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Summary

Sedimentary ancient DNA (sedaDNA) from lake sediments is a promising tool for studying past
communities, but there are still uncertainties regarding the methods. How does the lake sedaDNA
obtained reflect the actual community present surrounding the lake? Are there differences in
detection between various groups of organisms? How does the widely applied metabarcoding
compare to shotgun sequencing of sedaDNA? How do either sedaDNA methods compare to the
traditional palaeoecological methods? How should we treat and filter the obtained data and what
more can we do with it? This thesis aims to answer the above questions and evaluate the capability
of sedaDNA methods. For this, six different papers are presented, that utilize either metabarcoding

or shotgun sequencing of various organisms from both contemporary and ancient sediments.

The aim of Paper | was to use contemporary environmental DNA in combination with vegetation
surveys to better understand how and which groups of plants contribute material to the
sedimentary DNA records. From 11 lakes in northern Norway, that differed in size, depth as well as
surrounding vegetation, top sediments were collected. In addition, for each of these lakes the local
vegetation was recorded. For each taxon in the vegetation, the abundance was scored, as well as the
location relative to the lake. Metabarcoding was carried out on the top sediments with plant specific
primers and the results were compared to the known species in the vegetation. Access to the known
vegetation also allowed for further exploration of the effects that bioinformatic filtering has on the
data. The results indicated that the taxa growing in close vicinity of the lake (<2 m) or within the
lake, were more often detected than taxa only occurring further away in the catchment. In addition,
dominant taxa in the vegetation were more often detected in the sedimentary DNA results
compared to rarer taxa. The exception were aquatic taxa, for which even the rarer taxa were often
detected in the results, making metabarcoding a promising tool for their identification. Finally, the
results indicated that there is no good way to filter the data, where there always exists a trade-off

between the removal of false positives while retaining as many true positives.

For Paper ll, the vegetation through time was studied for Lake Ucha Rohci, Varanger Peninsula,
Norway, based on a sediment core dating from 10,700 to 3300 cal a BP. This study combined
metabarcoding of plant specific primers with pollen analysis for the identification of the flora. Both
methods identified a shrub-tundra vegetation as the main community type present throughout the
Holocene, which is comparable to the vegetation found today. However, some thermophilous taxa,
such as Callitriche hermaphroditica, were detected during the Early Holocene, indicating warmer

than present temperatures. Both sedaDNA and pollen differ in the total taxa detected, where,



sedaDNA could identify 118 taxa compared to 39 for pollen. Furthermore, sedaDNA could identify
taxa to lower taxonomic ranks and was capable of detecting more insect pollinated forbs and aquatic

taxa compared to pollen, which was mainly dominated by wind dispersed taxa.

Clitellate worms were the focus of Paper IlIl, though originally not the taxonomic group we set out to
detect. Two sediment cores, the Varanger core from Paper Il, as well as a sediment core from Lake
Bolshoye Shchuchye, Polar Urals, Russia, were subjected to metabarcoding with universal
mammalian primers. The majority of the taxa detected, besides reindeer in six samples, were worm
species. The lack of mammals is primarily caused by their relatively low biomass in the environment,
which resulted in less template material contributed to the sediments for metabarcoding detection.
The worm taxa on the other hand could be more abundant in the lake catchment. The
metabarcoding of worms itself was possible due to the conserved nature of the selected
metabarcode region, where, even though there are a few primer mismatches, worms could be
amplified in the absence of sufficient mammalian template. These results indicate that worm
amplification was possible from sedaDNA, even when suboptimal primers were used, which opens
the door to further palaeoecological studies where worms can be used as a potential proxy for

temperature, soil moisture and acidity.

Paper IV explored the potential of shotgun sequencing of sedaDNA for the reconstruction of past
vegetation. A Lateglacial sediment core from Hasseldala Port, southern Sweden, was analysed with
both sedaDNA, pollen and macrofossils. The combined proxies identified the presence of a boreal to
subarctic climate during the Allergd, that persisted throughout the Younger Dryas into the
Preboreal. While some taxa, such as Betula, Salix, Myriophyllum and Nymphaea could be identified
with all methods, the majority of taxa were only detected with one or two proxies. Out of the three
different methods, the highest number of taxa were identified with shotgun sequencing, which was
primarily due to the detection of new taxa that were introduced in the Younger Dryas. A similar
trend was not detected by the other proxies. The observed DNA results could be due to the
reference database used, which had a large component of reference sequences from northern
Norwegian taxa and thus might have been better suited to identify the taxa present during the
colder Younger Dryas. Overall, shotgun sequencing was capable of detecting taxa that were
otherwise overlooked by traditional methods, though a large part of the sequence data remained
unused, either because it originated from other organisms, or because the appropriate plant

reference genomes were not available.



Lake @vre Arasvatnet on northern Andgya, Norway was the study site for Paper V. Andgya has been
of particular interest for palaeoecological studies, as it was partly unglaciated during the Last Glacial
Maximum (LGM) and could thus provide a refugia for species survival. Three sediment cores from
the lake were analysed with metabarcoding using plant specific primers as well as pollen,
macrofossils and geochemistry. The presence of thermophilous taxa in both sedaDNA, pollen and
macrofossils during the LGM indicated at least some warmer phases. Furthermore, a high organic
content detected throughout the LGM suggest a high inflow of nutrients into the lake, likely
originating from a local bird colony, as indicated by stable isotope analysis and the finds of bird
bones. The sedaDNA results from this period, however, were problematic, as they were dominated

by algal DNA, possibly obscuring the terrestrial plant signal.

The final sedaDNA study (Paper VI) deviated from the other studies in that it applied deep shotgun
sequencing to two LGM samples, rather than a full sediment record. The samples used originated
from the same sediment cores as Paper V, which were known to contain an abundance of the
Nannochloropsis microalgae. Shotgun sequencing allowed for the identification of the most
abundant Nannochloropsis species present in the sediment record. Furthermore, the amount of
Nannochloropsis sequence material obtained allowed for reconstruction of the palaeo organellar
genomes. Phylogenetic placement of both the reconstructed organellar genomes as well as rbcL, a
traditional barcode marker, identified the Andg@ya variants as N. cf. limnetica. Furthermore, the
coverage obtained for the organellar genomes allowed for the estimation of the present
haplogroups. At least two main variants of N. cf. limnetica could be detected for both samples,
based on either single variants or linked sites. This study demonstrates the potential of shotgun

sequencing of sedaDNA for both phylogenetic and population genetic analysis.

The above papers demonstrate that the sedaDNA results obtained from lake sediments reflect the
local community. sedaDNA gives more comprehensive results for plants than for animals, most likely
due to difference in biomass between the two groups. Furthermore, both metabarcoding and
shotgun sequencing are capable of reconstructing past communities. However, metabarcoding, for
now, remains more efficient in the identification of multiple taxa, while shotgun sequencing

performs better when it can be utilized to explore phylogenetic or population genetic questions.
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Introduction

Palaeo records provide a vital source of information for studying the effects of a changing climate on
species distributions (Seppa and Birks 2001, Willis and Birks 2006, Alsos et al. 2016). In addition, they
can provide insight into human influence (Giguet-Covex et al. 2014, Pansu et al. 2015), as well as
extinctions (Haile et al. 2009, Graham et al. 2016, Brlniche-Olsen et al. 2018) and survival
(Westergaard et al. 2011, Parducci et al. 2012). Commonly used methods for the study of palaeo
records include pollen and macrofossil studies (Odgaard 1999, Birks and Birks 2000). These methods,
however, suffer from some limitations, such as pollen data representing a regional signal due to an
overabundance of wind dispersed taxa (Eide et al. 2006, Birks and Birks 2000) and macrofossils being
relatively scarce (Birks 2003). During the last decade sedimentary ancient DNA (sedaDNA) became an
interesting alternative to the conventional methods (Willerslev et al. 2003, Haile et al. 2007,

Parducci et al. 2017), first via DNA metabarcoding and later shotgun sequencing methods.

DNA barcoding has proven to be an invaluable tool for the identification of species (Hebert et al.
2003). The method relies on the amplification of smaller conserved barcode regions, that still
contain enough taxonomic information for species identification. Typical barcode regions are several
hundred base pairs (bp) in length and include: the COI gene for animals (Hebert et al. 2003), rbcL and
matK for plants (CBOL Plant Working Group et al. 2009) and the Internal Transcribed Spacer (ITS) for
Fungi (Schoch et al. 2012). DNA metabarcoding takes the barcoding technique a step further by
amplifying barcode regions from bulk or environmental samples, rather than a single individual
(Taberlet et al. 2012, Taberlet et al. 2018). The amplified pools of barcodes can be sequenced in
their entirety due to the advances made in sequencing techniques, which now provides the

sequence depth required for bulk identifications.

Metabarcoding of environmental samples requires different markers than traditional barcoding, as
the environmental DNA (eDNA) is commonly degraded and the longer template molecules required
for traditional barcoding could either be scarce or absent (Blum et al. 1997, Barnes et al. 2014). Thus
a whole range of shorter markers exist for the metabarcoding of various taxa, including: plants
(Taberlet et al. 2007, Willerslev et al. 2014), mammals (Boessenkool et al. 2012, Giguet-Covex et al.
2014), fungi (Buée et al. 2009, Tedersoo et al. 2018), fishes (Valentini et al. 2016, Hanfling et al.
2016) and insects (Epp et al. 2012, Elbrecht et al. 2016). The above method can be applied to ancient
sediments in order to reveal past ecological information (Jgrgensen et al. 2012, Pedersen et al.
2015). However, ancient environmental DNA brings additional challenges compared to eDNA, as the

available DNA is further reduced (Allentoft et al. 2012).
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One of the main advantages of metabarcoding comes from having access to large reference
collections, such as the general NCBI nucleotide database, the Barcode of Life Database (BoLD) or
the SILVA database for ribosomal sequences. These reference collections allow for either exact or
close identifications of the taxa present. Furthermore, reliable community identifications can be
obtained with sequence counts between 10,000 and 50,000 sequences, which allows for pooling of
multiple samples into a single sequence library in order to reduce sequencing costs (Binladen et al.
2007, Valentini et al. 2009). Though some problems exist in the form of PCR artefacts, chimeric
sequences and tag jumps (Schloss et al. 2011, Schnell et al. 2015). In particular, homopolymer
repeats can cause polymerase slippage and introduce additional artificial barcode variants (Taberlet

et al. 2012). The above problems require careful bioinformatic filtering and data interpretation.

An alternative approach to sedaDNA is via shotgun sequencing of the sediments. This method does
not rely on amplification of a target barcode region, but instead sequences all material present
(Pedersen et al. 2016, Graham et al. 2016). The lack of amplification gives it some advantages over
metabarcoding. First, the lack of amplification allows for a less biased abundance estimation
(ziesemer et al. 2015). Second, since the method captures all sequences present, sequencing can be
carried out without a priori knowledge of the sample. Finally, the data can be used to pursue various
genetic questions. Though the lack of targeting can also be problematic as the vast majority of the
sequence data originates from single celled organisms, such as bacteria, with multicellular life
making up a relatively small part (Pedersen et al. 2016, Slon et al. 2017). A high sequence depth is

thus required to ensure that sufficient material is retrieved for the taxonomic group of interest.

Shotgun sequencing is quite reliant on the availability of reference material. As the sequences can
originate from any part of the genome, a broad reference set of nuclear and organellar reference
genomes is desirable (Pedersen et al. 2015). Full nuclear genomes however are costly to generate
and are mainly available for taxa that are of economic or particular scientific interest (Parducci et al.
2017). More reference material is available for organellar genomes, as they are easier to obtain.
Furthermore, with sequencing projects such the PhyloAlps and PhyloNorway projects, the number of
available organellar sequences is rapidly increasing. However, the majority of the sedaDNA shotgun
sequences are derived from the nuclear genome (Rauwolf et al. 2010). Full nuclear genomes will
therefore allow for a more complete identification of the sequences present. However, with time,
the reference issue will become less problematic as more genomes become available for a wider

variety of taxa.
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Contamination is a prevalent issue when working with ancient material and both sedaDNA methods
have some ways to deal with it. A common solution is the incorporation of negative control samples
during the various steps of sampling and extraction (De Barba et al. 2014, Pedersen et al. 2015).
These controls can be used during the filtering of the data and allow for the identification and
removal of the contaminant taxa. In addition, for metabarcoding, blocking primers can be designed
for common contaminant species, such as human, to inhibit their amplification (Boessenkool et al.
2012). While for shotgun sequencing ancient DNA damage patterns can be inspected for
authentication (Briggs et al. 2007, Jonsson et al. 2013). Ancient DNA damage patterns are caused by
deamination of cytosine bases into uracil bases, which will be interpreted as thymine bases post
sequencing. As a result, characteristic C/T, or the reverse complement G/A, substitutions are

observed in the sequence data for true ancient material.

Regardless of the sedaDNA method used, first ancient sediments need to be collected and sampled
for DNA. Not every type of sediment is suitable for aDNA studies, as the available DNA in any
environmental system degrades over time (Pedersen et al. 2015). Stable, cold and dark conditions
are desirable for long-term ancient DNA preservation, such as cave, lake or permafrost sediments
(Hansen et al. 2006, Sgnstebg et al. 2010, Pansu et al. 2015, Slon et al. 2017). DNA preservation in
these conditions is possible due to the extracellular DNA binding to either negatively charged
silicates, clays, or organic compounds (Taberlet et al. 2012), which can stabilize the molecules over
longer periods of time. Once the sediments are obtained, these ancient DNA molecules can be

released for sedaDNA analysis.

Distinct differences are noted when sedaDNA results are compared to either pollen or macrofossils.
Pollen, especially those which are wind dispersed, represent a regional signal (Rousseau et al. 2006,
Hicks 2006, Parducci et al. 2015). Furthermore, identifications based on pollen are often not
resolved to species level and thus cannot be used for finer reconstructions (Birks and Birks 2000).
Macrofossils on the other hand provide a more local signal, as they are unlikely to be transported
over larger distances (Eide et al. 2006, Birks and Birks 2000). Furthermore, depending on the type of
macrofossil, species level identifications are possible (Birks and Birks 2000). The main problem with
macrofossils is that they are relatively scarce and enough material for full ecosystem reconstruction
might not be available from a sediment record (Birks 2003). The results obtained with sedaDNA from
lake sediments tend to overlap with results obtained by macrofossil studies, indicating a local origin

of the material (Jgrgensen et al. 2012, Alsos et al. 2016), though some contradicting observations
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have been made for different sediment types, such as peat bogs, which noted a greater difference
between sedaDNA and macrofossils (Parducci et al. 2015). Finally, depending on the sedaDNA
method used, species level identifications can be obtained for various taxa (Sgnstebg et al. 2010,

Epp et al. 2015, Zimmermann et al. 2017).

The above methods play an important role for the identification of taxa present in palaeo records,
however, sedaDNA has the potential to answer more elaborate questions. Via the sequencing of
more variable sites, the resolution of the identification can be improved to population level
(Parducci et al. 2017). Tracking populations over time will allow for more sophisticated
environmental models. In addition, improved abundance estimations will allow for the detection of
finer within population changes (Slon et al. 2017, Sge et al. 2018). Finally, genomic information
derived from sedaDNA can be used for phylogenetic and evolutionary studies, as more and more
sequence information is extracted and potential larger genomic regions are reconstructed

(Seersholm et al. 2016, Slon et al. 2017).

Thesis aims

This thesis consists out of six different papers, but all have a unifying theme in eDNA or sedaDNA

from lake sediments. It sets out to answer the following questions:

1) How does the eDNA derived from contemporary lake sediments reflect the local vegetation?
(Paper 1)

2) How effective are metabarcoding and shotgun sequencing methods, compared to traditional
palaeoecological methods, in the identification of plants from sediment records? (Papers I,
IV and V)

3) How effective is metabarcoding of sedaDNA for the detection of animals? (Paper Ill)

4) How reliably can we derive phylo- and population genomic information from sedaDNA

shotgun datasets? (Paper VI)

14



Methods

Study organisms

A range of different organisms were studied in the papers for this thesis and they include: vascular
plants (Papers |, Il, IV, V and VI), mammals (Papers Ill and V), clitellate worms (Paper Ill) and algae
(Papers V and VI). Some of these organisms were specifically targeted due to the usage of
metabarcode primers, such as the vascular plants in Papers |, Il and V, as well as the mammals in
Paper Ill. While others were detected as metabarcoding “bycatch”, such as the worms in Paper llI
and the algae in paper V. The shotgun sequence datasets, by their nature, contained sequences from
all taxa, though in Paper IV, only the vascular plant component was analysed due to the usage of a
constrained reference dataset containing chloroplast genomes. The shotgun data in Paper VI, was
subjected to a wider panel of reference genomes, which allowed for more taxonomically diverse

identifications.

Site and material collection

Sites

All data in this thesis originated from lake sediments from either northern Norway, Sweden or the
Russian Polar Urals (Figure 1). Paper | utilized top sediments from 11 lakes located in the counties of
Nordland, Troms and Finnmark, Norway. The lakes were selected such that they covered a wide
range of lake sizes, depths, altitudes and surrounding vegetation types. In addition, the lakes

themselves had limited in- and outflow and were relatively undisturbed by human activity.

Papers Il and Ill used sedimentary data from Lake Uhca Rohci on the Varanger peninsula, Finnmark,
Norway. In addition, Paper Ill also utilized data from lake Lake Bolshoye Shchuchye, located in the
Polar Urals, Russia. There is a stark contrast between both sites. Where Uhca Rohdi is relatively small
(<1 ha), Bolshoye Shchuchye is the largest (1200 ha) and deepest (134 meters deep) lake in the Polar
Urals (Svendsen et al. 2019). Furthermore, the surrounding areas are different as well. Uhca Rohi is
located in the relative flat Komagdalen river valley, while Bolshoye Shchuchye is surrounded by

mountainous terrain characterised by sharp peaks.

Paper IV used Lateglacial lake sediments from Hasseldala Port, Blekinge province in southeast
Sweden. The lake filled in during the early Holocene and turned into a peat bog. The older Lateglacial
lake sediments themselves are represented in a 1 meter long record (Wohlfarth et al. 2017), that is

currently fairly close to the surface due to peat cutting activities.
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The final site is Lake @vre £rdsvatnet on the island Andgya, north-western Norway. Sediment cores,
that covered the LGM and the early Holocene, from this site were analysed for Papers V and VI.
Furthermore, top samples from this site were also part of the contemporary eDNA comparison in
Paper I. Andgya is of special interest, as the island was partially unglaciated during the LGM and is

thus provides opportunities to study glacial survival.

Coring

The sediment samples used in the presented studies were collected with a variety of different coring
methods. The modern lake surface samples were collected with a Kajak corer, that utilized several
equidistant spaced tubes that were lowered into the soft top sediments via gravity, before they were

retrieved.

The deeper sediments for @vre Arasvatnet, Uhca Roh¢i, Bolshoye Shchuchye and Hasseldala Port
were collected with different methods, as gravity alone was not sufficient for reaching the deeper
layers. The Uhca Rohdi core and one of the @vre Zrasvatnet cores were collected with a modified
Nesje corer (Figure 1; Nesje 1992) while the Bolshoye Shchuchye core was collected with a UWITEC
Piston Corer. Both methods differ in execution but rely on the same principle of forcing the core into
the sediment by hammering the top with a weight. The Russian corer used for Hasseldala Port and
the Geonor corer used for the other two @vre £résvatnet cores were based on pressure, either by
forcing the core into the sediment by hand in case of the former, or a jack and solid extension rods

for the latter.
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Sampling of the sediments

Ancient DNA is due to its very nature both fragmented and present in low concentrations (Briggs et
al. 2007, Pedersen et al. 2015), therefore contamination with modern material was a considerable
risk during sampling. To limit the chance of contamination, sediment cores were opened in sterile
ancient DNA laboratories. These laboratories, as well as the tools used for sampling, were kept clean
via bleaching of the surfaces and exposure to UV-light. In addition, the usage of bench controls

during sampling gave an indication of aerosol contamination.

Lithology and dating

Loss-on-Ignition (LOI) values were obtained for all palaeo records (Papers II-Vl). The LOI values were
obtained by drying smaller subsamples overnight at temperatures between 100-105 °C, weighting
the dry samples and burning them afterwards at 550 °C. The burned remains were weighted again
after which the LOI values could be computed as the percent dry-weight lost after burning (Heiri et

al. 2001).

Qualitative geochemical analysis was performed on the @vre Zrésvatnet, Uhca Roh¢i and Bolshoye
Shchuchye cores and was carried out via X-ray fluorescence (XRF) scanning. XRF is based on the
ionization of the elements present in a sample and the measurement of the photons released when
the electrons collapse to lower electron shell. A spectra of the detected photons was translated to
the elements present and their abundances, either as a proportion of the elements present, or

normalized against a single element (R6hl and Abrams 2000, Rothwell et al. 2015).

Radiocarbon dating was performed on the sediment cores from @vre £Arasvatnet, Uhca Rohéi and
Bolshoye Shchuchye. The dating itself was determined via accelerated mass spectrometry of
macrofossils, such as bryophytes, seeds, or leaf and bark fragments. The acquired radiocarbon dates
were calibrated via terrestrial calibration curves (Reimer et al. 2013) and age-depth models were
constructed via the Bayesian based modeling software Bacon (Blaauw and Andrés Christen 2011).
Dating of the Hasseldala Port sediments was based on alignment of the LOI curves to an older,

already radiocarbon dated, core from the same site (Wobhlfarth et al. 2017).

Sampling, DNA extraction and sequencing

DNA extraction
Sediment samples contain complex mixtures of organic molecules, both DNA or otherwise and

inorganic compounds (Miller et al. 1999). Various DNA extraction protocols exist in order to free up
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the DNA molecules present in the sediment bound to silica, clays, humic acids and remove potential
inhibiting compounds that could interfere with downstream molecular methods (England et al. 2004,

McKee et al. 2015).

The two DNA extraction protocols used were either based on the PowerMax Soil DNA extraction kit
(MO BIO Laboratories, Carlsbad, CA, USA) (Papers I-V), or the phosphate extraction protocol
(Taberlet et al. 2012) (Paper VI). The protocols differ in the type of DNA targeted. The PowerMax
variants were inclusive in terms of intra- and extracellular DNA obtained due to the inclusion of cell
lysis steps. The phosphate protocol on the other hand forwent cell lysis to retrieve extracellular DNA.
Additional differences were found in the amount of sediment material required for extraction,

number of steps, the resulting DNA concentrations and potential extent of inhibitors present.

Similar to the subsampling of the sediment cores, all DNA extractions, as well as the PCR
preparations and shotgun library constructions were carried out in dedicated ancient DNA
laboratories, to avoid the potential contamination of modern material. The inclusion of DNA
extraction negatives allowed for the estimation of the contamination present in the ancient
laboratories, as well as in the extraction reagents used themselves (Champlot et al. 2010, Parducci et

al. 2017).

