the frequency
of G to A substitutions is expected to increase starting circa 10
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bases from the 3’-end (Briggs et al., 2007); the Hisseldala Port
samples display a longer increase in adenines toward the 3’'-end.
Intermediate positions show less variation than for raw reads
(Figure S3). These features indicate the presence of ancient
DNA reads in the Hisseldala Port samples, however we cannot
conclude on the basis of this information alone that the samples
contain DNA damage. We therefore used kPAL (Anvar et al,
2014) to perform a simple reference-free k-mer analysis of the
data to identify issues with contamination and poor-quality
samples. kPAL counts the number of k-mers of a given length
and creates distance matrices based on the differences between
k-mer profiles which we then use as input to a PCA using the R
function prcomp.

Assessment of Ancient DNA Characteristics

QC reads were mapped with Bowtie2 version 2.2.8 (Langmead
and Salzberg, 2012). The reference database consisted of
1,060,223 sequences of unicellular (prokaryote, archaeal, and
eukaryote) origin designed to cover as many taxa as possible
that are relevant for soil and environmental samples (Ahmed
et al., 2018). Bam files were sorted with samtools version
1.3.1 (Li et al., 2009) and duplicate reads were removed with
Picard version 2. (http://broadinstitute.github.io/picard) and
finally mapped reads with mapping quality <= 25 were filtered
out with bamtools version 2.4.0 (Barnett et al., 2011). Table S3
summarizes mapping and filtering statistics for the Hisseldala
Port samples. On average 2.3% of the total sample reads mapped
against the reference database, of which circa 3.4% remained
after removing duplicate reads and mapping quality filtering
and were used for taxonomic assignments. Figure S2b shows
read length distributions per sample for QC-passed reads and
suggests that a third characteristic feature to ancient DNA is
visible in the Hisseldala Port samples. In ancient reads, the
read length is normally very low and, in our case, it was
concentrated to between 30 and 50 bp, all other lengths displayed
lower frequencies.

Mapping, Filtering, and Taxonomic Assignment

We determined the taxonomic profiles of all plant DNA in our
samples, by constructing a custom reference dataset containing
all plastid sequences from the NCBI RefSeq project (2,477
sequences, 29th January 2018) and the plastid and ribosomal
sequences from the PhyloNorway project (259 plant species from
Norway included; Table S4). The sequence data was mapped
against the custom reference dataset using BWA v0.7.5a aln
algorithm (Li and Durbin, 2009) and all alignments with a
mapping score of 0 (to account for multi-mapped reads) or
> =30 were parsed for downstream quality control. Duplicate
reads were removed using samtools v0.1.19 (Li et al., 2009) and
low complexity reads (DUST score >1) were removed using
PRINSEQ v0.20.4 (Schmieder and Edwards, 2011). In order
to remove low-quality hits, the remaining reads were aligned
to both the custom reference and the NCBI NT dataset (15th
December 2017) with the NCBI-BLAST+ blastn algorithm v2.7.1
(Camacho et al., 2009). Due to a low number of plant sequences
and high DNA damage, reads were kept if: (1) they had a
similarity score > =90% and an alignment length > =90% and

(2) they had a better alignment against the custom reference
dataset than the NCBI NT dataset (bit score), or, in case of
equal bit scores, (3) if the NCBI NT alignment was against
a Viridiplantae. The up to 90% similarity level allowed for a
maximum of three mismatches on the shortest possible reads (30
bp) and it was used to account for DNA damage, which leads
to higher mismatches than expected. The double check against
both the custom reference and GenBank nucleotide was needed
to remove erroneous hits when using a lower threshold. A custom
script was used to determine the last common ancestor for the
remaining alignments. In addition, for each mapped read we
double-checked that: (1) the assigned taxon was native in the
region (Virtuella flora, http://linnaeus.nrm.se/flora/; Mossberg
and Stenberg, 2010), (2) that it was likely to be present in the
region during the last glacial/interglacial transition based on its
current distribution (Hultén and Fries, 1986), and (3) that the
reads could possibly be assigned to taxa available in the reference
dataset. For each assigned taxon, we also checked for closely
related native taxa present in the reference dataset and adjusted
the taxonomic identification to a level that we could be certain of.
For example, reads assigned to Juncus filiformis are presented as
Juncus cf. filiformis because we are certain about the genus-level
identification. However, since a full chloroplast reference genome
is available only for four of the 25 Juncus species currently
occurring in Sweden, we cannot exclude that the same read was
shared among all Juncus species. It is also possible that, due to
sequence similarity and absence of correct species in the reference
dataset, reads were assigned to correct genus but wrong species.
This is the case for example for Diplazium dushanense, which is
presented as Diplazium sp. because the only species occurring
in Sweden, but missing in the reference dataset, is Diplazium
sibiricum. Finally, we only retained taxa that were represented
by a minimum of two reads and used the maximum read count
found in any control (extraction and/or library) as a removal
threshold (i.e., we removed taxa that showed higher number of
reads in the controls than in the samples). If a read was assigned
to taxa that could not have been credibly present at our site based
on the modern or ancient flora, we assigned the reads to a higher
taxonomical level (either from species to genus or from genus to
family), assuming that the first assigned taxon was absent in the
reference database. If an assignment at a higher taxonomical level
was still not plausible, the taxon was considered a false positive
and removed from the dataset. Filtering data is always a trade-off
between loosing true positive and keeping false positives (Ficetola
etal., 2015; Alsos et al., 2018). We think that our filtering settings
removed several true positives as e.g., Ranuculus, although the
majority of taxa removed are not native to Scandinavia today and
are assumed to be due to artifacts as e.g., sequence similarity,
lack of native taxa in database, PCR or sequencing errors or
contamination. All data was then parsed to MEGAN (Huson
etal.,, 2007), R and excel for further downstream presentation and
statistical analysis.