Metabarcoding

Two types of metabarcoding PCRs were carried out for the presented papers, either targeting and
amplifying plants (Papers I,1l and V) or mammals (Paper lll). The plant metabarcoding was carried out
with the universal plant g and h primers (Taberlet et al. 2007), which targeted a ~15-120 bp long
fragment of the plastid trnL UAA P6 loop region. The mammals were amplified with the universal
mammalian MamPOO7F and MamPOO7R primers (Giguet-Covex et al. 2014), which targeted a ~60-80
bp long fragment of the mitochondrial 16S rRNA. Since the mammalian primers were capable of
amplifying human, the MamP007_B_Hum1 human blocking primer was included to inhibit
amplification (Giguet-Covex et al. 2014). The relative short fragments that both primers targeted
made them particularly suitable for the amplification of the fragmented ancient DNA. Furthermore,
the high number of chloroplasts and mitochondria per cell, increased the potential amount of target

molecules in the sediment compared to nuclear markers (Thomsen and Willerslev 2015).

Both the plant and mammalian PCR reactions were carried out with 45 PCR cycles, which, while high,

is necessary when working with ancient DNA to ensure the detection of low abundance template
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molecules (Epp et al. 2012). For each sample, six (Paper 1) to eight (Papers Il, Ill and V) PCR replicates
were carried out to ensure both validation of the detections and increase the chance of observing
rarer amplicons (Ficetola et al. 2015). In addition to the amplification of the samples, both negative
and positive control samples were included, to detect the presence of contaminants and validate the
success of the PCR reaction respectively. All primers contained additional unique tag sequences that
allowed for pooling of multiple PCR products into a single sequence library, which aided in reducing
the sequencing costs (Binladen et al. 2007, Valentini et al. 2009). Post amplification and pooling, the
material was incorporated into sequence libraries and sequenced on either the lllumina HiSeq 2500

platform at 2x125 bp (Papers 1,1l and Il1) or the lllumina NextSeq at 2x150 bp (Paper V).

Shotgun sequencing

Compared to the metabarcoding procedure, shotgun sequencing is more straightforward. The DNA
extracts themselves were directly incorporated into sequencing libraries, without any initial
amplification (Ziesemer et al. 2015, Graham et al. 2016). This process does put more importance on
the DNA extracts, as the library preparation could be susceptible to inhibition. Similar to
metabarcoding, the inclusion of negative controls could again aid in the detection of contamination.
Both the libraries for Papers IV and VI were sequenced on an Illumina HiSeq 2500, but the former

was sequenced at 1x100 bp, while the latter at 2x80 bp.

DNA analysis

Metabarcode analysis and identification

Analysis of the metabarcoding sequence data for Papers |, II, Ill and V, consisted of a number of
different steps: merging of the paired-end sequence data, demultiplexing of tagged PCR products,
collapsing, clustering and error correction of the amplicon data and finally the identification of the
metabarcode sequences. Several software packages and pipelines were available for these analysis,
such as: QIIME (Caporaso et al. 2010), mothur (Schloss et al. 2009) and OBITools (Boyer et al. 2016),

where the latter was used for the analysis of the metabarcode data presented in this thesis.

The first step after paired-end sequencing of the metabarcode data was the merging of the forward
and reverse sequences. The resulting dataset still contained a mixture of the different samples and
PCR replicates that were pooled together, which required demultiplexing. The demultiplexing step
used the known primer and unique tag information for each of the samples to identify from which
sample a given sequence originated from. The sample information was subsequently added to the

sequence metadata and the primer and tag sequences were removed from the amplicon sequence.
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Post merging and demultiplexing, the sequence files still contained several million sequences. To
reduce downstream file sizes and computation time, identical sequences were collapsed into a single
sequence. The sample metadata was tallied up upon collapsing, so that the number sequences and
the origin of the samples were preserved in the resulting dataset. Following the collapsing, a series
of filtering steps were included to remove PCR and sequencing artefacts. First both singleton
sequences (those that only occurred once) and sequences shorter than 10 bp (shorter than either
the expected plant or mammalian amplicon size) were removed. The resulting dataset was then
analysed for the presence of PCR artefacts, which could be detected by looking for the co-
occurrence of highly similar sequences in a sample (Boyer et al. 2016). The original sequence was
present in the DNA extract from the beginning of the PCR reaction and has an assumed high
sequence abundance. The PCR errors on the other hand originated partway through the
amplification process and thus underwent less amplification cycles which resulted in a lower
abundance compared to the original sequence. Problems arose when dealing with certain taxa that
could co-occur in a sample and that had comparable barcode sequences, which could resemble a
PCR error during the error correction. In addition, different types of PCR errors could occur at
different rates depending on the sequence composition, error type and the polymerase used
(Nichols et al. 2018). Given these issues, the error correction carried out was quite conservative, so

that no true positives were lost during this step, though at the cost of additional false positives.

After error correction the remaining sequences were identified via comparison with the reference
databases. The plant metabarcodes were identified with two different databases, a curated set
containing regional arctic and boreal sequences (Sgnstebg et al. 2010, Willerslev et al. 2014,
Soininen et al. 2015) and all sequences available in the NCBI nucleotide database. The usage of the
NCBI reference allowed for the identification of either rarer metabarcodes or contaminant
sequences, both of which could be absent from the curated dataset. The mammalian metabarcodes
were exclusively identified with the NCBI set, as no curated reference set was available for the used

marker.

Post identification, the two different identified datasets for the plant metabarcoding were merged
together. The metabarcode results were processed further in R, were additional filtering was
applied. First, only identifications with a 100% match to the reference databases were retained, to
reduce erroneous taxonomic assignments. Second, a minimum read cut-off was applied to each

observation, as low read (<=2) observations could be the result of tag or library index swaps,
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background contamination or uncorrected PCR artefacts (De Barba et al. 2014). Additional filtering
was carried out based on the total number of observations (samples or repeats), the minimum
observations per sample and by comparing the sample data to that of the controls. The effects of

these different filtering steps were thoroughly investigated in Paper I.

Shotgun analysis

The analysis of shotgun sedaDNA allowed for more varied approaches compared to metabarcoding,
thus the analysis carried out for Papers IV and VI differed from each other. As Paper VI used paired-
end sequence data, the sequences were merged prior to analysis. The next step was the removal of
short or otherwise problematic sequences. Short sequences were expected from shotgun
sequencing of sedaDNA, but they could be problematic for identification purposes, as they could
match against multiple organisms (Schubert et al. 2012). Similar issues existed for sequences that
were of low complexity and/or contained longer homopolymer stretches. Thus these sequences
were removed with tools such as cutadapt (Martin 2011) or the SGA preprocess function (Simpson

and Durbin 2012).

Identification of shotgun sequence data differed from metabarcoding, as not a single locus was
amplified, instead the data could have originated from any part of the genome. Therefore, it was
important to have a broad and inclusive database. For Paper |V the data was identified via all
published chloroplast genomes in GenBank, as well as the available chloroplast genomes from the
PhyloNorway project. The data from Paper VI was identified both via the NCBI nucleotide database,
the available organellar genomes and 37 different nuclear genomes representing taxa that were
either expected in the region or were used as exotic controls. Post identification, the results were
either summarized with tools such as MEGAN (Huson et al. 2016), or subjected to further filtering in

case of the nuclear genomes.

Beyond taxonomic identifications, shotgun data could aid in the validation of the ancient data, via
inspection of characteristic ancient DNA deamination patterns. mapDamage (Jonsson et al. 2013)
was used to analyse shotgun sequence data that was aligned to a reference genome and inspect the
C/T and G/A mismatches that occurred towards the ends of the sequences. In addition, when
enough coverage was present for a taxon in Paper VI, the shotgun data was utilized to reconstruct
the genomic sequences present in the sample (Slon et al. 2017, Sge et al. 2018). The above methods
however required both the presence of relevant reference sequences as well as enough sequence

coverage in the shotgun data to work and thus were only applied in Paper VI.
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Pollen and macrofossil identification and vegetation surveys

Pollen and macrofossil identification

Pollen analysis was carried out for Papers Il, IV and V, while macrofossil analysis was performed for
Papers IV and V. Pollen identification was based on the shape of the pollen themselves, as well as
outer features present on the pollen wall. Prior to identification, the pollen first were isolated from
the sediments in which they occurred, either via washing and filtering or chemical digestion of the
sediments (Berglund and Ralska-Jasiewiczowa 1986). The resulting pollen concentrations were
mounted in silicon oil or glycerol and were inspected via microscopy, where grouping and
identifications occurred via published keys and reference collections (Faegri and Iversen 1989,
Moore et al. 1991). Macrofossil identification was based on subsampling the core and sieving of the
resulting sediment subsamples. As the macrofossils could originate from different plants or different
parts, identification could be problematic and thus required the usage of extensive reference

collections for correct identifications.

Vegetation survey

Vegetations surveys of both the surrounding areas around a lake, as well as the within lake
vegetation were carried out for Paper | (Figure 2). The vegetation data allowed for estimation of the
true positives obtained in the environmental DNA results. For each of the modern sites, the
surrounding and within lake vegetation was identified and abundance values were assigned for each
taxon, ranging from: rare (observed in only a few places), scattered (low abundance, but found in
multiple parts), common (common throughout the vegetation, but not the main component) and

dominant (majority of the biomass, usually shrubs or trees).

Figure 2: The aquatic vegetation survey. (Photo: Inger Greve Alsos)
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Results and discussion

How does eDNA reflect the vegetation?

Based on the contemporary eDNA study carried out in Paper |, the majority of the taxa detected
indicated a local signal. Seventy three percent of the taxa detected based on eDNA were either
aquatic or growing within two meters of the lake’s edge. Taxa that were exclusively growing further
away in the catchment were only represented in 11% of the eDNA records, with the remaining 16%
being taxa that were undetected in the vegetation survey. In addition, it was found that the
dominant or common taxa in the vegetation were more likely to be detected based on eDNA. Rare
taxa on the contrary were more difficult to detect based on eDNA and either didn’t appear in the
sequence data or were indistinguishable from background contamination. The results for the plant
families were varied. Groups such as Salicaceae, Betulaceae and Lycopodiaceae were commonly
detected based on eDNA for the lakes in which they were recorded in the vegetation. However,
Cyperaceae and Asteraceae specifically were hardly detected based on eDNA. Overall, 35% of the
barcode data could be identified to species level, while 39% to genus level and 26% to higher
taxonomic levels. Finally, quite some differences could be observed between the different lakes
studied, where the percentage of taxa detected in the eDNA that matched to the vegetation varied

between 13% and 49%.

The vegetation survey allowed for a direct comparison between the present flora and the obtained
eDNA results, which in addition allowed for the exploration of the effects of the bioinformatic
filtering. A total of 244 true positive records were obtained in the raw data, where a true positive is
defined as a taxon that was either recorded in the surrounding vegetation or could be expected in
the region. Furthermore, 181 false positives occurred in the raw data, defined as taxa that were
neither recorded in the vegetation, nor expected in the region. Various ways to filter the data were
explored, in order to remove false positive records, while retaining as many true positives as
possible. The final selected filter criteria retained 75% of the true positives, while removing 90% of
the false positives, which presented one of the better true to false positive ratios. Still, some true
positives were removed, such as Pinus, who's sequences could be retained with different filter
criteria, but at the cost of introducing more false positives. These results indicated that there is no
single optimal way to filter the data and that different criteria must be applied to different
experiments, depending on the sequence depth, number of PCR repeats, the controls used, and the

barcode diversity obtained.
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Some taxa that were expected in the region, were only reported based on eDNA records, but were
not recorded in the vegetation surveys. These taxa included aquatic species that were likely growing
in deeper parts of the lakes and smaller plants which could have been easily overlooked by the
vegetation surveys. The high detection rate for the dominant taxa could be explained by their
greater biomass compared to the rarer taxa. The high biomass would lead to more template DNA
being contributed to the sediments which would result in a higher detection rate (Yoccoz et al. 2012,
Barnes and Turner 2016). The exception to the above were the aquatic taxa, who were all well
detected regardless of their scored abundance in the vegetation. This is most likely because there
was no transport issue for their DNA to the lake sediments. The discrepancy observed for some taxa
in the vegetation and their detection rate could be the result of primer biases and amplification
success. Asteraceae are problematic due to primer mismatches and a general low biomass (Sgnstebg
et al. 2010). While groups such as Poaceae and Cyperaceae were problematic in this study, possibly
due to a lack of material, however, both groups have been proven to work based on the used trnL P6
loop primers (Alsos et al. 2016, Zimmermann et al. 2017). Other taxa, such as the various Salix
species, could only be identified to family level, as the barcode region does not have enough
discriminatory power to identify the different species. Finally, some lakes performed worse than
others, with only a handful of taxa observed based on eDNA and relatively few sequences surviving
the filtering criteria used. There was no obvious difference between the lakes that performed well or
had issues based on the lake characteristics, such as depth, catchment size or vegetation types
present. A potential explanation could have been a considerable presence of algae in these lakes.
The algal DNA could have competed with the DNA of terrestrial plants and thus lead to a lower

vascular plant detection rate.

How does sedaDNA from plants compare to traditional palaeoecological

methods?

The metabarcoding of plants from the Lake Uhca Rohdéi sediment core in Paper Il identified a total of
118 different taxa, while pollen analysis on the other hand identified 39 different taxa. (Table 1.) The
difference between the two methods was due to sedaDNA being able to identify a number of taxa to
either genus or species level in families that are problematic based on pollen identifications, such as
Poaceae, Cyperaceae, Caryophyllaceae and Callitrichaceae. Pollen analysis on the other hand could
identify some additional groups such as the algae Pediastrum, which could not be amplified with the
used trnL P6 loop primers. Both the metabarcode and pollen results indicated a relative stable flora
during the Holocene. Where most plants came in early or were already present prior to the oldest

sample and remained detected throughout the record. One exception was the presence of several
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thermophilous taxa during the early and middle Holocene, such as Limosella aquatica,
Rhododendron tomentosum and Callitriche hermaphroditica, which currently have more southern
distributions and indicated a warmer climate than is present today. The remainder of the taxa
indicated an early establishment of shrub-tundra vegetation, dominated by Salix, Betula, Empetrum

and Vaccinium species, which are still present in the area today.

The shotgun sedaDNA data generated from the Lateglacial Hasseldala Port lake sediments in Paper
IV was capable of identifying 51 different taxa. This number is a bit higher compared to the 45 and
22 taxa detected via pollen and macrofossil identification respectively. (Table 1.) Only four different
taxa could be detected with all methods: Betula, Salix, Myriophyllum cf. alterniflorum and
Nymphaea, with most taxa only being observed by one method. Though more overlap between the
different methods could be observed at higher taxonomic levels, such as Rosaceae and Cyperaceae.
Furthermore, a varying number of taxa were detected across the different time periods and
identification methods. The sedaDNA results indicated that 31% of the taxa were new arrivals at the
site during the Younger Dryas. Compared to the 2% and 12% indicated by the pollen and
macrofossils respectively. However, all methods indicated that a large constituent of the taxa were

already established during the Allergd and persisted during the Younger Dryas into the Preboreal.

Metabarcoding of the Lake @vre Ardsvatnet sediment core in Paper V identified a total of 45
different taxa. Pollen and macrofossil analysis identified 60 and 19 taxa respectively. (Table 1.) Two
major zones were identified based on the vegetation detected. First the lower half of the sediment
record, that covered the LGM and extended up to 14,200 cal a BP, was rather species poor. The main
taxon identified based on sedaDNA was the microalgal genus Nannochloropsis, with only a few
scattered occurrences of Papaver, Apiaceae, Poaceae and Potamogeton. For the same period, pollen
and macrofossil consisted primarily out of Poaceae and Papaver. The presence of some of these
thermophilous taxa in the lower half of the sediment record, detected by all proxies, indicated at
least some warmer phases during the LGM. The top half of the sediment record, ranging from
14,200 to 8200 cal a BP, contained a more species rich set of taxa. All proxies could detect taxa such
as Betula, Salicaceae and Filipendula, while in particular, good results were obtained for aquatic taxa
such as Callitriche, Isoétes, Menyanthes and Myriophyllum based on sedaDNA. The proxies obtained
in the top half suggested low arctic or shrub tundra conditions that eventually turned into a shrub

birch forest around 11,700 cal a BP.
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Paper Analysis Total taxa | Species Genus Higher than
identified Genus

Il Metabarcoding 118 41% 47% 12%
Pollen 39 5% 72% 23%

I\ Shotgun sequencing 51 22% 31% 47%
Pollen 45 32% 44% 24%
Macrofossils 22 45% 46% 9%

\ Metabarcoding 45 33% 53% 14%
Pollen 60 22% 55% 23%
Macrofossils 19 47% 32% 21%

Table 1: Overview of the number of taxa identified per paper and method, as well as a breakdown of the

number of identifications per taxonomic rank.

Differences that were observed between the pollen and sedaDNA results in Paper I, and IV and V
could be due to the different signals that these methods represent, i.e. a more regional signal for
pollen (Rousseau et al. 2006, Hicks 2006, Parducci et al. 2015). However, there were also differences
in the taxonomic resolution between the methods. Certain groups were problematic to identify
according to either the metabarcode used or based on the pollen morphology. In addition, certain
wind dispersed species could dominate the pollen results and potentially masked the presence of
rarer plants. Regardless of these differences, similar vegetation trends were still observed between
the pollen and sedaDNA results obtained in Paper Il, which is in line with earlier studies (Parducci et

al. 2015, Niemeyer et al. 2017).

The macrofossil results from Paper IV and V indicated some larger differences between it and the
sedaDNA results, which was unexpected given how, based on previous studies, a reasonable overlap
was observed between the methods (Jgrgensen et al. 2012, Alsos et al. 2016). Some of these issues
could be explained by either the sedaDNA method used or the DNA extracted. Only a small
component of the shotgun sequence data (0,0003%) could be identified in Paper IV, which primarily
yielded identifications to higher taxonomic groups. These issues were most likely due to the limited
reference database used for the identifications. The reference only included chloroplast genomes,
while it could be expected that the majority of the sequences material originates from the nuclear
genome (Rauwolf et al. 2010). A more complete reference database that included several nuclear
genomes would probably have resulted in both improved identifications to lower taxonomic ranks

and more sequences assigned to various taxa.
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The metabarcode results for the lower half of the cores in Paper V were rather species poor and
were dominated by the microalgal genus Nannochloropsis. The high LOI and stable isotope values
obtained for Lake @vre £rasvatnet, as well as the finds of bird bones indicated the presence of a
nearby bird colony. The expected inflow of nutrients from bird guano could have resulted in
eutrophication of the in-lake ecosystem and thus lead to algal blooms. Similar to the results
obtained in Paper |, the overabundance of algal material could have swamped out the DNA from
terrestrial sources and thus resulted in poorer metabarcode identifications. Shotgun sequencing that
was carried out for some of these samples in Paper VI yielded no additional identifications for non-
algal or microbial taxa, suggesting that both sedaDNA methods struggle to overcome this swamping
effect. The results for Papers IV and V indicate that the different methods can be more
complementary depending on the sediment conditions and sedaDNA methods used and that for

now, no single method is able to detect all the taxa present.

Some improvements were detected based on sedaDNA over traditional identification methods. Both
the metabarcode records in Papers Il and V yielded abundant identifications for aquatic taxa. Most
likely because the aquatic taxa contributed more material to the sediments and were thus easier to
detect with sedaDNA (Sjogren et al. 2017). A similar conclusion was drawn from the contemporary
eDNA results obtained in Paper I. The reliable aquatic detections provided by sedaDNA are
potentially an important tool for temperature reconstructions, as it has been demonstrated that
aquatic taxa give informative temperature approximations partly due to their ability to rapidly
colonize new areas (Valiranta et al. 2015). Furthermore, shotgun sequencing was capable of
detecting a high number of Younger Dryas introductions in Paper IV. This was most likely the result
of the reference dataset used, which although it only consisted of chloroplast genomes, contained
several genomes generated by the PhyloNorway project. The species included in the PhyloNorway
project were primarily from northern Norway or were circumpolar in their distribution. The used set
of reference genomes thus could have been better suited to identify the taxa that arrived during the

colder Younger Dryas.

What animals can we detect based on metabarcoding of sedaDNA?

The sedaDNA results obtained in Paper Ill are complex given the mammal specific marker used and
the taxa detected. Reindeer could be detected in both sediment records, but only in six different
samples. Human on the other hand was detected throughout both cores and negative controls, even

though a blocking primer was used to limit amplification. The most dominant taxonomic group, in
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terms of the number of species detected, were clitellate worms, with nine different taxa. Eight of the
worm species detected were either known to be cold tolerant or were described for more southern

regions but could have occurred in the Polar Ural or Varanger areas during warmer climatic phases.

The poor mammal results were most likely due to the relatively low biomass that they have,
compared to other taxonomic groups such as plants or invertebrates. This would also explain the
presence of human, which could be detected even when a specific human blocking primer was used.
Human amplification, though delayed, would eventually pick up as there was little other template
material available (Boessenkool et al. 2012). The primers used here have been able to detect
mammals based on studies that used sedaDNA from archaeological sites, where the amount of
mammalian template is artificially increased due to human influence (Giguet-Covex et al. 2014).
While other studies applied mammalian metabarcoding on different sediment types, such as
permafrost, that perhaps preserved more mammalian material, but also utilized different
metabarcoding primers (Haile et al. 2009, Willerslev et al. 2014). The detection of mammals from
lake sedaDNA could potentially benefit from either a different maker, that co-amplifies less off-
target taxa or is specific for a taxon of interest and is unable to amplify human. In addition, improved
human blocking strategies, with multiple blocking primers compared to single one used in this study,

could potentially result in more informative non-human detections.

Amplification of worms was unexpected given the mammal specific primers used. However, upon
closer inspection, the 16S primers used were relatively conserved across all animals and could
potentially amplify various off-target taxa. For worms, there were only two mismatches on average
between the mammalian primers and the primer binding sites of the various clitellate worm families.
As a result, the primers were capable of amplifying the off-target worm taxa, especially in the
absences of sufficient mammalian template material (Schloss et al. 2011, Brown et al. 2015). The
results obtained in Paper Ill indicated that metabarcoding “bycatch” could be informative and should
not be outright ignored. Furthermore, it proves that the amplification of worms was possible from
ancient sediments, which could be an interesting target for future studies as the various worm taxa
could serve as a useful proxy for soil development and humidity (Edwards and Lofty 1977, Beylich

and Graefe 2009).
Can we derive phylo- and population genomic data from shotgun sequencing?

The shotgun results for Andgya generated in Paper VI were in line with the metabarcode results

from the same periods presented in Paper V. Both the mapping analysis as well as the metagenomic
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approach identified the microalgae Nannochloropsis as the most abundant eukaryotic genus, with N.
limnetica as the most likely species present in the lake. The ancient nature of the algae could be
confirmed through the presence of deaminated sites. The only other taxon present in high
sequences numbers was human, which was identified as modern contamination due to a lack of

ancient DNA damage patterns.