Loss-on-Ignition (LOI) and Chronology

Contiguous 1-cm thick samples were taken from both cores for
LOI analyses. The samples were dried overnight at 105°C and
subsequently ignited at 550°C following the procedures described
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in Heiri et al. (2001) (Table S1). To obtain a timescale for the two
new cores, we adopted the core-to-core alignment of Muschitiello
et al. (2015) and described in Wohlfarth et al. (2017). This
approach is based on a statistical correlation of the LOI% curves
of #7.4 and #8 to that of master core #5 (Table S1), which serves
as a chronological template for all of Hdsseldala’s sediment cores
(Wohlfarth et al., 2017).

Plant Macro- and Micro-Fossil Analysis

For plant macro- and microfossil analyses 16 sub-samples were
taken from the two cores at exactly the same levels as the samples
for DNA analysis (Table S1). Our purpose was not to establish a
new pollen stratigraphy for cores #7.4 and #8, as these are already
available from previous cores (Wohlfarth et al.,, 2017), but to
compare the pollen spectra in the respective samples to the plant
macrofossil assemblages and to the DNA results. Prior to sieving
for plant macro remains, the sediment samples were soaked in a
sodium pyrophosphate [NayP,07; x 10H,O] solution over night
to disaggregate the clay minerals (Birks, 2002). Samples were
sieved using a 250-pm mesh and remains retained on the sieve
were identified using a binocular microscope. For microfossil
analyses we subsampled 0.5 cm® of sediment from each of the
16 samples and prepared the samples using standard treatments
(HCI, KOH, HE, acetolysis; Moore et al., 1991). The slides were
mounted in glycerol, and pollen, spores and coenobia were
counted using a light microscope at 400 x magnification. Between
300 and 750 (mean = 575) pollen grains were counted in each
sample. Microfossil identification followed Moore et al. (1991)
and Reille (1992).

RESULTS
Lithology and Chronology

The lithostratigraphy of sediment cores #7.4 and #8 compares
well to that of all previous sediment cores taken from Hisseldala
Port (Wohlfarth et al., 2017): fine sands, silt and silty clay in the
bottom part; clayey algae gyttja and algae gyttja in the middle
part and gyttja and coarse detritus gyttja in the uppermost part
(Table S1). The LOI% values of the two cores mirror the changes
in sediment organic matter content and are almost identical to
those obtained earlier for Hisseldala Port cores (Wohlfarth et al.,
2017). The common features of the LOI% curves therefore allow
precise statistical alignments to master core #5 (Table S1) for
which an excellent chronological framework has been established
(Muschitiello et al., 2015; Wohlfarth et al., 2017). Using the
statistical alignments described in Muschitiello et al. (2015) and
Wohlfarth et al. (2017), we transferred the chronology of core #5
to cores #7.4 and 8 to obtain an age assignment for each of our
samples (Table 1). As seen in Figure 2, the ages of several samples
in the two cores partly overlap (e.g., HA4.1 and HA4.2; HA5.1 and
HA5.2), while other samples allow filling the respective age gaps.
The age model for both cores combined with the almost identical
lithostratigraphy permits combining the data sets of the two cores
and presenting the samples in a temporal order (Figure 2 and
Table 1). We however clearly differentiate samples from core #7.4
from those of core #8 in all figures.

The statistical alignment of the LOI% data and transferring
the age model from core #5 to cores #7.4 and 8, moreover allows
us to assign regional pollen zone boundaries to our new cores
by adopting the framework presented in Wohlfarth et al. (2017)
(Figure 2). Accordingly, none of the samples compares to the
regional Older Dryas pollen zone, while samples HA1.1-HA4.2
compare to the regional Allerad pollen zone, samples HA5.1-
HAG6.2 to the regional Younger Dryas pollen zone and samples
HA7.1-HAS.2 to the Preboreal.

Plant Micro and Macrofossils

Microfossil analysis of the 16 samples allowed identifying more
taxa than plant macrofossil analysis (45 vs. 22; Table S1). Spores
and coenobia of ferns, mosses, algae, and fungi that were counted
on the pollen slides, suggest a regional and local presence of
these taxa. The two data sets are presented together with the
eDNA data in Figures 3A-D. For comparison and convenience,
we grouped the identified families and taxa as follows: (1) trees,
shrubs and dwarf shrubs; (2) herbs, grasses and aquatics; and (3)
ferns, mosses, algae, and fungi. A total of 58 taxa are represented
in the plant micro- and macrofossil data sets; of these 36 taxa
were identified as pollen, 13 taxa as macrofossils, and 9 taxa were
present in both proxies (Figure 4).

Pollen of Betula sp. (undifferentiated) and Pinus were found
in all analyzed samples. Pollen of these taxa are transported over
long and short distances, which makes it difficult to determine
whether they are of local or regional origin. Macroscopic remains
of tree Betula (B. pubescens) however suggest that these trees
grew close to the ancient lake during the Allered, Younger
Dryas, and Preboreal pollen zones (Table S1). The presence of
tree Betula during the Allerod pollen zone has been reported
earlier for Blekinge (Berglund, 1966; Wohlfarth et al.,, 2017),
but its occurrence at Hasseldala Port during the Allerod and
Younger Dryas pollen zones is novel. Pinus needles and bud
scales are however only present in the uppermost samples,
which represent the early Holocene. Pollen of shrubs and
dwarf shrubs (e.g., Betulaceae, Ericaceae, Juniperus, Salix) occur
throughout the record, while macroscopic remains only comprise
frequent Betula nana and scarce Empetrum nigrum seeds and
Salix sp. bark. Although the pollen record suggests local and
regional presence of diverse herb/grass communities, herb/grass
macrofossil finds are scarce and only include Cyperaceae/Carex,
Luzula, Dryas octopetala, and possibly Fragaria vesca (Table S1).
The micro and macrofossil samples analyzed here suggest that
the local terrestrial vegetation was dominated by shrubs, dwarf
shrubs, herbs and grasses and that tree Betula became established
already during the Allered pollen zone, while Pinus appeared first
during the early Holocene.

Aquatic plants are well represented among macrofossils with
taxa such as Rancunculus sect. Batrachium, various Potamogeton
species, Myriophyllum cf. alterniflorum, Nymphaea, and Isoétes
lacustris (Table S1). Nitella oospores, spores of Botryococcus and
Pediastrum coenobia are present in all samples, whereas spores
of the fungi Tilletia sphagnii are only present in three samples.
Moreover, macroscopic remains of Sphagnum and Polytrichum
strictum also occur in several samples, as well as spores of
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FIGURE 4 | Venn diagram showing the number of plant taxa detected from
Hésseldala Port’s sediments using micro- and macrofossil and eDNA analyses.
See Figure 3 for details on taxa.

for example Dryopteris-type, Equisetum sp., Huperzia selago,
Lycopodium, and Sphagnum.

eDNA

Negative Controls

After DNA extraction none of the eight controls contained
measurable DNA amounts. However, after library preparation
and sequencing we found that 43,453,148 and 23,290,426
reads passed QC filters in the extraction and library controls,
respectively (except for Blank4 that provided no sequences and
E7 that had no reads passing quality filters). These reads however,
show low quality scores (Figure S1) and do not show the damage
patterns typical of ancient reads (Figure S3). In addition, K-mer
distribution analyses (PCA of the distance matrix for k = 6, raw
data) indicate sequence anomalies, suggesting low data quality
due to errors and sequencing biases (Figure S4). Despite our
efforts to prevent any contamination, the taxonomic alignment
reveals taxa in the controls that originate from commonly known
contaminant DNA like human and bacteria. A visual inspection
preformed with MEGAN showed that the three most common
plant contaminants were rice (Oryza), wheat (Triticum), and
maize (Zea), while the rest of the plant reads were assigned to
tropical or exotic species (with the exception of only one read
assigned to Pinus). These were therefore not considered further
in the analyses.

Samples

We generated a total of 1,014,951,5 reads for the Hisseldala
Port samples, of which the per-sample read counts lie in the
range of 12-62 million (Table S2), except for a few samples that
failed to yield sufficient number of high-quality reads (HA1.2 and
HAG6.2_2) and those devoid of reads after filtering (HA3.1_2 and
HAS5.1_2). Read length distributions per sample for QC-passed
reads was concentrated to between 30 and 50 bp and showed
no clear association of post-mortem DNA decay (fragmentation

and damage) with age (FiguresS2,S83). This suggests that,
beyond the initial rapid degradation, eDNA is well-preserved at
Hisseldala Port.