The amount of sequence material present for Nannochloropsis allowed for the reconstruction of the
palaeo organellar genomes. Based on these, additional consensus sequences were generated for
each sample that incorporated the high and low frequency variants present. These sequences
represented the extreme ends of the variation present in the samples but did not necessarily
correspond to set haplotypes. The phylogenies between the reconstructed organellar genomes and
the Nannochloropsis reference sequences indicated that the Andgya Nannochloropsis variant is
evolutionary closest to N. limnetica. Similar results were obtained for a more traditional phylogeny
using the plastid rbcL barcode marker that could be extracted from the reconstructed chloroplast
genomes. However, some distance remained present between the N. limnetica references genomes
and the reconstructed Andgya variant, which likely represented an unknown variant and was thus

referred to as N. cf. limnetica.

The average proportions identified for the alternative alleles for both samples and reconstructed
genomes was between 0.39 and 0.43, which suggest that there were at least two common
Nannochloropsis variants present in Andgya. Inspection of linked variant sites on single sequences
again identified the presence of two main haplotypes, though a number of locations were detected
that supported the presence of three haplotypes. Furthermore, limited differences were observed

between the variants for both samples, which suggests a relative population stability.

Previous palaeo organellar reconstructions were exclusively for mitochondrial genomes from either
cave sediments, archaeological middens or latrines (Seersholm et al. 2016, Slon et al. 2017, Sge et al.
2018). The results presented here indicated that it was possible to reconstruct organellar genomes
from lake sedaDNA based on shotgun sequence data. In addition, it represented the first
reconstructed palaeo chloroplast genome. Even though two main haplogroups could be detected for
both samples and organellar genomes, it remained unclear how many variants there were actually
present. Part of the difficulty stems from the fact that the phasing for the single variants, as well as
the different linked sites, was unknown. If all variable sites present were fully independent, the

actual number of variants could be far higher. These issues were partly related to the relatively
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limited amount of reference genomes available for the various Nannochloropsis species and strains.
Additional reference information, especially for the species present, could help with the phasing of

the variants and result in a more accurate estimation of the variants present.

sedaDNA outlook and future methods

One issue identified with metabarcoding is the variable taxonomic resolution between different
groups. For example, the commonly used trnL P6 loop struggles with groups such as Poaceae,
Cyperaceae and Salicaceae (Yoccoz et al. 2012). It seems unlikely that a single marker will solve these
issues, but the combination of different markers could potentially shore up each other’s taxonomic
weaknesses. Such an alternative marker is required to work on the short ancient fragments, which
rules out some commonly used environmental DNA markers. An example of a potential second
marker would be a short variable part of the ITS region, which has proven to work for plants from
ancient sediments (Willerslev et al. 2014). A second issue is that of the amplification of undesirable
taxa, either through the amplification of unexpected off-target taxa, such as algae via plant
metabarcoding or contaminant species like human when amplifying mammals. For the former,
alternative markers that are more specific for the group of interest could help with the amplification
of the desired taxonomic group, while limiting the amplification off-target taxa. For the latter, more
elaborate blocking strategies might be used, such as dual blocking primers, or redesigning the primer

sequences themselves.

Metabarcoding and shotgun sequencing have their own unique strengths and weaknesses, in terms
of marker specificity, abundance estimation, primer reliance and authentication of the results.
However, an intermediate approach exists. Target capture, or target enrichment, seeks to combine
the specificity of metabarcoding with the abundance estimation and ancient DNA authentication
provided by shotgun sequencing. Depending on the capture probe sequences, either a number of
conserved regions can be targeted in order to identify a range of taxa, akin to metabarcoding (Dowle
et al. 2016, Wilcox et al. 2018), or alternatively probes can be used to enrich for larger genomic
regions or entire organellar genomes (Carpenter et al. 2013, Enk et al. 2014, Schmid et al. 2017, Slon
et al. 2017). Target capture, however, requires access to usable reference sequences for both the
probe design, as well as the identification of the sequenced material. The dependence on reference
material is similar to the needs of shotgun sequencing. As more and more genomes become
available, either organellar sequences through projects like the PhyloAlps or PhyloNorway projects,
or nuclear genomes, both the identifications for shotgun sequencing, as well as the ability to design

new metabarcode markers or capture probes will improve.
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Any of the available sedaDNA methods could potentially be used for further genomic exploration of
sedaDNA. For example, population estimations and tracking of populations through time and space.
The above has been demonstrated based on metabarcoding from environmental DNA, but with
relative long markers (Sigsgaard et al. 2016, Parsons et al. 2018), or based on target capture of
macrofossils (Schmid et al. 2017). Shorter markers, shotgun sequencing or target capture should
allow for application of the above methods in sedaDNA, as was demonstrated based on the
amplification of species specific markers for Siberian larches (Epp et al. 2018). In addition,
unidentified, or possibly extinct populations or taxa can be identified from sedimentary ancient DNA.
Reconstruction of either standard markers or larger genomic regions will allow for phylogenetic
placement of these taxa, without the need to find macrofossil remains (Seersholm et al. 2016, Slon
et al. 2017). Finally, through the use of either different markers, or deep shotgun sequencing, whole
ecosystems can be identified, rather than having a limited focus on a single group, though both more

reference material as well as ecological knowledge for each species is required.

Conclusion

The presented papers in this thesis show the potential of sedaDNA for both different methods as
well as taxonomic groups. The majority was carried out on plants (Papers |, II, IV and V). Based on
the comparisons with either vegetation or pollen in Papers | and I, sedaDNA was capable of
identifying the major vegetation components present. The different proxies seem more
complementary in Papers IV and V, where there was some overlap between the methods, but some
taxa were only identified by one or two methods. Part of the issue experienced might be related to
the sedaDNA methods used or the sedimentary material present. The incorporation of different
metabarcode regions, or expansion of the genomic reference material for shotgun sequencing
should shore up some of the weaknesses detected for sedaDNA and allow for more robust
identifications. Reliable detection and identification of mammals remains problematic due to low
biomass and DNA contribution to the sediments. More elaborate blocking of human material or
targeting of either shorter or species-specific fragments will potentially improve these results.
Though the detection of worms demonstrates that they, as well as other invertebrates, could
potentially be of more use for palaeoenvironmental reconstructions. Finally, there are numerous
new research opportunities for sedaDNA that seek to utilize population genomic and phylogenetic

methods, which will allow for more elaborate studies of species and populations.
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Abstract

Metabarcoding of lake sediments have been shown to reveal current and past biodiversity,
but little is known about the degree to which taxa growing in the vegetation are represented
o in environmental DNA (eDNA) records. We analysed composition of lake and catchment
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it represent the contemporary vegetation. PLoS recorded were detected with eDNA. Of the 217 eDNA records of 47 plant taxa in the 11
Eﬁfﬂ;ﬁ;‘:}é:g}g@jﬂg hitps/doi.org/10.1371/ lakes, 73% and 12% matched taxa recorded in vegetation surveys within 2 m and up to
o about 50 m away from the lakeshore, respectively, whereas 16% were not recorded in the
vegetation surveys of the same lake. The latter include taxa likely overlooked in the vegeta-
tion surveys or growing outside the survey area. The percentages detected were 61, 47, 25,
and 15 for dominant, common, scattered, and rare taxa, respectively. Similar numbers for
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Introduction

Environmental DNA (eDNA), DNA obtained from environmental samples rather than tissue,
is a potentially powerful tool in fields such as modern biodiversity assessment, environmental
sciences, diet, medicine, archaeology, and paleoecology [1-4]. Its scope has been greatly
enlarged by the emergence of metabarcoding: massive parallel next generation DNA sequenc-
ing for the simultaneous molecular identification of multiple taxa in a complex sample [5].
The advantages of metabarcoding in estimating species diversity are many. It is cost-effective,
it has minimal effect on the environment during sampling, and data production (though not
interpretation) is independent of the taxonomic expertise of the investigator [4, 6]. It may even
out-perform traditional methods in the detection of individual species [7, 8]. Nevertheless, the
discipline is still in its infancy, and we know little about the actual extent to which species
diversity is represented in the eDNA records [9, 10]. This study assesses representation of
modern vegetation by eDNA from lake sediments.

DNA occurs predominantly within cells but is released to the environment upon cell mem-
brane degradation [4]. It may then bind to sediment components such as refractory organic
molecules or grains of quartz, feldspar and clay [11]. It can be detected after river transport
over distances of nearly 10 km [9, 12]. When released into the environment, degradation
increases exponentially [9, 13], so eDNA from more distant sources is likely to be of low con-
centration in a given sample. Once in the environment, preservation ranges from weeks in
temperate water, to hundreds of thousands years in dry, frozen sediment [4]. Preservation
depends on factors such as temperature, pH, UV-B levels, and thus lake depth [14-16]. Even
when present, many factors affect the probability of correct detection of species in environ-
mental samples, for example: the quantity of DNA [8, 17], the DNA extraction and amplifica-
tion method used [7, 18], PCR and sequencing errors, as well as the reference library and
bioinformatics methods applied [4, 18-20]. If preservation conditions are good and the meth-
ods applied adequate, most or all species present may be identified and the number of DNA
reads may even reflect the biomass of species [6, 7, 21], making this a promising method for
biodiversity monitoring.

When applied to late-Quaternary sediments, eDNA analysis may help disclose hitherto
inaccessible information, thus providing promising new avenues of palaeoenvironmental
reconstruction [22, 23]. Lake sediments are a major source of palaeoenvironmental informa-
tion [24] and, given good preservation, DNA in lake sediments can provide information on
biodiversity change over time [4, 22, 25]. However, sedimentary ancient DNA is still beset by
authentication issues [2, 10]. For example, the authenticity and source of DNA reported in sev-
eral recent studies have been questioned [26-30]. As with pollen and macrofossils [31, 32], we
need to understand the source of the DNA retrieved from lake sediments and know which
portion of the flora is represented in DNA records.

The P6 loop of the plastid DNA trnL (UAA) intron [33] is the most widely applied marker
for identification of vascular plants in environmental samples such as Pleistocene permafrost
samples [34-36], late-Quaternary lake sediments [15, 22, 27, 37-41], sub-modern or modern
lake sediments [42], animal faeces [43, 44], and sub-modern or modern soil samples [6, 45].
While some studies include comparator proxies to assess the ability of DNA to represent spe-
cies diversity (e.g., [35, 41, 46, 47], only one study has explicitly tested how well the floristic
composition of eDNA assemblages reflect the composition of extant plant communities [6],
and similar tests are urgently needed for lake sediments. Yoccoz et al. found most common
species and some rare species in the vegetation were represented in the soil eDNA at a subarc-
tic site in northern Norway. The present study attempts a similar vegetation-DNA calibration
in relation to lake sediments.
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We retrieved sedimentary eDNA and recorded the vegetation at 11 lakes that represent a
gradient from boreal to alpine vegetation types in northern Norway. We chose this area
because DNA is best preserved in cold environments and because an almost complete refer-
ence library is available for the relevant DNA sequences for arctic and boreal taxa [34, 36]. Our
aims were to 1) increase our understanding of eDNA taphonomy by determining how abun-
dance in vegetation and distance from lake shore affect the detection of taxa, and 2) examine
variation in detection of DNA among lakes and taxa. Based on this, we discuss the potential of
eDNA from lake sediments as a proxy for modern and past floristic richness.

Materials and methods
Study sites

Eleven lakes were selected using the following criteria: 1) lakes size within the range of lakes stud-
ied for pollen in the region and with limited inflow and outflow streams; 2) a range of vegetation
types from boreal forest to alpine heath was represented; and 3) lakes sediments are assumed to be
undisturbed by human construction activity (Figs 1 and 2). Six of the lakes were selected also for
the availability of pollen, macro and/or ancient DNA analyses [27, 48-52]. Data on catchment
size, altitude, yearly mean temperature, mean summer temperature and yearly precipitation were
gathered using NEVINA (http://nevina.nve.no/) from the Norwegian Water Resources and
Energy Directorate (NVE, https://www.nve.no). Lake size was calculated using http://www.
norgeibilder.no/. Number and size of inlets and outlets were noted during fieldwork.

Vegetation surveys

We attempted to record all species growing within 2 m from the lakeshore. This was a practi-
cally achievable survey, and data are comparable among sites. Aquatics were surveyed from the

g

Fig 1. Location of the studied lakes in Norway.

https://doi.org/10.1371/journal.pone.0195403.g001
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Fig 2. Study lakes in northern Norway. a) A-tjern, b) Brennskogtjorna, c) Einletvatnet, d) Finnvatnet, e) Gauptjern, ) Jula Javri, g) Lakselvhegda, h) Lauvés,
i) @vre Arésvatnet, j) Paulan Javri, k) Rottjern, 1) Tina Jorgensen sampling surface sediments with Kajak corer. Photo: I.G. Alsos.

https://doi.org/10.1371/journal.pone.0195403.g002

boat using a “water binocular” and a long-handled rake, while rowing all around smaller lakes
and at least half way around the three largest lakes. We also surveyed a larger part of the catch-
ment vegetation. For this, we used aerial photos (http://www.norgeibilder.no) to identify poly-
gons of relatively homogeneous vegetation (including the area within 2 m). In the field we
surveyed each polygon and classified observed species giving them the following abundance
scorers: rare (only a few ramets), scattered (ramets occur throughout but at low abundance),
common (common throughout but not the most abundant ones), or dominant (making up the
majority of the biomass of the field, shrub or tree layer). The area covered and intensity of these
broad-scale vegetation surveys varied among lakes due to heterogeneity of the vegetation, catch-
ment size and time constraints. They mainly represent the vegetation within 50 m of the lake-
shore. Sites were revisited several times during the growing season to increase the detection
rate. For each lake our dataset consisted of a taxon list for 1) the <2-m survey, 2) the extended
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Table 1. Characteristics of lakes where vegetation surveys and lake sediment DNA analyses were performed.

Lakes District Habitat type Catchment Alt. (m | Lake Water Yearly Summer Yearly Inlets |Nlat. |Elat.
area (km?) as.l) | size depth (m) /mean (°C) |mean (°C) |prec.
(ha) (mm)

A-tjern® Dividalen Mixed forest/mire, 0.17 125 1.70 55 -0.8 6.9 636 3]68.996 | 19.486
tall herbs

Brennskogtjenna | Dividalen Pine forest, heath 1.20 311 10.64 20.0 -0.9 6.4 457 2| 68.859 | 19.594

Einletvatnet Andoya Mires, patches of 1.26 35| 27.00 4(6.7) 3.7 8.8 1025 5169.258 | 16.071
birch forest minor

Finnvatnet Kvaloya Birch forest/mire 0.20 158 0.86 2.0 2.7 7.9 1005 3-469.778 | 18.612

minor

Gauptjern Dividalen Sub-alpine mixed 0.07 400 0.79 4.0 -0.9 6.5 451 2| 68.856 | 19.618
forest, tall and low
herbs

Jula Javri© Kafjorddalen | Alpine heath and 1.05 791 0.04 1.7 -3.6 39 670 2-569.365 | 21.099
mire minor

Lakselvhogda Ringvassoya | Alpine heath and 0.06 143 0.77 2.0 2.5 7.2 977 069.927 | 18.846
mire, scattered
birch forest

Lauvas Ringvassoya Heath, mire and 0.41 4 0.71 3.3 2.7 7.5 971 2169.946 | 18.860
mesic herb birch
forest

Q@vre Arasvatnet | Andoya Mires and birch 3.60 43| 24.00 9.5 34 83 1027 3169.256 | 16.034
forest, conifers
planted

Paulan Javri Kéfjorddalen | Alpine heath 0.56 746 0.22 2.0 -3.7 3.7 662 1+1 | 69.399 | 21.015

minor

Rottjern” Dividalen Mixed forest, tall 0.96 126 1.91 3.0 -0.3 7.6 619 2| 68.983 | 19.477

herbs

All lakes are in northern Norway. Water depth given for sampling site in the centre of the lake; deepest point in brackets if different. “Summer” is May-September, “Alt.”

is altitude, “prec.” is precipitation, and “N lat.” and “E. lat” are northern and eastern latitude, respectively. Mixed forest is forest dominated by birch but with some Pine.
*Named A-tjern in Jensen& Vorren 2008. Named “Vesltjonna” on NEVINA but this name is not official.

°Named B-tjern in Jensen& Vorren 2008, but later official named Rottjern.

“Catchment area could not be calculated using NEVINA so this was done in http://norgeskart.no. Temperature and precipitation data were taken from the nearby

Goulassaiva.

https://doi.org/10.1371/journal.pone.0195403.t001

survey consisting of observations from <2 m and the polygons, 3) an abundance score based on
the highest abundance score from any polygon at that lake. Taxonomy follows [53, 54].

Sampling lake sediments

Surface sediments were collected from the centres of the lakes between September 21* and
October 1%, 2012, using a Kajak corer (mini gravity corer) modified to hold three core tubes
spaced 15 cm apart, each with a diameter of 3 cm and a length of 63 cm (Fig 2, Table 1). The

core tubes were washed in Deconex22 LIQ-x and bleached prior to each sampling. The top 8
cm sediments were extruded in field. Samples of ca. 25 mL were taken in 2-cm increments and
placed in 50-ml falcon tubes using a sterilized spoon. All samples were frozen until extraction.

DNA extraction and amplification

For each lake, we analysed the top 0-2 cm of sediment separately from two of the three core
tubes (n = 22). Twenty extra samples from lower in the cores were also analysed. The main
down-core results will be presented in a separate paper in which we compare eDNA records
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with the pollen analyses by [49]. Taxa that were only identified from lower levels in the cores
are noted in S1 Table. Samples were thawed in a refrigerator over 24-48 hours, and 4-10 g
were subsampled for DNA. The 42 samples and 6 extraction negative controls underwent
extraction at the Department for Medical Biology, University of Tromse, in a room where no
previous plant DNA work had been done. A PowerMax Soil DNA Isolation kit (MO BIO Lab-
oratories, Carlsbad, CA, USA) was used following the manufacturer s instructions, with water
bath at 60°C and vortexing for 40 min.

All PCRs were performed at LECA (Laboratoire d’ECologie Alpine, University Grenoble
Alpes), using the g and 4 universal plant primers for the short and variable P6 loop region of
the chloroplast trnL. (UAA) intron [33]. Primers include a unique flanking sequence of 8 bp at
the 5’ end (tag, each primer pair having the same tag) to allow parallel sequencing of multiple
samples [55, 56].

PCR and sequencing on an Illumina 2500 HiSeq sequencing platform follows [41]. DNA
amplifications were carried out in 50 pl final volumes containing 5 ul of DNA sample, 2 U of
AmpliTaq Gold DNA Polymerase (Life Technologies, Carlsbad, CA, USA), 15 mM Tris-HCI,
50 mM KCl, 2.5 mM MgCl,, 0.2 mM each dNTP, 0.2 uM each primer and 8 pg Bovine Serum
Albumin. All PCR samples (DNA and controls) were randomly placed on PCR plates. Follow-
ing the enzyme activation step (10 min at 95°C), PCR mixtures underwent 45 cycles of 30 s at
95°C, 30 s at 50°C and 1 min at 72°C, plus a final elongation step (7 min at 72°C). using six
PCR negative controls and two positive controls, and six different PCR replicates for each of
the 56 samples, giving a total of 336 PCR samples, of which 216 represent the upper 0-2 cm.
Equal volumes of PCR products were mixed (15 pl of each), and ten aliquots of 100 pl of the
resulting mix were then purified using MinElute Purification kit (Qiagen GmbH, Hilden, Ger-
many). Purified products were then pooled together before sequencing; 2x100+7 paired-end
sequencing was performed on an Illumina HiSeq 2500 platform using TruSeq SBS Kit v3
(FASTERIS SA, Switzerland).

DNA sequences analysis and filtering

Initial filtering steps were done using OBITools [57] following the same criteria as in [41, 42]
(S2 Table). We then used ecotag program [57] to assign the sequences to taxa by comparing
them against a local taxonomic reference library containing 2445 sequences of 815 arctic [34]
and 835 boreal [36] vascular plant taxa; the library also contained 455 bryophytes [44]. We also
made comparisons with a second reference library generated after running ecopcr on the global
EMBL database (release r117 from October 2013). Only sequences with 100% match to a refer-
ence sequence were kept. We excluded sequences matching bryophytes as we did not include
them in the vegetation surveys. We used BLAST (Basic Local Alignment Search Tool) (http://
www.ncbi.nlm.nih.gov/blast/) to check for potential wrong assignments of sequences.

When filtering next-generation sequencing data, there is a trade-off between losing true
positives (TP, sequences present in the samples and correctly identified) and retaining false
positives (FP, sequences that originate from contamination, PCR or sequencing artefacts, or
wrong match to database) [17, 20, 58]. We therefore assessed the number of TP and FP when
applying different last step filtering criteria. We initially used two spatial levels of comparison
with the DNA results: i) data from our vegetation surveys and ii) the regional flora (i.e., species
in the county of Nordland and Troms as listed by the Norwegian Bioinformation Centre
(http://www.biodiversity.no/). For any lake, both datasets are likely incomplete, as inconspicu-
ous species may be lacking in the regional records [59] and our vegetation surveys did not
include the entire catchment area. Nevertheless, the exercise is useful for evaluating how many
FPs and TPs are lost by applying different filtering criteria. We defined true positives as
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sequences that matched a species recorded in the vegetation surveys at the same lake, being
aware that this is an under-representation, as the vegetation surveys likely missed species. We
defined false positives as species recorded neither in the vegetation surveys nor the regional
flora. We tested the effect of different rules of sequence removal: 1) found as <1,<5 or <10
reads in a PCR repeat, 2) found as <1,<2 or <3 PCR repeats for a lake sample, 3) occurring in
more than one of 72 negative control PCR replicates, 4) on average, higher number of PCR
repeats in negative controls than in sample, and 5) on average a higher number of reads in neg-
ative controls than in samples (S2 Table). The filtering criteria resulting in overall highest
number of true positives kept compared to false positives lost were applied to all lakes. These
were removing sequences with less than 10 reads, less than 2 PCR repeats in lake samples, and
on average a lower number of reads in lake samples than in negative controls.

Data analyses and statistics

After data filtering, we compared taxon assemblages from DNA amplifications with the taxa
recorded in the vegetation surveys. To make this comparison, taxa in the vegetation surveys
were lumped according to the taxonomic resolution of the P6 loop (S1 Table), and the compar-
ison was done at the lowest resultant taxonomic level. The majority of results explore only
presence/absence (taxa richness); quantitative data are given in tables (including Supporting
Information).

Multivariate ordinations (Correspondence Analysis and Non-symmetric Correspondence
Analysis, the latter giving more weight to species present in more lakes; [60, 61]), were run
independently on the vegetation data (present/absent using only taxa recorded within 2m) and
eDNA data (present/absent). The similarity between ordinations of vegetation and eDNA data
was assessed using Procrustes analysis [62], as implemented in the functions procrustes() and
protest() in R library vegan [63].