On average 2.3% of the total sample reads mapped against
the reference database, and of these only 3.4% remained after
cleaning and filtering and were used for taxonomic assignments.
A general overview of mapped reads passing filters that were
assigned to taxa from the three domains of cellular life (Bacteria,
Archaea, and Eukaryotes) can be found in Table S§5. Of all
mapped reads the majority were assigned to Bacteria (79% on
average), while 15% was assigned to Eukaryota and <6% to
Archaea. These proportions do not necessarily reflect the true
abundance of each domain in our samples due to bias and
limitations existing in the database. However, given that the
alignment with the plant custom reference dataset eventually
detected only 1,634 plant reads (see below), we assume the plant
percentage to be very low and in the range of 0.1%.

The 1,634 reads obtained matched 122 unique plant taxa,
of which 69 were excluded by the following criteria: (1) taxa
identified by only one read, (2) taxa present in the controls, (3)
taxa exotic to Sweden during the studied time period (Table S6).
The excluded taxa are to a large part assigned to tropical plant
species (e.g. Musa, Aloe, Bomarea, Cytinus, Ephedra, Cycadales).
Out of the remaining 53 taxa, two pairs of reads were assigned
to the same taxa resulting in 51 single taxa. Seven of these
taxa showed reads in the controls that were however below the
removal threshold and were therefore kept. We also excluded
sample HA3.2 where only one read could be assigned. This
resulted in a total of 14 samples containing 51 unique plant taxa
assumed to represent true positives. Of these ~22% were assigned
at the family level, 31% at the genus level and 22% at the species
level. The remaining 25% of the taxa were identified at higher
taxonomical levels (order and clade). The high percentage of
taxa identified at or below the genus level (53%) is likely due to
the inclusion of the local PhyloNorway data set in our reference
database for taxonomical assignment.

The largest number of reads (166) was found for the fern
Diplazium. The 16 other taxa recorded with 10 or more reads
were trees and shrubs such as Salicaceae (27 reads) and Salix
(43), the large clade of Acrogymnospermae (31), herbs of
Convolvulaceae (54), and Asteraceae (11), aquatic or semi-
aquatic plant species e.g., Juncus triglumis (31) and the clubmoss
Selaginella selaginoides (10).

Comparison of eDNA, Micro- and

Macro-Fossil Data Sets
Overall, we recovered more taxa by DNA (51) than singularly
from the micro- (44) and the macro-fossil (22) record (Figure 4).
The number of taxa identified at the species level varied in
the three data sets between 14 for microfossils (32%), 11 for
macrofossils (45%), and 11 for DNA (21%). The three proxies
show important differences in respect to identified major plant
taxa and only four taxa were detected by all three proxies (Betula
sp., Salix, Myriophyllum cf. alterniflorum, and Nymphaea).
Among the trees, shrubs, and dwarf shrubs (Figure 3A),
Betula and Salicaceae were recorded by all three proxies, although
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the taxonomic level of identification varied. Pinus was recorded
in the pollen (all periods) and macrofossil (Preboreal) data sets,
whereas the one-read DNA record did not pass filtering criteria.
Other taxa detected as pollen (e.g., Ulmus, Alnus sp., Hippophaé
rhamnoides, Picea, Chenopodiaceae, Poaceae, Apiaceae) were not
recorded as macrofossil or DNA. DNA of Cupressaceae was
detected and could potentially represent Juniperus, which was
identified by pollen. Ericaceae were present in the pollen spectra
(some of it was tentatively assigned to Vaccinium) whereas E.
nigrum was identified by macrofossils. Oleaceae (family including
Fraxinus) and Acrogymnospermae (including Picea, Pinus, and
Juniperus) were only recorded by DNA.

Among herbs, grasses and aquatics (Figures 3B-D),
Cyperaceae (including Carex sp. and Cyperoideae identified by
macroscopic remains and eDNA, respectively), Myriophyllum cf.
alterniflorum, and Nymphaea were present in all three proxies.
Rosaceae could also be identified by all three proxies, but with
assumed different taxa. Ranunculaceae were identified by pollen
and macroscopic remains but as different taxa. Isoétes lacustris
was identified both as spores and macroscopic remains. Other
herbs are only recorded as pollen, such as e.g., Anthemis-type,
Apiaceae, Chenopodiaceae, Hippuris vulgaris, Menyanthes
trifoliata, Epilobium sp., Poaceae, and Rumex acetosella. Two
taxa appear in the macrofossil record only: Najas sp. and
various Potamogeton species. However, eDNA detected families
(Asteraceae) that include taxa found as pollen (Artemisia);
species or genera (Eutrema, Silene noctiflora, Comarum palustre,
Galium) that belong to families identified in the pollen record;
and several taxa that show no signal in the micro- and macrofossil
records: Boraginaceae (with the species Mertensia maritima),
Campanulaceae (with the genus Lobelia), Convolvulaceae,
Droseraceae (with the genus Drosera rotundifolia), Geraniaceae
(with Erodium and Geranium), Juncaceae (with J. filiformis
and J. triglumis), Orchidaceae (with Epipogium and Epipogium
aphyllum) the genus Saxifraga, and larger clades like Fabids,
Fabeae, Lamiids, and Lamiales. A large number of ferns without
identifiable spores were also identified exclusively by eDNA
(Schizaeaceae, Thelypteridaceae, and several taxa within the
Polypodiaceae family). Moreover, eDNA could detect a few club
mosses (Huperzia, Selaginella selaginoides), but none of the algae
species Pediastrum and Botryococcus that were identified by
microfossil analysis (Figure 3D), although these were present in
the database.

Except for a few taxa—trees/shrubs growing close to the
lake (Betula and Salix), some aquatic plants (Myriophyllum
alterniflorum, Nymphaea) and some ferns (Equisetum)—we
found limited overlap between the three proxies (Figure 4).
However, several of the taxa that were recorded by eDNA now
allow complementing information regarding the local vegetation,
especially in respect to herbs/grasses/aquatics (M. maritima,
Eutrema, Lobelia, S. noctiflora, D. rotundifolia, Erodium,
Geranium, ]. filiformis, J. triglumis, E. aphyllum, C. palustre,
Saxifraga) and a variety of ferns and mosses (Figures 3B-D).
Taken together, the eDNA results allow us to increase the total
number of identified taxa from 67 (pollen and plant macro
remains) to more than 100.
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FIGURE 5 | Presences and arrival of taxa (in percentage) detected in pollen,
macrofossils and ancient DNA analyses.

Taxa Representation During the Regional

Pollen Zones
The diversity of plant DNA taxa was compared to the
regional pollen zones (Allered, Younger Dryas, and Preboreal)
earlier identified at Hisseldala Port, which correspond to
warmer/colder/warmer time intervals (Wohlfarth et al., 2017).
The eDNA of some tree and shrub species, such as Betula
sp. and Salicaceae/Salix, was present in Allerod and Younger
Dryas samples, in accordance with the pollen and macrofossil
data (Figure 3A), which suggests that boreal to subarctic climate
conditions also prevailed during the Younger Dryas pollen zone.
The proportion of taxa detected in all pollen zones was
generally lower for eDNA (31%) than for pollen (59%) or
macrofossils (42%) (Figure5). The eDNA data set however
suggests that a higher number of new taxa became established
during Younger Dryas, while the pollen and macrofossil data
indicate that new plants became established only during the
Preboreal. We also found a higher number of taxa and reads
per sample in Younger Dryas samples (average 17.3 and 103.8,
respectively), than in Allerod (average 7.8 and 34, respectively)
and Preboreal (11.5 and 49.3, respectively) samples (Figure 5).
This may be a mapping artifact because our reference library is
biased toward cold tolerant species. It is however notable that
all taxa, except for two of the new species that appeared during
Younger Dryas, persisted into the Preboreal.

DISCUSSION

At Hisseldala Port, the metagenomic data allowed to identify a
limited number of plant reads, but sufficient to identify a larger
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number of taxa than either micro- or macro-fossils alone and
therefore increased the overall information about past floras.

The eDNA Record

eDNA signals were mainly derived from terrestrial taxa. These
likely represent common and dominant taxa that were growing
close to the lake as they have the strongest signal (Alsos
et al, 2018). Aquatic taxa, such as Juncaceae, Nymphaceae,
Myriophyllum alternifolium may have been less common or had a
scattered presence at Hisseldala, since aquatic taxa have usually a
higher chance to be detected due to less taphonomical restrictions
(Alsos et al., 2018).

The Shotgun Sequencing Approach

Starting from more than a billion reads only very few reads
(<2,000) could eventually be assigned to the likely local plant
taxa. Thus, the majority of reads did not match any plants in our
reference library and could not be used in our study. Similarly, in
two recent genomic studies on sediments only a small fraction
of the reads that aligned to the database could be eventually
assigned to plants using the shotgun sequencing approach. Slon
et al. (2017) shotgun sequenced sediments from seven caves and
aligned between 4.9 and 21% of the reads to the database and only
a small proportion of these (1-2%) aligned to plant sequences
(Viridiplantae). Pedersen et al. (2016) aligned and assigned to
plant taxa only 2,596 out of 1 billion aligned reads. In our study,
more than 78% of the mapped reads (2.3% of the total) were
assigned to Bacteria, circa 15% to Eukaryotes and more than 5%
to Archaea (see also Ahmed et al., 2018).