To estimate the percentages of false negatives and positives in the DNA data and in the veg-
etation survey, we used the approach described in [64]. If we define the probability of a DNA
false positive as ppna_o, the detectability by DNA as ppna 1> the detectability in the vegetation
survey as pygg_1> and the probability that a species is present as pocc, we can state that the
four probabilities of observing Presence(1)/Absence(0) in the DNA and Vegetation are as fol-
lows:

Prob(DNA = 0, Vegetation = 0)
= (1 — Pocc)(1 — PDNA_0) + Pocc(1 — PDNA_1)(1 — PVEG_1) 1

In this case, if the species is absent in both the DNA and vegetation, it is either absent with
probability (1- pocc) and no false positive has occurred with probability (1- ppya o), or it
is present with probability pocc, but was not detected both in the DNA with probability
(1- ppna_1) and in the vegetation with probability (1- pvgg 1)-

Prob(DNA = 0, Vegetation = 1) = Pocc(1 — PDNA_1)PVEG_1 2
In this case, the species is present, not detected in DNA but detected in the vegetation survey.

Prob(DNA = 1, Vegetation = 0) = (1 — Pocc)PDNA_0 + PoccPDNA_1(1 — PVEG_1) 3

In this case, the species is either absent and is a false DNA positive, or is present, detected by
DNA but not in the vegetation survey.

Prob(DNA = 1, Vegetation = 1) = PoccPDNA_1PVEG_1 4

In this case, the species is present and is detected both in the DNA and the vegetation survey.
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We assumed the four probabilities varied only among lakes, not among species. We also
restricted the analyses to species that were detected at least once using DNA, because for spe-
cies that were never detected using eDNA, different processes might be important. For ppna 1,
we also considered a model assuming a logistic relationship between ppy, ; and lake charac-
teristics, such as lake depth or catchment area, that is: logit(ppna ;) = bo + by Lake Covariate.
We fitted these models using Bayesian methods, using uninformative priors (uniform distribu-
tions on the [0,1] interval) for the false positive/negative rates for DNA, and an informative
prior for the detectability in the vegetation survey (uniform prior on the [0.8,1] interval, as
detectability was high in the vegetation survey, but we had no repeated surveys or time to
detection available to estimate it). We used the R package rjags to run the MCMC simulations
[64]. Model convergence was assessed using the Gelman-Rubin statistics [65], values of which
were all ~1.0.

Results
Vegetation records

The vegetation surveys provided 2316 observations of 268 taxa, including hybrids, subspecies,
and uncertain identifications. Of these, 97 taxa share sequences with one or more other taxa
(e.g., 20 taxa of Carex and 15 of Salix). Another nine taxa were not in the reference library (e.g.
Cicerbita alpina), and eight taxa could not be matched due to incomplete identification in the
vegetation survey. Eight taxa of Equisetum were filtered out due to short sequence length. This
left 171 taxa that could potentially be recognized by the technique we used (S1 Table). For the
11 sites, between 31 and 58 taxa were potentially identifiable (Table 2), and this value was posi-
tively correlated with vegetation species richness (y = 0.67x+10.3, r* = 0.93, p<0.0001, n = 11).
Taxonomic resolution at species level was 77-93% (mean 88%) and 65-79% (mean 74%) for
the <2 m and extended (i.e., combined) vegetation surveys, respectively.

Table 2. Number of records in vegetation and eDNA per lake.

Lake Rawreads | Readsafter | Veg.| Identifiable | Tot. eDNA | % Veg. <2m % eDNA Additional Additional eDNA
per sample | filtering per | <2 Veg.<2m DNA | match detectedin | detected in identifiable Veg match
sample m Veg. eDNA Veg. extended surveys | extended survey
A-tjern 706 954 280277 56 51 30 25 49 83 14 1
Brennskogtjonna 919 672 584 537 75 58 23 17 29 74 15 2
Einletvatnet 700 805 411923 59 50 27 22 44 82 18 1
Finnvatnet 516 878 31288 47 40 16 10 25 63 13 3
Gauptjern 673977 279752 47 45 22 17 38 77 18 3
Jula Javri 669 351 161 871 36 31 11 4 13 36 31 2
Lakselvhogda 613 386 4 880 41 37 10 24 90 14 1
Lauvis 250979 3453 44 41 12 7 17 58 27 5
Qvre Arasvatnet 744618 340 976 64 54 24 20 37 83 40 2
Paulan Javri 747 665 178 532 43 40 17 10 25 59 34 2
Rottjern 580970 222 649 47 42 25 17 41 68 24 3
Sum 7125255 2500138 | 559 489 217 158 248 25
Mean 647750 227285 | 50.8 44.5 19.7 14.4 31.1 70.3 22.5 2.3
Highest/lowest 3.7 169.3 | 2.1 1.9 3 6.3 3.8 2.5 3.1 5

Taxa in the vegetation surveys (Veg.), number of taxa that could potentially be identified with the applied molecular marker used and available reference database, and

taxa actually identified in the eDNA. The results are given for vegetation surveys <2 m from lakeshore (including aquatics) and for additional taxa recorded in extended

surveys. Raw reads refer to all reads assigned to samples (S1 Table). The ratio between the highest and lowest value on each category is given as a indicator of variation

among lakes.

https://doi.org/10.1371/journal.pone.0195403.t002
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Of 489 records <2 m from the lakeshore, the majority were rare (148) or scattered (146) in
the vegetation; fewer were common (131) or dominant (64). An additional 245 observations of
46 taxa came from >2 m from the lakeshore (156 rare, 68 scattered, 19 common and 2
dominant).

Molecular data

The numbers of sequences matching entries in the regional arctic-boreal and EMBL-r117 data-
bases were 227 and 573 at 98% identity, respectively. For sequences matching both databases,
we retained the arctic-boreal identification; this resulted in 11,236,288 reads of 301 sequences
having 100% sequence similarity with the reference libraries and at least 10 reads in total (S2
Table). There were 244 and 181 records of sequences (each sequence occurring in 1-11 of the
lakes) that with certainty could be defined as true or false positive, respectively (see methods).
We found no combination of filtering criteria that only filtered out the false positives without
any loss of true positives (S3 Table). The best ratio was obtained when retaining sequences that
were on average more common in samples than in negative controls, plus with at least two
PCR replicates in one sample and at least 10 reads per PCR replicate. Applying these criteria
filtered out 163 false positives leaving only three false positive taxa (Annonaceae, Meliaceae
and Solanaceae) recorded in total 18 times in the 11 lakes. These were then removed as obvious
contamination. However, it also removed 61 (25%) true positives, e.g., Pinus, which had high
read numbers at lakes in pine forest and low ones at lakes where it is probably brought in as
firewood, but which also occurred with high read numbers in two of the negative controls (54
Table). After this final filtering, 2,500,138 reads of 56 unique sequences remained. Sequences
matching to the same taxa in the reference library were merged, resulting in 47 final taxa
(Table 3). Taking into account that some species within some genera shared sequences, for
example Carex and Salix, these may potentially represent 81 taxa (SI Table).

The read numbers are sum of two DNA extractions with 6 PCR replicates for each. All read
numbers are after the filtering steps in S2 Table. Note that the records of Chamaeodaphne caly-
culata are likely to represent PCR or sequencing errors of Andromeda polyfolia (S1 Appendix).
For taxa only recorded in vegetation and/or filtered out of the eDNA records, see S1 Table.
The lakes names are A-tjern (A-tj), Brennskogtjorna (Bren), Einletvatnet (Einl), Finnvatnet
(Finn), Gauptjern (Gaup), Jula Javri (Jula), Lakselvhogda (Laks), Lauvés (Lauv), @vre Erasvat-
net (Ovre), Paulan Javri (Paul), and Rottjern (Rott).

In our positive control, 7 out of 8 species were detected in all replicates (S5 Table). Only
Aira praecox, which was added with the lowest DNA concentration, could not be detected.
This indicates that the PCR and sequencing was successful for taxa with an extracted DNA
concentration of >0.03 ng/uL (S5 Table).

The gain in number of taxa when analysing two cores instead of one was 2.5+1.2 per lake.
All data presented here are based on the upper 0-2 cm of sediment of two cores combined
(but not from deeper levels as these were not sampled at all sites). This gave an average of 19.7
+6.9 taxa (range 10-30) per lake (Table 2). Samples from below 2-cm depth provide an addi-
tional 14 records of 42 taxa, some not recorded in 0-2 cm samples (S1 Table).

Detection of taxa in eDNA

Of the 217 eDNA records, the majority matched taxa recorded within 2 m of the lake shore
(Fig 3A). Higher proportions of dominant or common taxa were detected in DNA compared
with scattered or rare ones (Fig 3B). Most dominant taxa, such as Betula, Empetrum nigrum,
Vaccinium uliginosum, and Salix, were correctly detected at most or all lakes (Table 3), whereas
some were filtered out (Equisetum spp., Pinus sylvestris, many Poa, S1 Table). Of dominants,
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Table 3. Read numbers per taxa and per lake, and the sum per taxa for all lakes.

Family Taxa A-tj | Bren | Einl | Finn | Gaup | Jula | Laks | Lauv | Ovre | Paul | Rott Sum
Asteraceae Crepis paludosa 455
Betulaceae Alnus incana 222681
Betulaceae Betula spp. 446 766
Caryophyllaceae Sagina sp. - - -- - 145
Cornaceae Chamaepericlymenum suecicum - - - 338
Cupressaceae Juniperus communis - 1085
Cyperaceae Carex lasiocarpa - ---- 207
Cyperaceae Carex spp. 187
Dryopteridaceae Dryopteris spp. 60 925
Ericaceae Andromeda polifolia 1003
Ericaceae Calluna vulgaris 1741
Ericaceae Cassiope tetragona 430
Ericaceae Chamaedaphne calyculata 147
Ericaceae Empetrum nigrum 51230
Ericaceae Oxycoccus microcarpus 538
Ericaceae Phyllodoce caeruela 1856
Ericaceae Vaccinium vitis-idaea/myrtillus 7955
Ericaceae Vaccinium uliginosum 10 750
Geraniaceae Geranium sylvaticum 213
Haloragaceae Myriophyllum alterniflorum - 512071
Isoetaceae Isoetes spp. - 41 547
Lentibulariaceae Utricularia minor - 893
Lycopodiaceae Huperzia selago 1725
Lycopodiaceae Lycopodiaceae 59922
Menyanthaceae Menyanthes trifoliata - - 108 599
Nymphaeaceae Nuphar pumila - 63 844
Plantaginaceae Callitriche hermaphroditica 6549
Plantaginaceae Hippuris vulgare - - 345
Poaceae Festuca spp. - - 2754
Polygonaceac Oxyria digyna NN BN 9
Polypodiaceae Athyrium sp. - 67 605
Potamogetonaceae Potamogeton praelongus ---- - - 11276
Potamogetonaceae Potamogeton sp. - 33461
Potamogetonaceae Stuckenia filiformis -. --- 12416
Ranunculaceae Caltha palustris - - - 6211
Rosaceae Comarum palustre - - 1538
Rosaceae Dryas octopetala - --- ---- 1181
Rosaceae Filipendula ulmaria - - -- - 12 639
Rosaceae Rubus chamaemorus 2042
Rosaceae Sorbus aucuparia 7428
Salicaceae Populus tremula 54285
Salicaceae Salicaceae 572337
Saxifragaceae Saxifraga aizoides 615
(Continued)
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Table 3. (Continued)
Family Taxa A-tj
Saxifragaceae Saxifraga oppositifolia

Sparganiaceae

Sparganium spp.

Thelypteridaceae

Phegopteris connectilis

Woodsiaceae

Gymnocarpium dryopteris

Sum DNA reads

Vegetation only > 2m

280 584 411 31 279 161 4 3 340 178 222 2500
277 537 923 288 752 871 | 880 | 453 976 532 649 138

DNA only

No DNA, no vegetation

https://doi.org/10.1371/journal.pone.0195403.t003

only two Juncus and two Eriophorum species were not recorded. Many taxa that were rare or
scattered were filtered out (S1 and S4 Tables).

Detection success and taxonomic resolution in the eDNA varied among families (Table 3,
Fig 3C). High success and resolution characterise Ericaceae and Rosaceae as they were identi-
fied to species level and successfully detected at most sites. Ferns (Dryopteridaceae, Thelypteri-
daceae, Woodsiaceae) and club mosses (Lycopodiaceae) were almost always detected, even
when only growing >2 m from the lake shore. Aquatics (Haloragaceae, Lentibulariaceae,
Menyanthaceae, Numphaeaceae, Plantaginaceae, Potamogetonaceae, Sparganiaceae) were also
well detected, often also when not recorded in the vegetation surveys. Deciduous trees and
shrubs (Betulaceae, Salicaceae) were also correctly identified at most lakes although often at
genus level. In contrast, Poaceae and Cyperaceae, which were common to dominant around
most lakes, were underrepresented in the DNA records. Juncaceae and Asteraceae, which were
present at all lakes, although mainly scattered or rare, were mainly filtered out due to presence
in only one PCR repeat or only in samples from 2-8 cm depth (S1-54 Tables).

The numbers of taxa recorded in vegetation, in eDNA, and as match between them varied
two- to six-fold among lakes (Table 2, Fig 3D). Jula Javri had the lowest match between eDNA
and vegetation with only four taxa in common. Lakselvhogda and Lauvas had extremely low
read numbers after filtering. For Lauvas, Finnvatnet and Lakselvhogda, 84%, 30% and 20%,
respectively, of raw reads were allocated to algae. If we assume that a big unidentified sequence
cluster also represents algae, this increases to 69% for Lakselvhogda, where a 15-20 cm algal
layer was observed across most of the lake bottom. A lake-bottom algal layer was also observed
at Jula Javri, and in this we suspect that an unidentified cluster of 170,772 reads was algae. In
most other lakes, algal reads were 3-15% (0.2% in Brennskogtjern, the lake with highest num-
bers of reads after filtering; algal data not shown).

Thirty-three records of 17 DNA taxa did not match vegetation taxa at a given lake
(Table 3). These include taxa that are easily overlooked in vegetation surveys due to minute
size (e.g., Sagina sp.), or only growing in deeper parts of the lake (e.g., Potamogeton praelon-
gus). Other taxa are probably confined to ridge-tops of larger catchments, which lay outside
the survey areas (e.g., Cassiope tetragona and Dryas octopetala). Two tree species that occur as
shrubs or dwarf shrubs at their altitudinal limits, Alnus incana and Populus tremula, were
found in the DNA at high-elevation sites. Also, ferns were detected at several sites where they
were not observed in the vegetation surveys. On balance, most mismatches probably relate to
plants being overlooked in the vegetation surveys or growing outside the survey area, whereas
Chamaedaphne calyculata likely represents a false positive (Table 3, S1 Appendix).
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Fig 3. Match

between records of taxa in the sedimentary eDNA in relation to vegetation surveys. a) Number of records in the

sedimentary eDNA in relation to vegetation survey distance. b) Percentage records in eDNA in relation to abundance in vegetation

surveys. ¢) Variation in percentage data among families with >11 eDNA records. d) Variation in percentage of taxa detected among
lakes. Percentages in b), ¢) and d) refers to percentage of taxa recorded in the vegetation that potentially could be identified with the
DNA barcode used. Note that DNA of more taxa were likely recorded but filtered out (S1-S4 Tables)-these numbers are only

shown in Fig

b).

https://doi.org

/10.1371/journal.pone.0195403.9003

The multivariate ordinations gave similar results for the vegetation and eDNA records with
the only lake from Pine forest, Brennskogtjenna, and one of the two alpine lakes, Paulan Javri,
clearly distinguished on the first axis, whereas the lakes with varying cover of birch forest were
in one cluster (Fig 4A and 4B). The other alpine lake, Jula Javri, was only distinguished on the
vegetation, probably due to the low number of taxa identified in the eDNA of this lake
(Table 2). Percentages of variation explained by the first two axes were similar for the two anal-
yses (CA Vegetation: Axis 1, A = 0.50, 20.4%, Axis 2, A = 0.37, 15.1%; eDNA: Axis 1, . = 0.24,
18.9%, Axis 2, A = 0.24, 18.5%). The Procrustes analyses indicated a good similarity between
vegetation and eDNA (CA Correlation = 0.53, P = 0.099; NSCA Correlation = 0.59, P = 0.045).

Probability of detecting taxa in vegetation and DNA records

The posterior probability that all local taxa were recorded during the vegetation survey varied
from 0.85-0.95 (S6 Table). Thus, on average, about three species may have been overlooked at
each lake. The posterior probability that taxa recorded in the vegetation surveys and detected

NSC Vegetation 2m NSC DNA

Fig 4. Multivariate ordination (non symmetric correspondence analysis; NSC) of the 11 lakes. The ordination is based on taxa recorded in the vegetation (a) and
eDNA (b). Note that lakes in tall forbs birch/pine mixed forest (A-tjern, Rottjern, Gauptjern are clustered together in both plots; so are also Einletvatnet and Qvre
Zrasvatnet (both mire/birch forest at the island Andoya), whereas some lake with poorer DNA records show some differences in clustering.

https://doi.org/10.1371/journal.pone.0195403.g004
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at least once by eDNA were also recorded in the DNA in a given lake (true positives) was 0.33-
0.90, whereas the posterior probability of any DNA records representing a false positive varied
from 0.06-0.33 per lake (S6 Table). There was evidence that the probability of detecting a spe-
cies using eDNA (ppna_;) was higher for deeper lakes (slope b, = 0.58, 95% CI = [0.20; 0.98],
Fig 5). Not surprisingly a similar effect was found for lake size (slope b; = 0.25 [0.10, 0.41]) as
lake size and depth were highly correlated (r = 0.81). Catchment area (b; = 0.06 [-0.15, 0.27])
and mean annual temperature (b; = -0.03 [-0.14, 0.08]) did not appear to influence probability
of detection by eDNA.

Discussion

Taking into account the limitation of taxonomic resolution due to sequence sharing or taxa
missing in the reference library, we were able to detect about one third of the taxa growing in
the immediate vicinity of the lake using only two small sediment samples from the lake centre.
The large number of true positives lost (S1 Appendix) suggests that this proportion may be fur-
ther improved. Nevertheless, the current approach was sufficient to distinguish the main vege-
tation types.

Taphonomy of environmental plant DNA

The high proportion of taxa in the <2 m survey detected with eDNA than in the extended sur-
veys indicates that eDNA is mainly locally deposited. The observation of taxa not recorded in
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Fig 5. Lake depth versus detection probability. Relationship between lake depth and probability that a species
present in the vegetation and detected at least once by eDNA is detected by eDNA in a given lake. The relationship is
modelled as a logit function and back-transformed to the probability scale.

https://doi.org/10.1371/journal.pone.0195403.g005
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the vegetation surveys but common in the region (Fig 4, S1 Table) indicates that some DNA
does originate from some hundreds of meters or even a few km distant. Indeed, a higher corre-
lation between catchment relief and total eDNA (R? = 0.42) than eDNA matching records in
the vegetation (R* = 0.34), may suggest that runoff water from snow melt or material blown in
also contributes. Thus, the taphonomy of eDNA may be similar to that of macrofossils [66,
67], except that eDNA may also be transported freely or via non-biological particles (e.g. fine
mineral grains) [9]. From other studies, pollen does not appear to contribute much to local
eDNA records [15, 35, 37, 42, 47]. This is probably due to its generally low biomass compared
with stems, roots and leaves, and to the resilience of the sporopollenin coat, which requires a
separate lysis step in extraction of DNA [68].

The higher proportion of eDNA taxa that matched common or dominant taxa in the vege-
tation, compared with taxa that were rare or scattered, was as expected, as higher biomass
should be related to a greater chance for deposition and preservation in the lake sediments [9].
Yoccoz et al. [6] found the same in their comparison of soil eDNA with standing vegetation.
While some dominant taxa were filtered out in our study, their DNA was mainly present (S1
Appendix, S1-54 Tables), and most dominant taxa were recorded in all PCR replicates (not
shown). Thus, for studies where the focus is on detecting dominant taxa, running costs may be
reduced by performing fewer PCR replicates.

Variation among lakes

The variation among lakes seen in DNA-based detection of taxa shows that even when identi-
cal laboratory procedures are followed, the ability to detect taxa can vary. Our sample size of
11 lakes does not allow a full evaluation of the reasons for this variation. Factors such as low
pH or higher temperature may increase DNA degradation [16], but the two lakes with lowest
numbers of reads after filtering in our study, Lakselvhogda and Lauvas, had pH values close to
optimal for DNA preservation (7.2 and 6.8, respectively, I.G. Alsos and A.G. Brown, pers. obs.
2016), and variation in temperature was low among our sites. The lack of an inflowing stream
at Lakselvhogda may reduce the supply of eDNA, but Lauvés has two inflows. For these two
lakes, and to a lesser extent Finnvatnet, we suspect high algal abundance might have caused
PCR competition [69]. PCR competition may also occurred in samples from Jula Javri, but in
this case we were not able to identify the most dominant cluster of sequences. These lakes are
also small and shallow. Variation among eDNA qualities has also been observed in a study of
31 lakes on Taymyr Peninsula in Siberia [70]. We suspect that high algae production may be a
limiting factor as we also have seen poor aDNA results in samples with high Loss on Ignition
values, but this should be studied further. A potential solution to avoid PCR competition may
be to design a primer to block amplification of algae as has been done for human DNA in stud-
ies of mammals eDNA [71].

Variation among taxa

The variation we observed among plant families, both in taxonomic resolution and likelihood
of detection, is a general problem when using generic primers [45, 72, 73]. For example, the
poor detection of the Cyperaceae may be due to the long sequence length of Carex and Erio-
phorum (>80 bp), and most studies only detect it at genus or family level [38, 42, 74]. The low
representation of Asteraceae may be due to its rare or scattered representation in the vegeta-
tion and/or its poor amplification. While some studies successfully amplify Asteraceae [15, 37,
38, 42, 75], others do not, even when other proxies indicate its presence in the environment
[46]. This may be due to the high percentage of Asteraceae taxa that have a one base-pair mis-
match in the reverse primer [34]. Poaceae, which has no primer mismatch, is regularly
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detected in ancient DNA studies [15, 36-38, 41], and was present in nine lakes, although most
records were filtered out due to occurrence in negative controls. To avoid any bias due to
primer match and potentially increase the overall detection of taxa, one solution would be to
use family-specific primers, such as ITS primers developed for Cyperaceae, Poaceae, and
Asteraceae [36]. Alternatively, shotgun sequencing could be tested as this minimizes PCR
biases [76, 77].

The common woody deciduous taxa Betula and Salix, as well as most common dwarf
shrubs such as Andromeda polifolia, Empetrum nigrum, and Vaccinium uliginosum, were cor-
rectly detected in most cases. They are also regularly recorded in late-Quaternary lake-sedi-
ment samples [15, 25, 37, 41, 70, 74]. These are ecologically important taxa in many northern
ecosystems, and their reliable detection in eDNA could be expected to extend to other types of
samples, e.g., samples relating to herbivore diet [44].