Overall these results suggest that the genomic data is
complementary to micro and macrofossil records and potentially
holds many more taxa than those detected in this study. Thus,
if whole community reconstructions are the goal of a study,
genomics is a practical approach for exploring a large number
of taxa, from large animals like mammoth, to bacteria, algae,
and archaea. However, the number of plant taxa we found
in each sample was less than seven for the majority of the
samples, which is lower than the 20-60 taxa detected with
PCR-based metabarcoding approaches that are generally used
to target plants (Pansu et al., 2015; Parducci et al., 2015; Alsos
et al,, 2016, 2018; Sjogren et al., 2016; Niemeyer et al., 2017;
Zimmermann et al., 2017). The PCR-based method however,
may be biased due to differences in the amplification of different
taxa. For example, Cyperaceae is normally underrepresented in
metabarcoding studies probably due to a longer than average
fragment size (Alsos et al., 2018). Our hope using the shotgun
sequencing approach was to overcome this bias and provide data
that also allow for more quantitative interpretations. However,
we note that Cyperaceae pollen or macro remains were found
in many samples, but Cyperaceae DNA was only found in
two samples. As metabarcoding is cheaper and requires less
bioinformatic work than the shotgun sequencing approach, we
conclude that, if vegetation reconstruction alone is the goal of
a study, metabarcoding is currently a more useful and cost-
efficient method.

We think that several issues currently limit the shotgun
sequencing approach. The first is the lack of sufficiently curated
plant reference genomes. For mapping we here used plastid

DNA sequences present at NCBI in combination with plastid
DNA and ribosomal DNA derived from the PhyloNorway
data set. However, we did not check the nuclear genomes
of the plants present in NCBI, which could have contributed
with more information. At the moment there is little suitable
reference material available in the NCBI database for plant
nuclear genomes and the majority of the sequences come
from economically important crop species like maize, rice,
soya and potato. The lack of reference genome sequence data
for non-commercial plant species as those analyzed in our
study, substantially reduces the potential for success of the
bioinformatic analyses with metagenomic data. In addition,
metagenomic data can vary in content across samples from the
same or similar environments (Quince et al., 2017), as it was
also seen in our two cores which were located only few meters
from each other, but reported in several instances a different taxa
composition (e.g., Ha2.1/H42.2, Ha7.1/H47.2, or Ha8.1/Ha8.2
in Table §6). This complicates the detection of biologically
meaningful differences between samples of different ages.

The second issue is methodological and may be related
to the protocols used for extraction and library construction.
These often allow only a small percentage of eukaryote reads
(and in particular plant reads) to be extracted and sequenced
as compared to archaeal and bacterial reads. The problem
can be partially circumvented by using new developed DNA
extraction methods for sediments like the phosphate-based
protocols developed by Taberlet et al. (2012); Zinger et al.
(2016); a disadvantage is however a strong detriment of the
final DNA amount obtained. More recent advances in high-
throughput DNA sequencing technologies allow circumventing
the problem more efficiently. Today it is possible to target-enrich
specific genomic DNA regions via hybridization capture prior to
sequencing (Schmid et al., 2017; Slon et al., 2017). This allows
generating larger data sets for multiple DNA target loci in parallel
with high efficiency and improving substantially the quality of
the taxonomical assignments after sequencing. The target capture
sequencing technology coupled with shotgun sequencing seems a
good alternative and a powerful strategy for molecular ecologists
who want to work with taxa for which few genomic resources
are available.

A third issue to consider is the properties of the sediments in
relation to DNA preservation. It is very difficult to assess the time
frame for which DNA molecules are preserved in lake sediments.
We know, however that local environmental conditions may be
more important than other factors, including time (Allentoft
et al., 2012). Cold, dry and anoxic environments and a neutral
or slightly alkaline pH represent optimal conditions for DNA
preservation. The degree of preservation may also be a function
of water depth, with the poorest preservation resulting from
decay in shallow and relatively turbulent water and/or high algae
content (Rich, 1989; Alsos et al., 2018). Even if current studies
seem to show little success with eDNA extracted from below bogs
(Pedersen personal communication), at Hisseldala Port we did
not find a clear correlation between sample age and post-mortem
decay (damage and fragmentation), suggesting that, beyond the
initial rapid degradation, DNA molecules were well-preserved.
We found on the other hand, a high variation among samples
both in number of reads and in number of taxa detected. This
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observation compares to plant macrofossil studies, which can
show large variations in number and type of taxa recovered
(Birks, 2013).

Finally, because of contamination risks, we employed a very
cautious approach during DNA read assignment; this further
limited the power of the shotgun sequencing approach. To avoid
misidentifications, we used 90% of the sequences matching to at
least two different reference database entries occurring at least
two times in a sample. We therefore excluded several taxa that
were assigned by only one read. The reason for using a lower
percentage threshold (90%) was that we did not have access
to a complete reference database. Indeed, a shotgun read can
originate from any part of the genome, and since it is a whole
molecule and not an amplified fragment as in the metabarcoding
approach, the DNA damage patterns become a more serious issue
for identifications. By limiting to a 90% match we included also
some damaged sequences. The successive GenBank comparison
was done to make sure to exclude sequences originating from
non-plant sources (most likely bacteria).

The fact that our extraction controls did not contain any
measurable DNA but still yielded reads after sequencing analyses
highlights the challenges we are still facing for decontaminating
laboratory reagents and consumables (Champlot et al., 2010).
Mostly, background contamination comes from reagents used in
the laboratory since the controls contained mainly exotic plant
species and not much of the north European taxa found in the
samples. We therefore find our samples to contain a mixture of
authentic ancient DNA as well as low-background contamination
of modern human, bacterial and plant taxa from the reagents
which were eventually removed from the dataset.

Proxy Comparison

We found limited overlap between the three proxies (Figure 4).
This is not surprising since pollen reflect the local and regional
vegetation as well as long-distance transportation, while the plant
macrofossil and eDNA records register the local vegetation in and
around the site. It is also a positive result since a larger number
of taxa could be identified using the three proxies. Some major
taxa detected by pollen (e.g., Pinus, Ulmus, Chenopodiaceae,
Poaceae, Apiaceae), some assigned to long-distance transport,
were not recorded either by the macrofossil or eDNA data sets,
confirming that pollen does not contribute to eDNA in lake
sediments (Parducci et al., 2015; Alsos et al., 2016; Pedersen et al.,
2016; Sjogren et al., 2016; Clarke et al., 2018), likely because only
few pollen grains per species are present in each sediment sample
(in our case 623 on average Table S1) and each pollen grain
contains only two or three cells.

Surprisingly, some taxa as the algae Pediastrum and
Botryococcus, the clubmosse Lycopodium, the moss Sphagnum,
the dwarf shrub Empetrum and some aquatic plant species
(Potamogeton) were identified by both micro- and macrofossil
analyses, but not by eDNA even though they were present in our
reference database. This may relate to differences in preservation
conditions for different taxa and at different locations and may
also explain the variations we observed across samples in our
two cores located only a few meters apart. There is still limited
knowledge regarding the taphonomy of DNA in sediments

(Yoccoz et al., 2012; Alsos et al., 2018; Edwards et al., 2018).
Importantly, all of the three proxies only detect a fraction of the
total diversity of the past vegetation (Allen and Huntley, 1999;
Drake and Burrows, 2012; Birks and Birks, 2016; Alsos et al.,
2018). Thus, a complete overlap can never be expected.

One strange observation was Juniperus, as this genus is
present in our database by several Cupressaceae species, including
Juniperus communis. However, 19 reads were assigned to
Cupressus chengiana (a tree endemic to China) and were
therefore presented as Cupressaceae. We have no explanation
why it was not assigned to J. communis and we suggest therefore
to consider this record with caution.

Climate and Plant Diversity
All three proxies show a subset of species that are only
recorded during warmer periods, as has also been observed in
previous studies from the same site using pollen and macrofossils
(Wohlfarth et al., 2006, 2017). Surprisingly, eDNA is the only
proxy to show a high number of new taxa appearing during the
Younger Dryas pollen zone (Figure 5). Even more puzzling is
that most of these new taxa persist into the Preboreal period.
There is only one new taxon detected by pollen appearing in
Younger Dryas (Brassicaceae), and this does not persist into
the Preboreal. Macrofossils detect far less species, but notably,
the three new species appearing in Younger Dryas (E. nigrum,
Salix, and Myriophyllum cf. alterniflorum) persist also into the
Preboreal period. Thus, cold adapted species may indeed have
survived for some time after the start of the Holocene warming
due to a lag response to climate change (Alexander et al., 2018).
These results confirm previous studies suggesting that in lake
sediments eDNA is more efficient in recording persistence of
species as compared to macrofossils (Alsos et al., 2016), and may
help to better understand how climate change affected not only
colonization but also the survival and persistence of plant species.
The appearance of new DNA taxa during a cold period may
be related to an over representation of cold-tolerant species
in the reference library and/or better preservation of DNA in
sediments under cold conditions, or also to the presence of clays
in the sediments to which DNA can more easily bind and remain
protected by microbial enzymatic activity. During the Younger
Dryas the ancient lake was likely stratified, ice-covered and
anoxic large parts of the year, which may have also favored DNA
preservation in the sediments. The area around Hésseldala Port
became ice free some time before 14.5 ka BP. Sediment lithology,
geochemistry and the low organic matter content of the basal
sediments (Table 1) suggest unstable catchment soils and higher
run-oft during the early lake stage (Kylander et al., 2013). These
unstable soils likely prevented the initial establishment of denser
local vegetation. Catchment erosion gradually decreased during
the Allerdd and was low during the Younger Dryas (Kylander
et al., 2013). Lower organic matter content during the Younger
Dryas is therefore related to lower lake organic productivity and
not to catchment run-off. With the start of the Holocene and
due to infilling, the lake gradually transformed into dry mire and
subsequently into a dry shrub heathland as shown by diatom and
insect studies, respectively, and this change led to a shift in soil
conditions from alkaline to more acid (Wohlfarth et al., 2017).
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This again had an impact on the type of plants on and around the
site. Furthermore, water depth and lake status changes may have
played an important role for plant establishment and survival,
or the fact that smaller plants did not have to compete with
taller plants during the cold Younger Dryas and could expand
more easily. An alternative hypothesis is that boreal-subarctic
conditions also prevailed during the Younger Dryas, as also
recently proposed by Schenk et al. (2018).