The general over-representation of spore plants in eDNA among taxa only found >2 m
from the lake and those not recorded in the catchment vegetation raises the question as to
whether eDNA can originate from spores. Spore-plant DNA is well represented in some stud-
ies [42, 78], is lacking in other studies [15, 37] and has been found as an exotic in one study
[41]. As with pollen, the protective coat and low biomass of spores suggest that they are an
unlikely source of the eDNA. This inference is supported by clear stratigraphic patterns shown
by fern DNA in two lake records from Scotland. Records are ecologically consistent with other
changes in vegetation, whereas spores at the same sites show no clear stratigraphy [42]. Prefer-
ential amplification could be an alternative explanation, but this is not likely as the amplifica-
tion of fern DNA from herbarium specimens is poor [34]. It is possible that in some cases,
including this study, we are detecting the minute but numerous gametophytes present in soil,
which would not be visible in vegetation surveys.

Aquatic taxa were detected in all lakes, and they have been regularly identified in eDNA
analyses of recent [42] and late-Quaternary lake sediments [15, 37, 38]. eDNA may be superior
to vegetation surveys in some cases, e.g., Potamogeton praelongus, which is characteristic of
deeper water https://www.brc.ac.uk/plantatlas/) and was likely overlooked in surveys due to
poor visibility. Callitriche hermaphroditica was observed in two lakes (Einleten and Jula javri),
whereas C. palustris was observed at Einleten. We cross-checked the herbarium voucher and
the DNA sequence and both seems correct, so potentially both were present but detected only
in either eDNA or vegetation surveys. Overall, eDNA appears to detect aquatic plants more
efficiently than terrestrial plants, which is not unexpected as the path from plant to sediment is
short.

The use of eDNA for reconstruction of present and past plant richness

In contrast to water samples, from which eDNA has been shown to represent up to 100% of
fish and amphibian taxa living in a lake [7, 79], one or two small, surficial sediment samples do
not yield enough DNA to capture the full richness of vascular plants growing around a lake;
the same limitation may apply in attempts to capture Holocene mammalian richness [22].
This is likely due to taphonomic limitations affecting preservation and transport on land, as
aquatics were generally well detected. Also, surface samples are typically flocculent and repre-
sent a short time span, e.g. a few centimetre may represent 10-25 years ([49]; pers. obs.).
Increasing the amount of material analysed, the amount of time sampled (by combining the
top several cm of sediment), and/or the number of surface samples may improve detection
rates for species that are rare, have low biomass and/or grow at some distance from the lake. In
this study we identified more taxa when we used two surface samples and/or material from
deeper in the sediment cores. Nevertheless, taphonomic constraints may mean that DNA of
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some species rarely reaches the lake sediment. On the technical side, both improvements in
laboratory techniques and in bioinformatics could increase detection of rare species. In this
study, DNA of many of the rarer taxa was recorded but was filtered out. As the rarest species
are also difficult to detect in vegetation surveys [59], combining conventional and DNA-based
surveys may produce optimal estimates of biodiversity.

The potential taxonomic resolution (i.e., for eDNA taxa to be identified to species level) was
similar or higher than that for macrofossils [80] or pollen [81, 82]. The potential taxonomic
resolution of any of these methods depends on how well the local flora is represented in the
available reference collection/library, site-specific characteristics, such as the complexity and
type of the vegetation [34, 82], and the morphological or genetic variation displayed by differ-
ent taxonomic groups. In our case, only 3% of the taxa found in the vegetation surveys were
missing in the reference database which likely improved the resolution. To reach 100% resolu-
tion, a different genetic marker is needed to avoid the problem of identical sequences. Using
longer barcodes may improve resolution [45, 83] and may work for modern samples, but for
taxa with cpDNA sharing as e.g. Salix, nuclear regions should be explored. For ancient samples
with highly degraded DNA, taxonomic resolution may potentially be increased by using a
combining several markers, hybridization capture RAD probe techniques, or full-genome
approach [77, 84-86].

The actual proportion of taxa in the vegetation detected in the eDNA records (average 28%
and 18% for <2 m and extended surveys, respectively, not adjusting for taxonomic resolution)
is similar to the results of various macrofossil [80, 87-89] and pollen studies [81, 82]. This con-
trasts with five previous studies of late-Quaternary sediments that compared aDNA with mac-
rofossils and seven that did so with pollen; these showed rather poor richness in aDNA
compared to other approaches (reviewed in [10]). We think a major explanation may be the
quality and size of available reference collections/libraries, as the richness found in studies
done prior to the publication of the boreal reference library (e.g. [15, 27, 35, 37]) was lower
than in more recent studies, including this one [42, 70, 90, 91]. The variation in laboratory pro-
cedures, the number and size of samples processed and the number of replicates also affect the
results [4, 82, 86]. Nevertheless, the correlation between eDNA and vegetation found in the
Procrustes analyses show that the current standard of the method is sufficient to detect major
vegetation types.

Conclusion

Our study supports previous conclusions that eDNA mainly detects vegetation from within a
lake catchment area. Local biomass is important, as dominant and common taxa showed the
highest probability of detection. For aquatic vegetation, eDNA may be comparable with, or
even superior to, in-lake vegetation surveys. Lake-based eDNA detection is currently not good
enough to monitor modern terrestrial plant biodiversity because too many rare species are
overlooked. The method can, however, detect a similar percentage of the local flora as is possi-
ble with macrofossil or pollen analyses. As many true positives are lost in the filtering process,
and as even higher taxonomic resolution could be obtained by adding genetic markers or
doing full genome analysis, there is the potential to increase detection rates. Similarly, results
will improve as we learn more about how physical conditions influence detection success
among lakes, and how sampling strategies can be optimized.

Supporting information

S1 Appendix. Comments on true and false positives.
(DOCX)
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S1 Table. All taxa recorded in the vegetation surveys. (<2 m and/or larger surveys) at 11
lakes in northern Norway. Number refers to the highest abundance recorded among 2-17 veg-
etation polygons in the larger vegetation surveys (1 = rare, 2 = scattered, 3 = frequent, and

4 = dominant). Thus, 2316 records were combined to give one vegetation record per species
and lake, in total 1000 records. Taxa match represent taxa that could potentially be identified
by the molecular method used: ND = no data in reference library, ID incomp = could not

be identified in DNA because the vegetation is incomplete identified, <12 bp = filtered out in
initial filtering steps due to short sequence length. Max = the maximum abundance score
observed at any of the lakes. The lakes names are A-tjern (A-tj), Brennskogtjorna (Bren), Ein-
letvatnet (Einl), Finnvatnet (Finn), Gauptjern (Gaup), Jula Javri (Jula), Lakselvhogda (Laks),
Lauvas (Lauv), @vre Arésvatnet (Ovre), Paulan Javri (Paul), and Rottjern (Rott). See colour
codes below. Hatched colour refer to DNA-vegetation match at higher taxonomic level (e.g.
Salix).

(DOCX)

S2 Table. Number of sequence reads remaining after each filtering step for 42 samples
from modern lake sediment collected in northern Norway, 6 extraction negative controls,
6 PCR negative controls and 2 PCR positive controls. Six individually tagged PCR repeats
were run for each sample, giving a total of 336 PCR samples. Numbers of sequences and
unique sequences are given for applying the criteria to all sequences.

(DOCX)

S3 Table. Effect of different filtering criteria on the number of true positives. True positive
(TP, defined as species also detected in vegetation surveys thus lower than the numbers given
in Table 2) and False Positives (FP, defined as species not found in the regional flora; including
15 potential food plants) per lake and in total. The criteria used in this study, which gives the
highest ratio between TP kept and FP lost, is shown in bold. 1) Minimum number of reads

in lake samples, 2) minimum number of PCR repeats in lake samples, 3) “1” if occurring in
more than 1 PCR repeat of negative control samples, 4) “1” if number of PCR repeats in lake
sample > PCR repeats in negative control samples, 5) “1” if mean number of reads in lake
samples > mean number of reads in negative control samples. The lakes names are A-tjern
(A-tj), Brennskogtjorna (Bren), Einletvatnet (Einl), Finnvatnet (Finn), Gauptjern (Gaup), Jula
Javri (Jula), Lakselvhogda (Laks), Lauvés (Lauv), @vre Ardsvatnet (Ovre), Paulan Javri (Paul),
and Rottjern (Rott).

(XLSX)

$4 Table. Taxa removed during filtering. All DNA reads that have 100% match to the refer-
ence libraries and have been removed during the second last step of filtering (see S2 Table).
(XLSX)

S5 Table. Retrieval of positive controls from raw orbitool output file. The file consisted of
12706536 reads of 581 sequences, 98% match). Note that not all taxa used in the positive con-
trols were present in the reference library but they match to closely related taxa.

(DOCX)

S6 Table. The probability of detection in eDNA and vegetation. The probability that all taxa
in the vegetation were recorded (Vegetation), and that the DNA records represents true and
false positives. Mean probability, standard deviation (SD) are given for each lake.

(DOCX)
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‘We present a Holocene record of floristic diversity and environmental change for the central Varanger Peninsula,
Finnmark, based on ancient DNA extracted from the sediments of a small lake (sedaDNA). The record covers the
period ¢. 10 700 to 3300 cal. a BP and is complemented by pollen data. Measures of species richness, sample evenness
and beta diversity were calculated based on sedaDNA sampling intervals and 1000-year time windows. We identified
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aquatic plant Callitriche hermaphroditica suggests it expanded its range northward between ¢. 10 200 and 9600 cal. a
BP, when summers were warmer than present. High values of Pinus DNA occur throughout the record, but we cannot
say with certainty if they represent prior local presence; however, pollen influx values >500 grains cm ™2 a ' between
¢. 8000and 7300 cal. a BP strongly suggest the presence of pine woodland during this period. As the site lies beyond the
modern tree limit of pine, it is likely that this expansion also reflects a response to warmer Early Holocene summers.
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In the mid- to high-latitudes, the repeated waxing and
waning of continental ice sheets throughout the Quater-
nary has regulated habitat availability for plants (Hultén
1937; Abbott & Brochmann 2003). By around 13 000—
11 000 a BP, the Fennoscandian Ice Sheet had retreated
from the northeasternmost peninsulas of Finnmark, Nor-
way (Sollid et al. 1973; Stokes et al. 2014; Hughes et al.
2016; Stroeven et al. 2016), and newly deglaciated land
became accessible for plant colonization and vegetation
development (Prentice 1981, 1982). Today, these penin-
sulas harbour the ecotone from boreal forest to tundra.
At and near their northern limit, tree species are partic-
ularly sensitive to climate changes; climate variation may
cause shiftsin tree species ranges that may in turn generate
changes in vegetation structure and habitat (Hyvarinen
1976; Barnekow 1999; Bjune ez al. 2004; Jensen & Vorren
2008). The deglacial history and proximity to the tree-line
suggest that records from the region can potentially address
key ecological questions: how floristic richness and/or
composition is affected by tree-line dynamics and/or
Holocene climate variation; whether taxa show discernible
migration lags (and thus locally variable postglacial suc-
cessional sequences); and how today’s dominant plant
communities assembled over the Holocene.

DOI 10.1111/bor.12357

The understanding of tree-line fluctuations hasinspired
palynological studies of vegetation history for many years
(Hyvarinen 1975; Seppa 1996; Allen et al. 2007). Pollen
percentage and influx values have been used to track tree-
line fluctuations across northeast Finnmark in response to
Holocene climate changes (Hyvarinen 1975; Hicks 1994;
Seppa 1996; Hicks & Hyvirinen 1999; Heeg 2000; Huntley
et al. 2013). During the regional Holocene Thermal
Maximum (HTM; 8000-6000 cal. a BP; Seppi et al.
2009; Huntley er al. 2013), the ecotonal boundaries
between Pinus and Betula forests and Betula forest with
low shrub-tundra had more northerly positions (Hoeg
2000). In contrast to tree-line dynamics, less is known
about the development and composition of the shrub
and herb communities of northern Fennoscandia and their
response to Holocene climate changes. Tundra pollen
records are often interpreted in terms of broad-scale
community dynamics rather than local compositional
changes, due to features such as low accumulation rates
and the over-representation of woody anemophilous taxa
that mute the signal of entomophilous forbs in many
records (Lamb & Edwards 1998; Gajewski 2015).

The Lateglacial and Holocene vegetation history of
Finnmark has been documented in several pollen and plant
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macrofossil records since the 1970s (e.g. Hyvarinen 1975;
Prentice 1981, 1982; Hoeg 2000; Allen et al. 2007; Birks
et al. 2012; Sjogren & Damm 2019), reflecting interest in
understanding events linked to the early deglaciation of the
region (Sollid e al. 1973; Stokes et al. 2014; Hughes et al.
2016; Stroeven et al. 2016). The initial postglacial land-
scape supported sparse, open, herbaceous vegetation with
some shrubs (Hyvarinen 1975; Prentice 1981, 1982; Seppa
1996). The oldest pollen record in northeast Finnmark is
that of @stervatnet, southern Varanger Peninsula, which
records the Older Dryas(c. 13 900-13 600 cal.a BP)and
Younger Dryas (c. 13 500-11 500 cal. a BP) climate oscil-
lations, with Artemisia replacing Salix and Poaceae in the
cold stages (Prentice 1981). The end of the Younger Dryas
chronozone is distinguished by a rise in Oxyrial Rumex,
Salix, Poaceae and Cyperaceae with species-rich mead-
ows colonized by a succession of shrub and tree species in
the Holocene (e.g. Betula, Pinus). More information on
the rate of community assemblage and local variation in
community development through time will help inform
our understanding of the resilience and longevity of the
current dominant communities in this area.

Pollen data have been used to reconstruct past changes in
floristic diversity and richness, including studies in Scan-
dinavia (Odgaard 1999; Berglund ez al. 2008a, b; Fredh
et al. 2012; Reitlau et al. 2015). Records from Scandi-
navia indicate a rapid increase in species richness from
the Lateglacial to the Early Holocene (c. 12 000-8000 cal.
a BP), while spatially and temporally inconsistent trends
characterize the Middle to Late Holocene (c. 8200 cal. a
BP — present; Seppé 1998; Berglund ez al 2008a, b; Birks
& Birks 2008; Felde er al. 2017). These later Holocene
trends have been attributed to climate fluctuations, the
first appearance of trees at a locality, and/or human
impact. A significant (p < 0.001) negative relationship was
identified between Pinus pollen influx and species richness
at the boreal site Lake Rautuselka, northern Finland,
reflecting the importance of vegetation density on floristic
richness (Seppa 1998). A significant (p < 0.05) negative
correlation between Pinus and Betula pollen influx and
species richness was also identified at the tundra site
Lake Hopseidet on the Nordkinn Peninsula, northeast
Norway, which was not reached by northward expansion of
the Pinus tree-line during the Holocene. High influx of
wind-pollinated taxa in the tundra site probably reduced
the statistical probability of other, less frequent insect-
pollinated herbaceous types being counted (Birks & Line
1992; Seppa 1998). Records from central Scandinavia show
that species richness has remained rather stable, with no
long-term trends observed over the Holocene (Giesecke
et al. 2012). Nevertheless, biases resulting from non-
linear relationships between pollen and vegetation repre-
sentation may confound richness estimates derived from
pollen (Prentice 1985; Sugita 1994; Odgaard 2001). Fur-
thermore, the relationship between species richness derived
from pollen data (palynological richness) and the observed
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floristic richness in the landscape remains poorly under-
stood (Meltsov et al. 2011; Goring et al. 2013).

Analysis of sedimentary ancient DNA (sedaDNA) has
recently emerged as a promising proxy for reconstructing
past floral diversity, augmenting information gained from
pollen and macrofossil analyses (Jorgensen et al. 2012; Epp
et al. 2015; Alsoset al. 2016; Pedersen et al. 2016; Parducci
et al. 2017; Zimmerman et al. 2017). When rigorously
applied, the analysis of sedaDNA from lake sediments
can detect more species per sample than other palaeoe-
cological methods (Alsoset al. 2016). Italso permits the
detection of some key plant taxa thatare poorly resolved
taxonomically by pollen or plant macrofossil analysis alone
(Parducci er al. 2013; Sjogren et al. 2017; Edwards et al.
2018). Recent investigation of the representation of con-
temporary vegetation in the DNA signal of superficial
sediments in small lakes with limited inflowing streams
from northern Norway revealed that 73 and 12% of the
taxa detected in the DNA were recorded in vegetation
surveys within 2 and 50 m of the lake shore, respectively
(Alsos et al. 2018). Thus, analysis of plant sedaDNA from
small lakes with limited inflowing streams may give a more
local signal of vegetation change and floristic richness than
records derived from pollen, as wind-dispersed grains tend
to be dispersed over long distances, particularly at the
northern limit of trees (Rousseau ez al. 2006).

This study represents the first palacoecological explo-
ration of Arctic vegetation dynamics in Finnmark using
a sedaDNA record, in this case from sediments of a small
lake on the Varanger Peninsula, northeast Finnmark. We
use metabarcoding techniques (Taberlet e al. 2012) to
develop the sedaDNA record, together with X-ray fluo-
rescence (XRF) to determine geochemical element con-
centrations over time, sedimentological data and pollen
analysis. We then compare the results with published pollen
records. Finally, we use the sedaDNA data to reconstruct
Holocene trends in species richness using rarefaction and
measures of beta diversity and evenness for all samples and
for 1000-year windows.

Study site

The lake (latitude 70°19'6.85348" N, longitude 30°1'43.
83653" E; Fig. 1)isunnamed on the 1:50 000 Norwegian
Topographic Map (Norgeskart; https://www.norgeskart.
no). Werefer to it here informally as ‘Uhca Roh¢i’, or UR,
the Sami name for an adjacent river feature. UR is a small
lake (<1 ha) in a depression situated at 138 m above sea
level (a.s.l.) within the river valley of Komagdalen on the
Varanger Peninsula, northeast Finnmark, Norway. The
peninsula is a plateau lying between 200 and 600 m a.s.l.
with low relief: ridges are formed of Cambrian quartzites
and sandstones, while valleys are eroded into shales and
mudstones (Siedlecka & Roberts 1992). After Pliocene
uplift, the area was affected by sea-level change and subject
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to glacial erosion (Fjellanger & Serbel 2007). UR Lake lies in
the middle section of the glaciated southeast-draining
Komagdalen valley. As shown in Fig. 1D, the lake vicinity
is associated with probable subglacial scour features on
the former valley floor, which is now ~3 m above the pre-
sent river. The valley lies between the Gaissattrinnet and
Hovedtrinnet (Younger Dryas) moraines to the southwest
and the older Ytre Porsangertrinnet and Korsnestrinnet
moraines to the north and east (ice advance to NE, retreat
to SW; Sollid ez al. 1973). A reconstruction of the lower
section of the Komagdalen valley by Olsen ez al. (1996)
suggests that the middle valley lies just north (outside)
ofanicemargindatedto 17 000 cal.a BPaswell asamore
southerly ice margin associated with the Varde moraine
stage (13 500 a BP) as mapped by Tolgensbakk & Sollid
(1981). Cosmogenic dating at the head of Varangerfjorden
and Tanafjorden suggests a local retreat age of ¢. 15 400—
14 200 cal. a BP, and it is certain that the peninsula was
free of glacialice by 13 00012 000 cal.aBP (Stokeset al.
2014; Stroeven et al. 2016). UR Lake lies approximately
60 m above the main (Younger Dryas) postglacial shore-
line (75-85 m a.s.l.), which is reflected by a markedly
steeper valley floor reach at approximately 13 km down-
stream (Fig. 1E;Fletcherer al 1993).Itislikely that the site
received fluvial input from all of the upstream Komagdalen
catchment, at least prior to downcutting associated with
postglacial isostatic uplift in the later Holocene, and this is
important in the interpretation of the sedaDNA data.
The present-day climate of the Varanger Peninsula is
characterized as sub-Arctic (<10 °C arctic isotherm in
July), with annual precipitation between 500 and 800 mm.
It is situated within the meeting zone of the westerlies and
the sub-polar low pressure system (with polar easterlies)
and thus has highly variable weather (Hanssen-Bauer &
Tveito 2014). Large local heterogeneity exists due largely
to the topography, and summer temperature may vary
from 6-12 °C, with corresponding differencesin local veg-
etation (Karlsen ez al. 2005). Present-day tundra vegeta-
tion of the Varanger Peninsula is classified as erect shrub
tundra (Virtanen ez al. 1999; Walker et al. 2005), and is
dominated by dwarf shrubs, such as Empetrum nigrum
subsp. hermaphroditum and Betula nana. Species-rich
meadows occur along the wide riparian plains of the
Komagelva River where tall shrubs such as Salix lanata,
S. hastataand S. glaucaform a spatially and temporally
diverse vegetation mosaic with mesic forbs such as
Bistortavivipara, Thalictrum alpinum and Viola biflora,
and graminoids such as Avenella flexuosa, Deschamp-
sia cespitosa and Eriophorum angustifolium (Ravolai-
nenet al. 2013; Brathen et al. 2017). The headwaters of
the Komagelva River originate from the north to north-
west of the main Komagelva channel, which flows east-
wards to Varangerfjord (Fig. 1B). Theentire watershed lies
outside of the present-day Pinuslimit (Fig. 1B). UR Lakeis
one of several small lakes surrounded by the species-rich
riparian meadows of the Komagdalen valley, which is
one of the principal sites for the Climate Ecological
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Nordkinn
Peninsula

rangerfiorden

197m

Boundary of the valley form
Boundary of flood-plain scars.
Minor meander scars

|~ Probable subglacial channel

" Probable subglacial scour holes

Fig. 1. Location of Uhca Roh¢i Lake (unofficial name) on the
Varanger Peninsula, northeast Finnmark, Norway. A. Map highlight-
ing the location of Finnmark in northeastern-most Norway. B.
Varanger Peninsula with watershed of Komagelva River indicated in
green. Dashed line indicates the Pinus forest limit according to
Heikkinen (2005) and the solid black line indicates the tree limit of
Pinus according to Hustich (1983). Location of Uhca Roh¢i Lake is
indicated by a black circle. C. Map detailing the position of Uhca Roh¢i
Lake within the Komagelva River (Komagdalen) valley (norges-
kart.no). D. Geomorphological map created from aerial photography
and inset E. valley floor height profile downstream of Uhca Roh¢i Lake
created using Google Earth 2017.

Observatory for Arctic Tundra (Henden et al. 2011;
Ravolainen et al. 2011, 2013; COAT 2018).

Early Holocene climate in northern Fennoscandia was
affected by summer insolation that was higher than present
(Berger 1978; Berger & Loutre 1991). Quantitative summer
temperature estimates based on aquatic plant macrofossils
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suggest an early onset of the HTM, with temperatures
~2 °C warmer than pollen-based estimates between 11
700-7500 cal. a BP (Valiranta et al. 2015). However,
pollen-based summer temperature reconstructions indi-
cate July temperatures of +1.5+0.5 °C above modern
(1961-1990) values in northern Fennoscandia during the
regional HTM identified at ¢. 8000-6000 cal. a BP
(Mpoller & Holmeslet 2002; Jensen & Vorren 2008;
Seppd et al. 2009; Sejrup et al. 2016). Northeast
Finnmark was characterized by warmer summer temper-
atures and higher precipitation (Allen et al. 2007). Warm
conditions were interrupted by a short cold spell at
¢. 8200 cal. a BP (Seppa et al. 2009).

Material and methods

Core retrieval and subsampling

A 10-cm-diameter and 2.5-m-long lake sediment core (UR-
1) was retrieved in February 2016 from the winter ice sur-
face using a modified Nesje piston-corer (Nesje 1992) with
a 4-m-long continuous section of acrylonitrile-butadiene-
styrene (ABS) pipe. Total lake depth including winter ice
thickness was 2 m, as measured by a single-beam echo-
sounder (Echotest I Plastimo) and tape measure. Coring
and retrieval of sediments started at2 m, with the assump-
tion, based on the echo-sounder data, that the top of the
core sequence would include surface or near-surface sedi-
ments. After retrieval of the sediments, the pipe was cut
into 1-m sections and sealed immediately to minimize the
risk of contamination by airborne or other modern envi-
ronmental DNA. The core sections were stored in a shed
(2-6 °C)to prevent freezing before transport and stored at
4 °Cin the cold room at the Tromse University Museum
(TMU), Norway. Core sections were opened by longitu-
dinal splitting. One half was used for subsampling, and the
other half kept for archival purposes. Core UR-1 was sub-
sampled at 1-cm resolution within a dedicated ancient
DNA clean-room facility at TMU using sterile tools, a full
bodysuit, facemask, and gloves. Following the protocol
described by Parducci ez al. (2017), the outer 10 mm of
sediment was avoided or discarded and an ~20-g subsample
was retrieved from inside the freshly exposed centre only.
An additional short 50-cm-long and 7-cm-diameter core
(UR-2), which included a clear sediment-water interface,
was retrieved usinga UWITEC gravity corer (UWITEC
Corp., Austria) lowered from the surface of the lake ice.
Subsampling of core UR-2 was not performed in the clean-
room at TMU, as this core was only used for pollen analysis
and age-depth model determination (described below).

Lithological and elemental analyses

Subsamples (2 cm?) were taken for bulk density and loss-
on-ignition (LOI) analyses at 3-cm intervals using avolu-
metric sampler. Samples were weighed in crucibles and
dried overnight at 100 °C before dry weight and bulk
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density were determined (Chambers ez al. 2011). Samples
were then ignited at 550 °Cfor2 h, placed ina desiccator to
cool to room temperature and reweighed. Total LOI was
calculated as the percentage loss of dry weight after ignition
(Heiri et al. 2001). Magnetic susceptibility and XRF
analyses were performed on the archival core halves at
the Department of Geosciences, UiT - Arctic Univer-
sity of Norway. Magnetic susceptibility was measured
at l-cmintervals using a Bartington point sensoron the
Geotek Ltd. Multi-Sensor Core Logger using a 10-s
exposure time. Quantitative element geochemical mea-
surements were performed with an Avaatech XRF core
scanner. XRF scanning was performed at 1-cm resolution
with the following settings: 10 kV, 1000 pA, 10 s expo-
sure time and no filter. To minimize closed sum effects,
we normalized the raw peak area data against Ti, as this
element is considered a reliable indicator of allochtho-
nous catchment inputs (Croudace & Rothwell 2015).

Radiocarbon dating and age-depth model construction

Seven samples of terrestrial plant macrofossils from Nesje
core UR-1 and an additional two samples from UWITEC
core UR-2 were radiocarbon (1*C) dated with accelerator
mass spectrometry (AMS) at the Poznann Radiocarbon
Laboratory (Goslar e al. 2004). All radiocarbon ages
were calibrated according to the terrestrial IntCall3 curve
(Reimer et al. 2013), and an age-depth relationship was
established using the Bayesian framework calibration soft-
ware ‘Bacon’ (v. 2.2; Blaauw & Christen 2011), which was
implemented in Rv. 3.2.4 (R Core Team 2017).

Pollen analysis

Intotal, 16 pollen samples were analysed from core UR-1
and an additional two samples from UR-2. Subsamples
of 1.5 ¢m?® were prepared using standard methods (acid-
base-acid-acetolysis; Fagri & Iversen 1989) and were
mounted in glycerol. Two Lycopodium spore tablets (Batch
no. 3862; n = 9666) were added to each sample to calibrate
pollen concentration estimation. At least 300 pollen grains
of terrestrial taxa were identified per sample using taxo-
nomic keys (Faegri & Iversen 1989) and type material held
in the Palacoecology Laboratory at the University of
Southampton. Results are presented as pollen percent-
ages, with trees, shrubs, herbs and graminoids based on
the sum of total terrestrial pollen (3_P), and percentages
for spores and aquatics based on 3 P+ Y spores and Y P
+ 2 aquatics, respectively.

DNA extraction, amplification, library preparation, and
sequencing

DNA extraction, PCR amplification, PCR product pool-
ing and purification, and sequencing follow the protocols
of Alsoset al. (2016) unless otherwise stated. Within the
TMU clean-room facility, DNA was extracted from 80
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sediment subsamples and nine negative extraction controls,
which consisted of no sediment and were used to monitor
for contamination. Aliquots of DNA extracts were then
shipped to the Laboratoire d’ECologie Alpine (LECA,
University Grenoble Alpes, France) for metabarcoding.
Each DNA extract and negative extraction control was
independently amplified using uniquely tagged generic
primers that amplify the #rnL P6 loop of the plant chloro-
plast genome (Taberletez al. 2007),awidely applied marker
for the identification of vascular plants in environmental
samples. Each sample and negative control underwent
eight PCR replicates to increase confidence in the results
and improve the chance of detecting taxa with small
quantities of template in the DNA extracts. We also ran
13 negative PCR controls, consisting of no DNA template.
Pooled and cleaned PCR products were then converted to
two Illumina-compatible amplicon libraries using the
single-indexed, PCR-free MetaFast method (FASTERIS
SA, Switzerland). These libraries were then sequenced on
the Illumina HiSeq-2500 platform for 2x 125 cycles at
FASTERIS.

Sequence analysis and taxonomic assignments

Next-generation sequence data were filtered using the
OBITools software package (Boyer et al. 2016; http://me
tabarcoding.org/obitools/doc/index.html) following the
protocol and criteria defined by Alsos et al. (2016). Taxo-
nomic assignments were performed using the ecotag pro-
gram (Boyer ez al. 2016) by matching sequences against a
local taxonomic reference library comprised of 815 arctic
and 835 boreal vascular plant taxa, and 455 bryophytes
(Senstebo et al. 2010; Willerslev ez al. 2014; Soininen
et al. 2015). In order to minimize any erroneous taxonomic
assignments, only taxa with a 100% match to a reference
sequence were retained. We further considered a taxon to be
undetected in a PCR replicate if it was represented by fewer
than 10 reads. Moreover, sequences that displayed higher
average reads in negative extraction or PCR controls
than lake sediment samples were also removed. Identi-
fied taxa were compared with the local flora from
Komagdalen (Ravolainen e al. 2013), Species Map
Service 1.6 (https://artskartl.artsdatabanken.no/Defa
ult.aspx), the Norwegian Flora (Elven 2005) and the
circumpolar flora (Hultén & Fries 1986). Sequences
assigned to taxa not present in northern Scandinavia
today were checked against the NCBI BLAST database
for multiple or alternative taxonomic assignments (http://
www.ncbi.nlm.nih.gov/blast/).

Indices of richness, diversity and evenness

Species diversity was measured by three parameters — beta
diversity (B-diversity), richness, and evenness (Magurran
2004; Soininen et al. 2012) — and analysed for both the
DNA sampling intervals (3-cm resolution) and 1000-year
time windows. On average, each 1000-year time window
encompassed nine sedaDNA samples, whereas time
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windows of 500 years or less contained too few samples
(>4),onaverage, forestimating long-term changes in diver-
sity. Following Koleff ez al. (2003), B-diversity was mea-
sured using Whittaker’s (by) index computed using the
PASTv. 3.19software package (Hammeret al. 2001). A
comparison of richness between samples with different
count sizes can be biased, as the chance of detecting rare
taxa increases simultaneously with count size (Birks & Line
1992; Brown 1999). We, therefore, rarefied the sedaDNA
data to estimate the number of vascular plant taxa that
would have been detected if the DNA read count had been
standardized amongst samples. Rarefaction analysis was
performed using the minimum count size in the Vegan
(Oksanenet al. 2017) package for R (R Core Team 2017).
We chose the Simpson evenness index (E;p) to measure
DNA sample evenness across the 1000-year time windows,
following Meltsov et al. (2011). This index of evenness is
independent of the number of taxa detected.

Results

Chronology and lithostratigraphy

In total, seven AMS radiocarbon dates were obtained from
the UR-1 core (Nesje). Ages span 333030 to 9480+50 '*C
a, which corresponds to a calibrated weighted-mean range
of 3606-10 705 cal. a BP (Table 1). The resulting age-
depth model (Fig. 2) suggests a fairly linear sedimen-
tation rate, with the exception of a period of faster
accumulation of sediment between 125 and 150 cm depth
(as measured from the top of core UR-1; ¢. 7600-8100 cal.
a BP). We consider these radiocarbon ages to be reliable for
age-depth modelling as they are in the correct stratigraph-
ical sequence, have small errors and are all derived from
terrestrial plant macrofossils. It can, therefore, be assumed
that the uppermost sediments that correspond to the last
¢. 3000 years are missing from core UR-1. This was most
likely caused by a lake-depth measurement error, poten-
tially from theice layer affecting the echo-sounder, which
resulted in the non-retrieval of upper sediments. To test
this assumption, two additional AMS radiocarbon dates
were obtained from the surface core UR-2 (UWITEC),
which displayed a clear sediment—water interface. Radio-
carbon ages from these two additional samples (275430
and 148530 '*C a; a calibrated weighted-mean range of
15 and 1433 cal. a BP) confirm that UR-1 is missing the
uppermost sediment.

LOI values vary around 20% in the lower part of the
core and reach a maximum of 47% in the upper part,
indicating a generally increasing organic component with
time (Fig. 3). Core UR-1 is divided into three main
lithostratigraphical units, labelled A—C from the core base
(Figs 2, 3):

Unit UR-1A (234-204 cm; ¢. 10 700-9900 cal. a BP).
Silty-clay with traces of fine sand characterize this unit.
Coarse (~2-3-cm thick bands) greenish-brown banding is



304 Charlotte L. Clarke et al.

BOREAS

Table 1. Radiocarbon ages of plant macrofossil remains from Uhca Roh¢i Lake shown with their 1o error, calibrated weighted mean, calibrated
median and calibrated 95% confidence age ranges. All radiocarbon ages were calibrated using the IntCall3 curve (Reimer ez al. 2013).

Coreno.  Lab.ID Depth below Agetlo Cal. weighted Cal. median Cal age, 26 Material
sediment surface (cm) ~ ("*CaBP)  meanage(cal.aBP)  age(cal.aBP) (cal.a BP)

UR-2 Poz-98146 1-2 275430 6 —2to 150 Salix leaves
UR-2 Poz-98147 42-43 1485+30 1433 1417 1305-1598 Salix leaves
UR-1 Poz-93338 9-10 3330430 3606 3592 3479-3819 Salix leaves
UR-1 Poz-87278 22-23 3850440 4246 4244 4059-4408 Salix leaves
UR-1 Poz-87277 74-75 5490450 6280 6287 6040-6432 Charcoal

UR-1 Poz-87276  120-121 6890+50 7715 7717 7572-7842 Empetrum wood
UR-1 Poz-93339  140-141 7150440 8038 8024 7920-8195 Empetrum wood
UR-1 Poz-87275  178-179 8240435 9208 9205 9027-9402 Charcoal

UR-1 Poz-87274  231-232 9480+50 10 706 10 702 10 417-11 030 Salix leaves

evident. LOI values range from 15 to 22% (mean 18%) and
mean bulk density is 0.4 gcm™>. The unit is character-
ized by high Ti, K and Fe, suggesting that sedimentation
is driven by input of terrigenous minerogenic sediment.

Unit UR-1B (204-15 cm; ¢. 9900-3800 cal. a BP). A
sharp transition into more organic-rich silty clay with
small monocot rootlets and wood fragments occurs at
204 cm, marking the base of Unit B. Thin (I-3 mm)
laminae of medium-coarse sand alternating with olive-
brown organic silty clay comprise this second unit, with
silt content decreasing upwards. Higher mean LOI
values of 27% and fluctuations in Ti, K and Si char-
acterize Unit B, with peaks in Ca probably related to the
presence of inclusions, such as shells, within this unit.
Bulk density values range from 0.2 to 0.4 g cm™> and
display a general decline through this unit, with the
exception of a short-lived interval of higher values
between 165 and 138 cm, which may result from sed-
iment compaction after cutting the core sections.

Unit UR-1C (15-0 ¢m; ¢. 38003300 cal. a BP). This
unit comprises mid- to dark-brown silty-clay gyttja with
some detritus, including abundant monocot rootlets. A
small decline in LOI values from 37 to 33% in this unit
suggests a slight rise in terrigenous minerogenic input. The
lithology of this unit is similar to that of core UR-2.

DNA analysis

In total, we obtained around 72 000 000 raw reads for the
two UR libraries (Table S1). Following post-identification
filtering, 118 taxa remained, of which 41% were identified
to species level, 47% to the genus and 12% to the family
(Figs S1-S3). Of the taxa detected in the sedaDNA, 44% are
found growing in the Komagdalen valley today and a large
proportion (86%) within Finnmark and the Kola Peninsula
today (Table S2). Salicaceae and Pinus were present in
nearly all samples but display variation in the number of
PCR replicates (out of eight) in which they were detected;
this was unrelated to sample depth/age. The steep drop in
Pinus sedaDNA in the uppermost three samples (¢. 3600—
3300 cal. a BP) appears to be an artefact of the rapid
increase in Salix sedaDNA during this time.

Although not present in the study region today, stands
of Pinus forest occur ~50 km south of the Komagdalen
valley (Elven 2005) and scattered trees are observed at the
nearby site @stervatnet on the southern Varanger Penin-
sula (Prentice 1981). In addition, the sedaDNA results
indicate that Holocene vegetation was dominated by
woody taxa such as Betula, Empetrum, Vaccinium spp. and
the Rhododendron tomentosum complex, the latter of which
isalso not found in the catchment today. The most common
terrestrial forb was Bistorta vivipara followed by Cakile and
Apiaceae, all common in the area today, although Cakile
occurs mainly at the coast. The most dominant aquatic
taxon, Limosella aquatica, is restricted to four inner fjord
sites in Finnmark today (Alta, Lakselv, Neiden and Pasvik)
whereas the second most common aquatic taxon, Cal-
litriche hermaphroditica, has a slightly wider distribution
in the inner fjord zone and along the main valleys. However,
it does not occur within Varangerhalveya National Park
today (Table S2).

Trees and tall shrubs (e.g. Pinus, Betula, Empetrum,
Salicaceae) dominate the sedaDNA record, accounting
for 50% of total DNA reads on average (Fig. 4), followed
by total terrestrial forbs (23%) and graminoids (12%;
Fig. 5). The percentage dominance of functional groups
remains relatively constant across samples, except for a
distinct peak in the sedaDNA of aquatics between 10 200
9600 cal.a BP. This short period is described by the appear-
ance of Callitriche hermaphroditica, C. palustris, and Pota-
mogeton (Fig. 5). Callitriche hermaphroditica is a northern
species (<53°N) typically found in shallow lakes and slow-
moving rivers; it is on the IUCN Red List (http://www.
iucnredlist.org/details/167828/0), and based on current
distribution in Finland, itis inferred to indicate a minimum
July temperature of 13—14 °C (Valiranta et al. 2015).
Callitriche palustris and Potamogeton (notidentified to
species level) are more common and found in a wide
range of aquatic habitats.

Pollen analysis

Pollen analysis detected 39 taxa across the 16 samples
analysed from UR Lake, with Betula dominating the pollen
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percentages and accounting for 65% of total land pollen
(TLP) and influx of 2263 grains cm™2 a™!, on average
(Fig. 4). Of the 39 taxa, 72% could be identified to genus
level, 21% to family level and 7% to species level. Four taxa
(Ericales, Myrica gale, Picea and Ulmus) are assumed to be
long-distance dispersed based on their current native
ranges and their absence in the sedaDNA signal (Table
S2). Three distinct zones are identified based on the pollen
(Fig. 6), numbered from the base as follows:

Ur-1a (234-190 c¢cm; c. 10 700-9500 cal. a BP)— Betula-
Empetrum-Salix zone. This basal pollen assemblage is
characterized by high and rising percentages of Betula (up
to 70%) and Empetrum (up to 20%) with high Salix (5
15%). Poaceae percentages are up to 17% at the beginning
of the zone, decreasing to around 5% near the end of the
zone boundary. Pinus values remain low at around 5% and
influx of 70 grains cm™2 a~'. Filipendula and Cyperaceae
are present at percentages of 5 and 3%, respectively.

Holocene flora in NE Norway revealed by sedaDNA and pollen

305

Ur-1b (190-155 c¢m; ¢. 9500-8400 cal. a BP) — Betula-
Salix-Empetrum zone. This is a short-lived subzone
characterized by the rapid decline in values for Empetrum
(up to 7%) from the previous (Ur-Ia) subzone. Pinus
values remain consistently low at around 5% and influx of
50grainsem 2a~!. The Ur-I/Ur/IT boundary is defined by
a decrease in Empetrum and Salix to low values.

Ur-1I (155-80 c¢m; ¢. 8400-6400 cal. a BP) — Betula-
Pinus-Empetrum zone. Rising Pinus values from 5 to 10%
(110-860 grains cm™2 a~!) accompany an increase in
Betula values up to a peak of 80% (~1600-8300 grains
cm~2a~ ") in this zone. Salix values are low or zero whilst
Empetrum values gradually increase.

Ur-II1 (80-0 cm; c¢. 6400-3300 cal. a BP) — Betula-
Pinus-Empetrum-Poaceae  zone. The Ur-11I/Ur-111
boundary is defined by rising values of Poaceae and
Pinus and a decline in Betula. Pinus reaches maximum
values in this zone, increasing from around 10% at the
start of the zone up to a peak of 18% (200 grains cm >
a1, Empetrum continues to rise through the transition
between Ur-11 and Ur-11I zones coincident with increas-
ing percentages of herbaceous taxa such as Chenopodi-
aceae and Rumex. Poaceae and Salix rise slightly. Isoetes
reaches a maximum value of 10% before declining
towards the end of the zone.

Comparison between pollen and aDNA

The combined approach of sedaDNA and pollen anal-
ysis resulted in 137 taxa of 64 families identified to
varying taxonomic levels (Table S2). In total, 20 families
were shared between pollen and sedaDNA, with poor
taxonomic resolution seen for families such as Poaceae,
Cyperaceae and Caryophyllaceae based on pollen whilst
identification to genus or even species level was possible
with sedaDNA. Of the 39 taxa detected by pollen analysis,
12 were also identified in the sedaDNA to the same tax-
onomic level. Selected taxa found as pollen are presented
in Figs 4, 5 as a percentage of total terrestrial pollen and
compared with the results of sedaDNA analysis. No algal
taxa were detected in the sedaDNA record based on the
vascular plant trnL P6 loop marker, whilst a high abun-
dance of Pediastrum was identified throughout the
pollen record at UR Lake (Table S2). Both the pollen
and sedaDNA record are dominated by trees and
shrubs, but they differ in terms of the percentage
dominance of key taxa. For example, Betula accounts
for 65% of total terrestrial pollen on average, followed
by Pinus (8%) and Empetrum (7%) whilst Pinus and
Salicaceae are found to be dominant in the sedaDNA,
accounting for 21 and 20% of total DNA reads, respec-
tively. The greater dominance of Empetrum in the Early
Holocene (c. 10 700-9500 cal. a BP) revealed by
sedaDNA is mirrored in the pollen record (Fig. 4).
Moreover, the absence of sedaDNA belonging to the
family Poaceae between ¢. 5500 and 4500 cal. a BP is
simultaneous with a rapid and short-lived decline in
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Poaceaec pollen (Fig. 5). Furthermore, two pol-
len grains of Callitriche sp. were found within samples
at 198 and 162 cm depth, coincident with the interval of
high sedaDNA values for Callitriche hermaphroditica and
C. palustris (Fig. 5).

Floristic richness and diversity results

No long-term trends in floristic richness were observed
over the time period investigated (Fig. 7)although species
richness reconstructed from individual samples shows
high-frequency variation. sedaDNA detected an anoma-
lously high number of taxa (48 taxa pre-rarefaction) within
a single sample at ¢. 6020 cal. a BP (68 cm depth; 39 taxa
remaining following rarefaction). Differences in the com-
position of this sample compared to adjacent samples
largely result from the presence of many forb taxa such
as Viola biflora, Stellaria borealis, Rumex, Oxyria digyna,
Geranium and Dryas. Some bryophyte (e.g. Andreaea
rupestris, Dicranum, Sphagnum russowii) and woody taxa
(e.g. Alnus, Kalmia procumbens, Vaccinium spp.) are also
present but are not found in adjacent samples. There is no
clear explanation from the lithological (Fig. 2) or geo-
chemical (Fig. 3) data for the anomalously high floristic
richness observed in this sample.

B-diversity calculated based on individual samples dis-
played variation (SD = 0.09), despite species richness
remaining fairly constant amongst samples (Fig. 7A).
Whilst the number of taxa detected by sedaDNA remains
similar amongst samples, the taxonomic composition dif-
fered between adjacent samples. Typically, the woody taxa
remain a common component of adjacent samples but the
herb (forb and graminoid) taxa show sporadic occurrences
throughout the record. Merging samples into 1000-year
time windows largely removes the effect of these sporadic

occurrences, with B-diversity displaying little variation
between time windows (Fig. 7B). The number of taxa
identified as common between adjacent 1000-year time
windows remained consistently high throughout the
record, accounting for, on average, 70% of all taxa
detected. Six taxa belonging to trees and shrubs
(Salicaceae, Pinus, Empetrum, Betula, Rhododendron
tomentosum, Vaccinium uligonosum) seven to forbs
(Anthemideae, Asteraceae, Apiaceae, Bistorta vivipara,
Comarum palustre, Dryas, Limosella aquatica) and three
to graminoids (Agrostidinae, Festuca, Poaceae) were
consistently detected across all time windows. The small
variation observed in B-diversity (SD = 0.04) and
sample evenness (SD = 0.06) across 1000-year time
windows therefore results from the typically sporadic
occurrences of the remaining 30% of taxa detected
(Fig. 7B).