Our knowledge regarding the local impact of the distinct
climatic shifts that characterized the end of the last glacial
period is still limited and depends largely on the choice and
interpretation of available proxies. Wohlfarth et al. (2017)
for example had suggested, based on their multi-proxy study
of Hisseldala Port’s sedimentary record, that climatic shifts
had a major impact on the site’s environment affecting plant,
diatom, and chironomid communities. In contrast, Schenk
et al. (2018) recently noted that summer temperatures did not
change markedly between Allered and Younger Dryas, but
that Younger Dryas summers were distinctly drier and winter
temperatures significantly lower as compared to the Allerod.
A re-evaluation of Hisseldala Port’s chironomid-based summer
temperature record (Schenk et al., personal communication)
moreover shows that Younger Dryas summer temperatures were
not significantly different from Allerod summer temperatures.
Our new plant macrofossil and metagenomic data sets confirm
these observations, as they show no change in plant community
response or taxa composition between warmer (Allered) and
colder (Younger Dryas) time intervals, but the presence of a
boreal-subarctic vegetation.

CONCLUSIONS

We present the full metagenome data set preserved in the
Hisseldala Port lake sediment record and compare it to the plant
micro- and macrofossil datasets analyzed in the same sediment
samples. Our hypothesis was that the shotgun metagenomic
approach allows retrieving complementary information to the
micro- and macro-fossil record, thus providing details about
plant community changes in relation to the climatic shifts
that occurred at the transition from a glacial to an interglacial
climate state. The genomic approach however, permitted
only a small percentage of reads to map against our database
(2.3%) and of these, plant reads were a small percentage (ca
0.1% of the total). We did not find clear associations between
the number of reads/taxa, sample age and sediment organic
content, suggesting that, beyond the initial rapid degradation,
eDNA in the Hisseldala Port sediments was present and
overall well-preserved.

Overall, we found: (1) limited overlap between proxies (but
more taxa could be in common at different taxonomic levels), (2)
highest diversity in number of reads and number of read/sample
in the colder period (Younger Dryas) with no direct association
with climate, (3) no association between DNA post-mortem
decay (damage and fragmentation) and sample age or changes in
organic matter content in the sediments, (4) several taxa detected
only by eDNA.

Although the proportion of plant DNA was very low in
the analyzed samples, the shotgun metagenomic approach

added a considerable number of new taxa to those identified
as pollen or plant macrofossils and thus increased the
overall information about past floral assemblages (from 67
taxa identified by pollen and plant macro remains to more
than 100).

The combined eDNA and plant macrofossil data sets
indicate that tree Betula (B. pubescens) grew close to the
ancient lake during the Allered, Younger Dryas, and Preboreal
pollen zones and that boreal to subarctic climate conditions
and not arctic conditions prevailed during the Younger
Dryas pollen zone. Comparisons between the pollen and
eDNA data sets also confirm earlier observations that
eDNA in lake sediments reflects local plant occurrences
only. Moreover, the eDNA data set suggests that a higher
number of new taxa became already established during
Younger Dryas while the pollen and macrofossil data
indicate that new plants became established only during
the Preboreal.

Shotgun sequencing, though less time-consuming is still quite
expensive, and for the moment, metabarcoding seems to be a
more cost-efficient approach for the detection of plants from
eDNA samples extracted from lake sediments. In the future,
coupling target capture technology with shotgun metagenomics
could significantly enhance the ability to investigate past
genomic diversity in lake sediments, particularly as full-
genome reference databases are being built up. So far,
the performance of these combined methodologies has seen
limited investigations with ancient lake sediments and we
think it has a potential for becoming an important tool
for future investigations of plant biodiversity changes in lake
sediments, in combination with complementary pollen and plant
macrofossil analyses.
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