Floristic diversity and tree-line changes

Rarefied species richness based on pollen (palynological
richness) from UR Lake varies between 10 and 24 taxa.
Compilation of palynological richness patterns from Lake
Rautuselka and Hopseidet (Seppa 1998) with estimates
obtained at UR Lake indicates long-term trends in richness
reconstructed from pollen data (Fig. 8). A sharp decline in
species richness from 24 to 10 taxa is observed in UR Lake
between ¢. 8000-7300 cal. a BP, coincident with maximum
values for Pinuspollen influx (~110to 860 grainscm 2a~ 1),
which occur in zone UR-II (Figs 4, 6). No significant
relationship (#* = 0.08, p > 0.01) between Pinus pollen
influx and palynological richness was identified at UR
Lake, however. Floristic richness reconstructed from
sedaDNA from UR Lake displays no long-term trends
(Fig. 8), indicating richness remains relatively stable with
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the exception of the anomalously high richness observed
at 68 cm depth (¢. 6000 cal. a BP).

Discussion
Holocene development of Uhca Rohci Lake and the
surrounding landscape

The lithostratigraphical record (Figs 2, 3) indicates a con-
tinuous input of fine sediment into UR Lake throughout

the Holocene. Our results suggest an increase in lake
production at ¢. 9900 cal. a BP, with a gradual transition
from minerogenic sediments, composed of silty-clay lam-
inae with low LOI and high Tiand magnetic susceptibility,
tosilty-clay gyttjawith gradually increasing values for LOT
(Fig. 3). Following this transition, lithostratigraphical
properties remain relatively stable for the remainder of the
record with only small fluctuations observed in LOI,
magnetic susceptibility, and geochemical elements in
the uppermost zone. The position of the lake on the Early to
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Middle Holocene flood-plain (Fig. 1) and laminated
nature of the minerogenic sediments in lithostratigraphical
unit A and toalesserextent, unit B(Fig. 3), probably reflect
periodic flood events of the Komagelva River prior to river
incision forced by continued isostatic uplift (Fletcher ez al.
1993; Fjellanger & Serbel 2007). Very local slope wash may
also have played a role at this time. Furthermore, the high

sand content of these laminae suggests the influence of a
relatively high-energy system in these early lithostrati-
graphical units. Our results suggest UR Lake was isolated
fromriverineinfluence at ¢. 3800 cal. a BP, at the transition
fromi silty-clay with thin laminae (unit B) to silty-clay gyttja
with detritus (unit C), when the Komagelva River subse-
quently downcut to an elevation below the lake. Thus, the
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source of the sedaDNA has probably changed over time,
with the Komagelva River delivering some of the DNA to
the lake from a larger source area of the upstream catch-
ment during periodic flood events prior to downcutting in
the later Holocene. Nevertheless, no distinct change in the
taxonomic composition of sedaDNA samples is observed
between units A, B and C, nor was any clear pattern
observed between the presence of banding and/or laminae
and the taxonomic composition of samples.

The prominence of aquatic taxa such as Callitriche
hermaphroditica, C. palustris and Potamogeton in the
sedaDNA between c. 10 200-9600 cal. a BP (Fig. 5) may
reflect particularly good growing conditions in the lake, for
example clear water conditions, warmer temperatures and/
ormore nutrients. Inaddition, aquatic plants are efficiently
dispersed by birds and are therefore likely to show a rapid
geographical response to climate change (Birks 2000; Vali-
rantaet al. 2015). Callitriche hermaphroditica, whichis not
found in Varangerhalveya National Park today, occurs in
more continental sites in Finnmark and appears to require
aminimum July temperature of 13-14 °C (Valiranta et al.
2015). The pattern of occurrence of the aquatic taxa sug-
gests a response to warmer-than-present Early Holocene
summers.

A handful of other taxa (Rhododendron tomentosum,
Limosella aquatica) that are dominant in the sedaDNA
signal (Figs 4, 5) do not occur in the region today, with
current native ranges more than 50 km south or south-
east of the Varanger Peninsula (see above). Thus, the
continued presence and dominance of these taxa in the
sedaDNA signal suggest a warmer climate between, at
least, ¢. 10 000-4000 cal. a BP. This is in accordance
with the general interpretation from pollen-based
temperature reconstructions in northern Fennoscandia,
which indicate July temperatures of +1.5+0.5 °C during
the HTM (e.g. Moller & Holmeslet 2002; Jensen & Vorren
2008; Seppa et al. 2009; Sejrup et al. 2016).

Interpreting the major vegetation patterns

Little change is observed in the relative dominance of
functional groups between ¢. 10 700 and 3300 cal. a BP,
with trees and tall shrubs such as Pinus, Salicaceae, Betula
and Empetrum accounting for a high percentage of the
terrestrial pollen (mean 87%) and total DNA records
(mean 50%; Fig. 4). Wind-pollinated woody taxa (e.g.
Betula, Pinus) are generally over-represented in pollen stud-
ies (Prentice 1985; Sugita 1994). Likewise, we note that the
abundance of these plant growth forms may be over-
represented in our sedaDNA, dataset due to polymerase-
related biases that generally occur during metabarcoding
PCR (Alsos et al. 2018; Nichols ez al. 2018), although
calibration against modern vegetation suggests a bias in the
opposite direction (Yoccoz et al. 2012).

Whilst a large majority (>85%) of the taxa detected in the
sedaDNA are also found growing in Finnmark and the
Kola Peninsula region today, the occurrence of Pinus in the
sedaDNA signal from UR Lake raises questions. Pinus is
found in nearly every sample, usually in high abundance,
yet it is not a major component of the present-day flora of
the Varanger Peninsula. The nearest forest stands occur
around 50 km south of Varangerfjorden, although some
scattered trees are present in the southern Varanger Penin-
sula (see above; Fig. 1B). The watershed of the Komagelva
River, a likely source of sedaDNA to UR Lake during the
time represented by lithostratigraphical units UR-1A and
1B, is situated outside of the present-day Pinus limit
(Fig. 1B). Thesustained high abundance of Pinus through-
out the record, including lithostratigraphical unit UR-1C
when the lake is presumed to have been isolated from
riverine influence, suggests a source of Pinus sedaDNA
to UR Lake other than the Komagelva River.

Itis possible that Pinus sedaDNA in UR Lake originates
from pollen and thus may indicate long-distance dispersal
rather than local growth. Unlike angiosperms, pollen
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grains derived from gymnosperms contain some chloro-
plast DNA (cpDNA) within their reproductive cells
(Suyama et al. 1996; Parducci et al. 2005) that, theo-
retically, could be introduced into the sediment matrix,
either naturally or during DNA extraction. However,
current thinking from sedaDNA studies suggests that
DNA extracted from sediments does not derive from
pollen grains (Jergensen et al. 2012; Pedersen et al. 2016;
Sjogren et al. 2017; Wang et al. 2017), but instead from
other components embedded in the sediment matrix
(Parducciet al. 2017). Thisis probably due to the generally
lower biomass of pollen compared to stems, roots and
leaves, and to the resilience of their sporopollenin coats,
which requires a separate lysis step in the extraction of
DNA (Kraaijeveld et al. 2015). The extraction of cpDNA
from fossil pollen grains has proven difficult (Parducci

et al. 2005; Bennett & Parducci 2006), which suggests
that consistent detection of pollen-derived cpDNA from
the sediment matrix itself is unlikely. Another possibility
is contamination. Pinus passed the filtering stage, but
there was a high number of Pinus reads in the negative
controls (Table S2). Therefore, our Pinus record may
support the inference of local presence, but there is
enough doubt that other proxy data are required to
establish whether pine was locally present during the
Holocene.

Pinus was found in all of the pollen samples analysed
from UR Lake (Fig. 6; mean 8% TLP; mean concentra-
tion 6100 grains g~ '). Maximum Pinus pollen influx rates
(~200-870 grainscm~2a~) are observed between ¢. 8000—
7300 cal. a BP (Table S4). These are comparable to influx
values reported from nearby Qstervatnet (400-650 grains
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Fig. 8. Compilation of palynological richness for two published records (Rautuselkd and Hopseidet; Seppa 1998) and the Uhca Roh¢i pollen
record (this paper). Floristic richness derived from sedaDNA record from Uhca Roh¢i Lake also indicated (this paper). Dashed line indicates mean
species richness. Betula and Betula-Pinus pollen zones are indicated. Map (inset) details location of sites with 1 = Lake Rautuselkd; 2 = Lake

Hopseidet and 3 = Uhca Roh¢i Lake.

em~2a™") ¢. 8000 cal. a BP (Table S3) and Mortensnes
(2000 grains cm ™2 a~ '), which is only 46 km to the SW
(Hoeg 2000). A threshold value of 500 grains cm 2 a ™!
given by Hyvarinen (1985) and Hicks (1994) for indicat-
ing pine presence means that from our pollen data, Pinus
may have been present at the site ¢. 8000-7300 cal. a BP
(Table S3). This accords with the northward range expan-
sion across northern Fennoscandia beginning ¢. 8500 cal.
a BP (Hyvérinen 1975; Seppa 1996; Huntley ez al. 2013)
that probably reflected Early and Middle Holocene sum-

mer warmth, but demonstrates a probable lag in response,
compared to aquatic taxa. Maximum Betula influx rates
(~1300-8300 grains cm™~>a™'; Table S4) are also observed
during this interval ¢. 8000-7300 cal. a BP (Fig. 4), sug-
gesting a mixed birch-pine forest.

Continuity and stability in Holocene flora

The record obtained from UR Lake reveals stability in
the Holocene flora, with over 85% of the total taxa
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detected by sedaDNA still growing within the catchment
and/or in the broader region today (Table S2). Our
sedaDNA results indicate that the erect shrub-tundra
and the riparian grassland communities became estab-
lished early: dominant taxa of the shrub communities
(e.g. Salicaceae, Betula, Empetrum, Vaccinium uligono-
sum) and riparian meadows (Bistorta vivipara, Caltha,
Viola biflora, Rumex, Stellaria longifolia and S. borealis)
had appeared byc. 10 700 cal. a BP (Figs 4, 5),inaccor-
dance with pollen records from nearby @stervatnet and
Bergebyvatnet showing a Salix-Poaceae assembly from
¢. 12 500 cal. a BP (Prentice 1981, 1982). Presence of
these taxa continued to ¢. 3300 cal. a BP and they are
common in the catchment today.

Overall, sedaDNA permitted identifications at a higher
taxonomic resolution than was possible with pollen; the
main exception is Salicaceae, which, based on the trnL
marker, can only be identified to family level due to
hybridization and similarity in cpDNA sequences amongst
individuals. The sedaDNA signal detected taxa from a
range of different ecological habitats including shrub tun-
dra, riparian meadows and/or open grassland rich with
herbs and bryophytes. It also reveals the dynamics of
aquatic taxa. In contrast, the pollen record from UR Lake
is largely confined to northern boreal and low arctic taxa
(e.g. Betula, Pinus, Salix, Empetrum), with a minor signal
deriving from herbaceous (e.g. Asteraceae, Chenopodi-
aceae, Rumex, Poaceae) and aquatic taxa (e.g. Sparganium,
Callitrichaceae). In contrast to the sedaDNA record, ento-
mophilous forbs typical of low tundra settings, such as
Bistorta vivipara, are largely absent or in low percentages in
the pollen record from UR Lake (Fig. 6, Table S2). The
limited number of pollen samples and dominance of taxa
such as Betula and Pinus probably restrict or mask the
presence of low pollen-producing entomophilous taxa
in the pollen record from UR Lake.

Direct comparison of the number of taxa contributed
by each proxy to overall species richness is not appropri-
ate due to disparity in sampling effort. Although previous
comparisons between pollen and sedaDNA have shown
only partial overlap of taxa (Pedersen e al. 2013; Parducci
et al. 2015), our data demonstrate high similarity in the
records for taxa such as Empetrum, Callitriche and Poaceae,
as well as a dominance of Betula and Pinus (Figs 4, 5).
Thus, in contrast to lakes that only receive inflow from
catchments/small streams (Alsos et al. 2018), the DNA
signal in UR Lake, which may have been affected by sed-
iment inputs from the large, upstream catchment, more
closely resembles the regional vegetation signal typical
of many pollen records (Jacobson & Bradshaw 1981;
Rousseau et al. 2006).

Postglacial patterns in floristic richness and diversity

Floristic richness reconstructed from sedaDNA displays
only minor variations over the Holocene interval inves-
tigated, particularly when the effect of sporadic occur-
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rences of herb taxa is minimized by merging samples into
1000-year time windows (Fig. 7). High floristic richness
(61 taxa) characterizes the earliest time window between
10 700-9800 cal. a BP, and richness remains consistently
high throughout the record; small fluctuations may be
due to flood-related inputs from the extensive, up-river
catchment. No long-term trends in floristic richness are
evident, based on either individual samples or 1000-year
time windows (Fig. 7). High sample evenness across time
windows indicates the persistence of dominant taxa over
the Holocene, with a large percentage (>70%) of taxa
detected as common amongst 1000-year time windows
(Fig. 7B). Our findings derived from sedaDNA support
the conclusions of Normand et al. (2011) and Giesecke
et al. (2012), which are derived from pollen, that the
current distribution of plants in previously glaciated
regions established quickly after the onset of the Holocene.
For the Holocene at least, there is no evidence for increased
floristic richness over time that might be due to the delayed
immigration of species, but it should be noted that as the
area was deglaciated prior to the end of the Younger Dryas
(see above), the earliest part of the record is missing.

Palynological richness from UR Lake and two published
records from Lake Rautuselkd and Hopseidet (Seppa
1998) show more variation than floristic richness recon-
structed from sedaDNA (Fig. 8). Palynological richness
displays long-term trends in response to variation in the
pollen abundance of anemophilous woody taxa (e.g.
Pinus and Betula). Dominance of taxa producing high
amounts of pollen (e.g. Pinus, Picea and Betula) occurs at
the expense of entomophilous forbs and leads to a likely
underestimation of floristic richness. On the other hand,
where low palynological richness coincides with high Pinus
pollen influx, this may reflect an ecological effect whereby
dense forest reduces niche availability for herbaceous taxa
(Seppa 1998). Our sedaDNA data do not show such pat-
terns, whereas the UR pollen data do, albeit at a coarse
sampling resolution. The limitations on the effectiveness of
pollen spectra for estimating species richness (Meltsov
et al. 2011; Goringet al. 2013) mean that sedaDNA can
provide improved estimates; less sensitive to ‘swamp-
ing’ by dominant taxa, as total numbers are not limited
by counting time, and all valid reads contribute to the
floristic list.

Conclusions

The pollen and sedaDNA records from this site on the
Varanger Peninsula show a largely consistent pattern.
Erect shrub-tundra vegetation was established early in
the Holocene. This was soon followed by the establishment
of Betula forest probably mixed with Pinus as indicated by
high pollen influx rates of both taxa. This, together with
the persistence of Limosella aquatica and Rhododendron
tomentosum through the sedaDNA record, indicates a
climate warmer than present throughout most of the Early
and Middle Holocene.
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As species richness reconstructed from pollen data is
limited by differential pollen productivity, dispersal and
often low taxonomic resolution, alignment with con-
temporary data often proves difficult if not impossible.
Reconstructions of past changes in floristic diversity and
richness can be improved by using sedaDNA, as it better
reflects local floristic composition and diversity. The
sedaDNA data on floristic richness between ¢. 10 700
and 3300 cal. a BP show that high diversity, richness and
sample evenness prevailed across the record, despite known
climatic variations in the Holocene. Nevertheless, when
considering past and future responses to climate change,
important questions remain as to how the crossing of
critical climatic thresholds may interact with sub-regional
heterogeneity and drivers of vegetation composition and
change, including herbivory. Here, as this paper shows,
sedaDNA studies can make an important contribution.
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The fact that earthworms (Clitellata: Megadrili) have an
important function in cycling nutrients and structuring
soils was famously recognized by Darwin (Darwin 1881).
Both earthworms as well as potworms (Clitellata: Enchy-
tracidae) are used as indicator species in various envi-
ronmental studies of modern soils and aquatic systems
as some are very tolerant of pollution while others are
very sensitive (Karaca et al. 2010). In theory, they have
high potential asindicators due to their known sensitivity
to soil conditions including temperature, moisture sta-
tus, soil texture and pH range (Edwards & Lofty 1977;
Beylich & Graefe 2009). However, as soft-bodied organ-
isms, worms rarely get preserved in sediments except as
trace fossils and earthworm calcite granules (which can
be radiocarbon dated; Canti 2003). Their limited
preservation means that worms are currently underused
in palaeoecology, even though they can provide valuable
ecological information.

DNA barcoding has proven to be an important tool for
the identification of species through the amplification and
sequencing of small, yet informative, parts of the genome
(Hebert et al. 2003). The barcoding process was revolu-
tionized with the advent of next-generation sequencing,

DOI 10.1111/bor.12363

allowing complex samples such as environmental DNA to
be barcoded (metabarcoding; Taberlet ez al 2012). Since
then metabarcoding has been applied to a wide range of
organisms, such as nematodes (Porazinska et al. 2009),
plants (Taberlet ez al. 2007; Parducci et al. 2017; Zimmer-
mannet al. 2017), clitellate worms (Bienertet al. 2012; Epp
et al. 2012; Pansu et al. 2015), amphibians and bony fishes
(Valentini et al. 2015), fungi (Buée et al. 2009; Epp
et al. 2012) and a range of other organisms (Thomsen
& Willerslev 2015; Domaizon et al. 2017).

After being released into the environment by organ-
isms, extracellular DNA degrades over time, but stabi-
lized smaller fragments can persist over longer periods
bound to fine-grained sediment particles or due to low
temperatures (Paabo er al. 2004; Willerslev et al. 2004;
Barnes & Turner 2016). Thus, lake sediments in arctic or
mountainous regions are prime locations for the recov-
ery of ancient DNA (Parducci et al. 2012; Giguet-Covex
et al. 2014; Pedersen et al. 2016). Metabarcoding of sed-
imentary ancient DNA (sedaDNA; Haile et al. 2009) can
provide valuable information about past environments
and augment traditional methods such as pollen or
macrofossils (Pedersen ez al. 2013; Parducci et al. 2015;

© 2018 The Authors. Boreas published by John Wiley & Sons Ltd on behalf of The Boreas Collegium.
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Zimmermann et al. 2017) and is of particular interest for
taxa that leave limited traces in the fossil record such as
worms (Domaizon et al. 2017). Metabarcoding efforts
targeting enchytraeid worms in ancient permafrost have
been attempted before, but unlike those in modern soils,
they yielded no results (Epp et al. 2012), suggesting that
detection of worms in sedaDNA is not as straightforward
as for other taxa that have been explored.

In this study, we set out to analyse mammalian DNA
from lateglacial and Holocene lake sediments for faunal
reconstruction, but because of the low retrieval of mam-
malian DNA and the unexpected clitellate DNA barcod-
ing ‘bycatch’, we explore the potential for DNA-based
clitellate palacoecology.

Study sites

Polar Urals

Lake Bolshoye Shchuchye is located in the northernmost
Polar Ural Mountains of Arctic Russia (latitude 67°53'
24"N, longitude 66°18'53"E, altitude 221 m a.sl.;
Fig. 1). Bolshoye Shchuchye is an elongated lake
(12 kmlong, 1 kmwide)located ina NW-SE orientated
valley with a maximum water depth of 136 m in its
central part (Svendsen et al. 2019) and up to 160 m of
lacustrine sediments in the central and northern parts
(Haflidasonet al. 2019). Thelake s flanked by steep rock
faces but the terrain is more open towards its north side,
resulting in a total catchment area of 215 km? (Svendsen
et al. 2019). The bedrock consists of Proterozoic-
Cambrian basaltic and andesitic rocks in the eastern
and northwestern parts of the catchment and Ordovician
quartzite and phyllitic rocks in the southwestern catch-
ment (Dushin et al. 2009). The Polar Urals remained
mostly ice-free during the Last Glacial Maximum
(LGM), except for cirque glaciers or minor valley glaciers
(Svendsen et al. 2004). Current climate conditions are
cold and continental with mean summer temperatures of
7 °C (Solomina et al. 2010).

Varanger Peninsula

The Uhca Rohcilake (70°1907"N, 30°01'44"E; Fig. 1)is
unnamed on the 1:50 000 Norwegian Topographic Map
(Norgeskart; https://www.norgeskart.no), but we use this
nameasthelakeislocated close to a river site with the local
Sami name ‘Uhca Roh¢i’. Uhca Rohéi is a small lake
(<1 ha)in a depression situated at 138 m a.s.l. within the
river valley of Komagdalen on the Varanger Peninsula,
northeast Finnmark, Norway. The Varanger Peninsula
is a low-relief plateau (200-600 m a.s.l.) moulded from
the Proterozoic paleic surface (pre-Quaternary erosion
surface) by marine and glacial processes (Siedlecka &
Roberts 1992). Relief is strongly controlled by rock type
and structure, with the ridges being formed of Cambrian
quartzites and sandstones, whilst valleys are eroded into
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shales and mudstones. Thereis evidence that, having under-
gone uplift during the Pliocene, the area was subject to
processes of erosion related to former sea levels, and glacial
erosion (Fjellanger & Serbel 2007). The lake’s bedrock is
composed of sandstone and mudstone (The Geological
survey of Norway; www.ngu.no) and the Komagdalen
valley was probably deglaciated by 15.4-14.2 ka BP; the
peninsula was certainly free of glacial ice by 13 000—
12 000 cal.aBP(Stokeset al. 2014; Hughes et al. 2016;
Stroeven et al. 2016). The current climate is low Arctic
with a mean summer temperature of 8.7 °C (Norwegian
Meteorological Institute; www.met.no).

Material and methods

Polar Urals lake sediment

Lake Bolshoye Shchuchye was cored during several
expeditions between 2007 and 2009. The 24-m-long core
506-48 that was sampled for metabarcoding was obtained
in July 2009 from the southern part of the lake (67°51’
22.2"N, 66°21'30.1"E). Coring was conducted with a
UWITEC Piston Corer (http://www.uwitec.at) using 2-m-
long by 10-cm-diameter PVC or 2-m-long by 9-cm-diameter
steel tubes. The full core was obtained by taking consec-
utive segments from the same hole. All sections were
stored and transported at above 0 °C to avoid freezing of
the material. The core was subsampled within the Centre
for Geobiology and Microbiology (University of Bergen)
in a laminar flow cabinet and in the presence of subsam-
pling controls (open water samples) in order to detect lab-
oratory contamination. Due to deformation near the top
of each core segment, the samples form a non-continuous
record and a second core was taken parallel to the first
core at a 35 cm offset to account for the deformations
(Svendsen et al. 2019) but was not sampled for this
study. Age determination was based on 26 AMS radio-
carbon dates from plant macrofossils provided by the
Poznan Radiocarbon Laboratory. Dates were calibrated
using INTCALI13 (Reimer et al. 2013) and the online
Calib program (Stuiver et al. 2018). A full chronology
and sedimentology of this core is described by Svendsen
et al. (2019).

Varanger Peninsula lake sediment

The Uhca Roh¢i lake was cored in February 2016 with a
modified Nesje piston-corer (Nesje 1992), using a4-m-long
and 10-cm-diameter ABS polymer pipe. A 2.5-m-core was
retrieved and cut in the field into 1-m sections, which were
sealed to reduce the risk of contaminating the sediments.
The core sections were kept at above 0 °C conditions in the
field and during transport to avoid freezing of the sed-
iments and were stored in a 4 °C cold room at the Tromse
University Museum (TMU). Sampling of the core took
place in a dedicated ancient DNA laboratory. The age of
the core was determined based on seven AMS radiocarbon
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Fig. 1. Thelocation of Lake Bolshoye Shchuchye in the Polar Urals of Arctic Russia and Lake Uhca Roh¢i on the Varanger Peninsula, northeast
Finnmark, Norway. The outer white line represents the extension of the Eurasian ice sheet during Marine Isotope Stage 2 (20 000-15 000 a BP). The
inner white shaded area represents the ice sheet during the Younger Dryas (12 80011 400 a BP). [Colour figure can be viewed at www.boreas.dk]

dates on terrestrial plant macrofossils provided by the framework calibration software ‘Bacon’ (v2.2; Blaauw &
Poznan Radiocarbon Laboratory. Dates were calibrated ~ Christen 2011), which was implemented in R (v3.2.4; R
using the terrestrial INTCAL13 curve (Reimeret al. 2013),  Core Team 2017). A full sedimentology and chronology of
and the age model was constructed using the Bayesian  this core is described by Clarke ez al. (2019).
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DNA extraction

For the Polar Urals site, 153 lake sediment samples, 17
extraction controls and three subsampling controls under-
went DNA extraction. DNA from the Varanger site was
extracted from 77 sediment samples and nine extraction
controls. All extractions were done at the Tromse Univer-
sity Museum ancient DNA lab, using PowerMax soil
DNA isolation kit (MOBIO Laboratories, Carlsbad, CA,
USA), following the manufacturer’s protocol with minor
modifications by Alsos et al. (2016).

PCR amplification and sequencing

PCR reactions were carried out in a dedicated PCR room
for ancient DNA at the Laboratoire d’Ecologie Alpine
(Université Grenoble Alpes, France), using the MamP0O0O7F
and MamPOO7R primers that target a ~70-bp-long part of
the mammalian mitochondrial 16S rDNA (Giguet-Covex
et al. 2014). Both forward and reverse primers had the
same unique 8-bp tag on the 5 end to allow sample
multiplexing (Binladen ez al. 2007; Valentini e al. 2009).
Inaddition to the forward and reverse primers, the human
blocking primer MamP007_B_Hum1 was added to sup-
press the amplification of human material (Giguet-Covex
et al. 2014). The PCR reactions for each lake were carried
out at different times to avoid cross-contamination of
material. The Polar Urals samples included additional
nine PCR negatives (excluding template DNA) and four
PCR positives (including the marsupial Didelphis marsu-
pialis, not found in Europe). The Varanger samples
included six PCR negatives. For each sample, eight PCR
repeats were carried out following a previously described
PCR protocol (Giguet-Covex et al. 2014). PCR products
were cleaned and pooled following the methods described
by Alsos et al. (2016). Libraries (four for the Polar Urals
core and two for the Varanger core) were prepared using
the PCR free ‘MetaFAST” library preparation protocol at
Fasteris SA, Switzerland, and sequenced on an Illumina
HiSeq 2500 at 2 x 125 bp paired-end sequencing.

DNA sequence analysis

The sequence data were analysed with the OBITOOLS
software package (Boyeret al. 2016), usingdefault settings
unless otherwise specified. Paired-end data were merged
with the i/luminapairedend function and alignments with a
score lower than 40 were removed. Data were demulti-
plexed with ngsfilter based on the known PCR tags.
Identical sequences were merged with obiunig and single-
ton sequences and those shorter than 10 bp were removed.
Sequences were corrected for PCR and sequencing errors
with obiclean with a ‘head’ to ‘internal’ ratio of 0.05. The
remaining sequences were identified by comparing them
to the EMBL nucleotide database (r133) with ecotag.
The identified sequences were further filtered in R
(v3.4.2; R Core Team 2017) with a custom R script.
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Sequence occurrences that had fewer than 10 reads for a
repeat were removed, to account for low-level sequence
errors that survived the obiclean step and tag switch-
ing (Schnell ez al. 2015). Only sequences that had a 100%
match to reference datawere kept. Furthermore, sequences
had to be present in at least one sediment sample with two
or more repeats. If that condition was met, single occur-
rences for other sediment samples were kept in. Finally, a
sequence could only be present in the control samples with
at most one repeat; if a sequence was found in a control
sample with two or more repeats it was removed from the
total data set. Common laboratory contaminants, such as
human, Homo sapiens, pig, Sus scrofa, and chicken, Gallus
gallus (Leonard et al. 2007), were manually removed from
the list of sequences that survived filtering.

In silico primer analysis

The ecoPCR program (Ficetola et al. 2010) was used to
calculate the mismatches between clitellate (=oligochaete)
worms and the MamPOO7F — MamPOO7R primers. The
target taxonomic group was set to NCBI TAXID 6381
(referred to as subclass Oligochaeta), the maximum
number of mismatches in the primer to five, the amplicon
size range to 10-100 bp and the EMBL r133 nucleotide
release as database. For each clitellate family and species
with available data in the EMBL release, the following
were calculated: mean length of the amplicon, mean
number of mismatches in each primer and the presence of
mismatches in the last three bases of the primer 3’ end,
which can hinder amplification (Kwok et al. 1990; Wu
et al. 2009).

The same procedure was repeated for the following
families that could be observed in the metabarcoding
results: Cervidae (TAXID 9850), Hominidae (TAXID
9604), Phasianidae (TAXID 9005), Suidae (TAXID
9821) and Cercopagididae (TAXID 77756), with the
exception that an amplicon size range of 25-150 bp was
used to account for the longer expected fragment length.

Results

Polar Urals samples

Actotal of 80 983 160 raw readswas obtained for the four
Polar Urals sequence libraries, which could be assigned
to 68 521 unique sequences. Post-identification filtering
reduced the number of sequences to 17, representing
1 123 241 reads. The sequences belonged to reindeer
(Rangifer tarandus—two occurrencesin the coreat 23 000
and 14 000 cal. a BP, with a total of 27 133 reads) and
eight clitellate taxa: two Enchytraeidae (Enchytraeus
norvegicus, Henlea perpusilla), one Glossoscolecidae
(Pontoscolex corethrurus) and five Lumbricidae (Apor-
rectodea rosea, Dendrobaena octaedra, Bimastos norvegi-
cus, Octolasion cyaneum and Octolasion tyrtaeum)
(Fig. 2, Table S2). The results also included seven
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Fig. 2. Metabarcodingresults for the Polar Uralscore. The width of the
bars indicates the number of PCR repeats. The grey taxa were assumed
to be laboratory contaminants and were manually removed from the
results. Non-cold tolerant taxa or taxa not found in the Polar Urals are
indicated with an asterisk. The result for Homo sapiensisa combination
of sevendifferent H. sapienssequences for which the maximum number
of repeats is plotted.

Hominidae sequences (six assigned to Homo sapiens and
one to Hominidae) and one Gallus sequence that survived
the filtering criteria and were manually removed.

Species that did not survive filtering include steppe bison
(Bison priscus, 100% match), Arctic lemming (Dicrostonyx
torquatus, 98% match), rock ptarmigan (Lagopus muta,
99% match) and mountain hare (Lepus timidus, 98%
match); these species are expected in the region, but none of
them occurred inmore than one sample and one repeat and
thus did not survive our filtering criteria.

Varanger Peninsula samples

We obtained 52 562 858 raw reads for the two Varanger
Peninsula (Uhca Rohci) libraries that represented 22 461
unique sequences. After R filtering, 18 sequences remai-
ned, representing 877 555 reads, which belong to: Rangifer
tarandus (four occurrences at 10 800 cal. a BP and three
between 3300 and 3600 cal. a BP, with 44 979 reads), the
spiny water flea (cercopagidid cladoceran) Bythotrephes
longimanus (six occurrences at 4900, 5600, 5700, 6300,
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6500 and 9100 cal. a BP, sum 38 085 reads) and the oligo-
chaete Lumbriculus variegatus (one occurrence at 10 800
cal. a BP with 227 reads) (Fig. 3, Table S3). A total of 12
Homo sapiens, one Sus and one Gallus sequences survived
filtering and were manually removed.

Several worm taxa did not survive filtering, including
Dendrobaena octaedra, Tubifex tubifex and a Limnodrilus
sequence that could not be identified to species level.
None of these taxa were detected in multiple repeats for a
sample, but they are taxa that can be expected to occur in
the Varanger area today.

In silico primer analysis

Primer matches between the mammal primer and annelid
sequences could be calculated for 22 clitellate families and
1756 species (mean 175 sequences per family, SD = 317.7)
out of the 28 families listed in the NCBI taxonomy
database. The weighted average numbers of mismatches
in the forward and reverse primer were 2.07 (SD = 0.05)
and 2.04 (SD = 0.24), respectively, with an average esti-
mated amplicon length of 35.7 bp (SD =0.65; excluding
primers).

The results for the clitellate families and the species that
were detected in the metabarcoding results are displayed
inTable 1,alongwiththemammalianand avianresults. A
full account of all clitellate families and species is provided
in Table S1. The mismatch overview here is limited by the
available clitellate data on EMBL, and some mismatch
numbers might be over- or underestimated for some
families depending on sampling and sequencing biases or
depth.

Discussion

Mammal records

Rangifer tarandus was the only mammal in the Polar Urals
and Varanger lake sediments that was detected in several
PCR replicates (one Polar Urals sample with two repeats,
Fig. 2, and three Varanger samples with two, three and
four repeats, Fig. 3). R. taranduswas detected in a limited
number of samples, furthermore, replicability was poor,
with at most four out of eight PCR repeats. The limited
presence is surprising, as R. tarandus has a circumpolar
Eurasian distribution. It is known from western Norway
at 13 500 cal. a BP from the village Blomvag 30 km
northwest of Bergen (Lie 1986; Mangerud et al. 2017) and
it would be expected that R. rarandus was one of the first
species immigrating north and west into Varanger after
the ice receded after the LGM. Likewise, it is not sur-
prising that R. tarandus was present in the Urals to the
northeast of the Eurasian-Fennoscandian ice sheet dur-
ing the Late Weichselian (24 000-15 000 a BP) asthisarea
was probably its main glacial refugium based on genetic
data (Flagstad & Roed 2003; Yannic et al. 2014; Kvie
et al. 2016).
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Fig. 3. Metabarcoding results for the Varanger core. The width of the
barsindicates the number of PCR repeats. The grey taxa were assumed to
belaboratory contaminants and were manually removed from the results.
The result for Homo sapiens is a combination of 12 different H. sapiens
sequences for which the maximum number of repeats is plotted.

The other mammals detected, Bison priscus, Dicrosto-
nyx torquatus and Lepus timidus, are all likely for the sites
in the period studied but were filtered out because they
could only be observed in one sample and with one PCR
repeat out of eight. There is always a trade-off between
losing assumed true positives and keeping false negatives
when setting a cut-off level for filtering (Ficetola et al.
2015). Lowering the cut-off level to include these taxa
would increase our data set with many records that we
suspected to be false positives. While probability statis-
tics may be used to inform the likelihood of a record to
represent a true positive, they require an independent
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record for calibration (Alsos et al. 2018). Thus, without
records of bones, detection when there are low read
numbers and few PCR repeats should be interpreted with
caution. Furthermore, even if the filtered taxa were
included, the limited occurrences in the records (only a
single sample) suggest that the approach used here lacks
the capability to reliably detect taxon presence, and thus
is not appropriate for palacoecological reconstructions.

The poor detection of mammals may either be explai-
ned by low DNA concentrations in extracts due to lack of
template material, potentially caused by the low amounts
of mammalian DNA deposited in the lakes, the age of
the sediments or the size of the target amplicon. The
amount of DNA deposited in the lake might be limited
by accessibility for mammals, such as the steep slopes
surrounding Lake Bolshoye Shchuchye. Alternatively,
the plentiful water sources in the Komagdalen valley on
Varanger Peninsula could have resulted in deposition of
mammalian DNA over a large region, effectively diluting
it in the process. Ancient DNA fragments found in lake
sediments are of a relatively small length (Pedersen et al.
2015) and it is possible that the longer fragment required
for the amplification of mammal material (R. tarandus
requires a fragment of 111 bp, including primers) is too
restricted in older sediments, especially considering the
low biomass of mammals compared to other groups such
as plants or invertebrates. Metabarcoding studies that
successfully targeted ancient mammal DNA either worked
with frozen material from localities affected by permafrost
(Willerslever al. 2003; Haileet al. 2009; Boessenkool et al.
2012) where conditions possibly preserved longer frag-
ments (Paabo er al 2004; Willerslev et al. 2004), or with
lake sediments from locations that had high mammalian
concentrations, either due to migration routes (Pedersen
et al. 2016),due toawaterhole (Grahamet al. 2016) or due
to human influence (Giguet-Covex et al. 2014). Thus, a
combination of low mammal DNA concentration and
long target fragment length may have caused the poor
detection of mammals.

It is unlikely that failed DNA extractions are respon-
sible for the poor mammal results, as the same DNA
extracts were used for the metabarcoding of plants with
the g-A universal plant primers (Taberlet ez a/. 2007) and
produced successful results for both the Varanger (Clarke
et al. 2019) and Polar Urals sites (C. L. Clarke, pers.
comm. 2018). The success for plants could be explained by
the obvious higher biomass and thus DNA contribution
to the sediments and a potentially lower average fragment
length required for amplification; for example the plant
data from the Varanger site had an average length of
44.3 bp (+15.6) (Clarke et al. 2019) compared to the
73 bp of Rangifer tarandus.

The limited amount of mammal template material in
the sediment extracts may have led to the amplification
oflaboratory contaminants and off-target species. Hono
sapiens was by far the most dominant species in the
filtered results for both the Polar Urals and Varanger
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Tuable 1. Theampliconlengths and mismatches between the taxa and families that were detected in the metabarcoding results and the MamPOO7F —
MamP007R mammal primers. * = this taxon is in reality a species complex.

Family Species Number of  Average amplicon ~ Forward primer Reverse primer
sequences  length (bp) Average % 3'-end Average % 3'-end
mismatches ~ mismatches mismatches  mismatches
Clitellate
Acanthodrilidae 71 35.52 (£1.06) 2.06(+0.29) 0 1.89 (£0.36) 0
Almidae 36 36.94 (+£0.74) 2 0 2 0
Enchytraeidae 239 33.61(+0.97) 2.05(+0.25) 1.67 1.82 (£0.96) 1.67
Enchytraeus norvegicus 1 34 2 0 1 0
Henlea perpusilla 1 34 2 0 2 0
Eudrilidae 6 34.67 (+£1.7) 2 0 2.67(+0.94) 33.33
Glossoscolecidae 16 34.00 (+1.8) 2.38(+0.48) 0 2.75(£1.03) 125
Pontoscolex corethrurus* 7 33.86 (+1.64) 2 0 3.29(£0.7) 14.29
Hormogastridae 585 35.38 (+1.34) 2.03(+0.2) 0 1.98 (£0.19) 0.17
Lumbricidae 1037 35.74(+1.22) 2.07(+0.26) 241 1.97 (+0.2) 0.19
Aporrectodea rosea* 143 35.76 (+£0.56) 2.23(+£0.42) 0.7 2.01 (£0.08) 0
Bimastos norvegicus* 9 37 2.22(£0.63) 0 2 0
Dendrobaena octaedra* 15 35.73 (+0.77) 2 0 2 0
Octolasion cyaneum 1 36 2 0 2 0
Octolasion tyrtaeum* 3 36.66 (+£0.94) 2 0 2 0
Lumbriculidae 73 36.55(+1.15) 2.03(+0.16) 0 1.67 (£0.52) 0
Lumbriculus variegatus* 30 36.87 (+0.34) 2 0 2 0
Megascolecidae 763 35.86 (+1.21) 2.14(+0.59)  0.66 1.86 (+0.4) 0.26
Moniligastridae 77 35.78 (+1.3) 2.13(+041) 0 1.84 (£0.58) 2.6
Sparganophilidae 21 34.86 (+0.35) 2 0 2 0
Tubificidae 907 36.21 (+1.98) 2.06(+0.29) 1.87 2.42(+£0.96) 20.84
Mammalia
Cervidae 302 73.07 (£0.51) 0.03(+0.27) 0.7 0.03 (+0.21) 0.7
Rangifer tarandus 9 73 0 0 0 0
Hominidae 39 080 72.13 (£4.61) 0.07 (+£0.58) 0.8 0.07 (+0.57) 0.9
Homo sapiens 38 492 72.1 (+4.26) 0.06 (+£0.53) 0.6 0.6 (£0.53) 0.8
Suidae 428 76.93 (£12.95) 0.66 (+£1.65)  0.72 0.65(+1.64) 10
Sus sp. 400 76.99 (£13.4) 0.7(+1.7) 0.78 0.69 (+1.68) 10.8
Aves
Phasianidae 236 76.09 (£10.08) 2.23(+0.81) 9.75 1.34 (£1.06) 5.5
Gallus gallus 126 77.59 (£11.23) 2.33(+0.98) 9.52 1.44 (£1.24) 8.7

samples before human DNA sequences were manually
removed (767 186 outof1 123 241 readsand 706 027 out
of 877 555 reads for the Polar Urals and Varanger cores,
respectively). Chicken, Gallus gallus (both sites), and pig,
Sus scrofa (Varanger only), made up the remaining con-
taminants. Chicken could be amplified in both samples
due to the limited differences between the mammalian
primers used and the binding sites for chicken (Table 1).
The amplification of H. sapiens was possible even in the
presence of a human blocking primer, which is further
indication that there was a limited amount of non-human
template material available in the DNA extracts (Boes-
senkool ez al. 2012).

The problems with the mammal primer presented here
support the case for the exploration of alternative primers
or methods for the detection of mammals in ancient
sediments, especially where template material is probably
low. Several metabarcoding primer sets have been sug-
gested for mammals, with the shortest sets amplifying a
mitochondrial 16S fragment of 68-71 bp (Rasmussen
et al. 2009) or 60-84 bp (Giguet-Covex et al. 2014), both

of which might be too long for reliable amplification of low
concentration mammal material in ancient lake sed-
iments. Alternative primer sets might yield better results if
they target a shorter fragment or do not amplify common
laboratory contaminants by targeting a narrower taxo-
nomic group. Other alternatives are to bypass the usage of
primers altogether by either shotgun sequencing sediment
extracts (Pedersen et al. 2016; Seersholmet al. 2016) or by
using DNA target capture methods (Slon et al. 2017).

Presence of worms

Off-target amplification of earthworms and other clitel-
lates was observed in both the Polar Urals and the
Varanger samples. Such amplification can be expected
when there is limited target template available in the DNA
extracts (Sipos et al. 2007; Schloss et al. 2011; Brown
et al. 2015). The in silico amplification of clitellates with
MamP007F and MamPOO7R primers revealed that 17
families and 849 species have a low number of mismatches
(two or fewer outside the primer 3’ end) and that these
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could potentially be amplified if there is limited competing
mammal template available.

Metabarcoding potential of the mitochondrial 16S
region targeted in this study has previously been demon-
strated for earthworms with specific primers (Bienert ez al.
2012). A comparison between the mammalian primers
used in this study and the earthworm primers developed
by Bienert et al. (2012) is given in Table 2. The forward
primers are highly similar, with only a two base pair
difference to account for the mismatches between the
mammalian and earthworm primer binding sites; the
reverse primer is shifted by four bases, but is otherwise
comparable, once more indicating that the used mammal
primers can amplify worms.

Another factor is the potential amount of DNA present
in the sediment for various groups of organisms. Enchy-
tracidae biomass in Svalbard is estimated to be 1160 kg
km ™2 (Byzova et al. 1995) and Lumbricidae biomass in
the northern Ural mountains is calculated to be 24 000
kg km 2 (Ermakov & Golovanova 2010). Thus, the clitel-
late numbers are far higher than common herbivorous
mammals such as the North American brown lemming
(Lemmus trimucronatus) at 30 kg km ™ in the Canadian
Arctic (Fauteux ef al. 2015) or R. tarandus in central
Norwayat 165 kg km~?(Finstad & Prichard 2000; Vistnes
et al. 2001). These rough biomass numbers give an indi-
cation that worms can produce vastly more DNA than
the relatively sparse mammals, meaning that the clitellate
DNA has a higher chance of being captured in the
sediments. The difference in DNA production and contri-
bution to the sediments, along with the additional prob-
lems of mammalian DNA described above, make worms
more likely to be detected via metabarcoding.

Additionally, the clitellate amplicon length is consider-
ably shorter than that of the mammalian taxa. The ampli-
con (excluding primer binding sites) for the mammals
detected in the Polar Urals and Varanger coresis 74 bp on
average (Table 1) and the average amplicon length for all
clitellate families is 35 bp (Table S1). The shorter clitellate
amplicon length increases the potential amount of tem-
plate material in highly fragmented sedaDNA compared
to the longer, and thus rarer mammalian target material.
The downside of a shorter amplicon is the potential loss of
taxonomic resolution, a problem that is difficult to estimate
given the limited reference material available for clitellates.

Four worm species thatare reported to be cold tolerant
were recorded in the Polar Urals samples, and these could
be expected to survive in the region. The enchytraeid
Henlea perpusilla (six samples, one sample with two
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repeats) is found throughout Europe and is capable of
surviving in the Arctic (Birkemoe et al. 2000). Enchy-
traeus norvegicus (10 samples, one sample with two
repeats) is also known to have a broad range, extending
from sea level in the Mediterranean (Rota ez al. 2014) to
colder temperate zones (Rota 1995) and at high (>1400 m
a.s.l.) elevations in southern Norway (C. Erséus, unpub-
lished data). The cosmopolitan lumbricid Dendrobaena
octaedra (one sample with two repeats) has frost-
tolerant populations in Finland, Greenland and Maga-
dan Oblast, eastern Russia (Rasmussen & Holmstrup
2002). Bimastos norvegicus (three samples, one sample
with two repeats) is part of the taxonomically difficult
Bimastos rubidus (syn. Dendrodrilus rubidus) species
complex, which isabundant in Scandinavia and European
Russia, and is reported as freeze resistant. However, the
known distribution today does not extend to the Ural
region (Berman ez al. 2010).

The remaining three lumbricid earthworms are less
likely to be present in the northern Polar Urals, although
they all show wide altitudinal ranges at lower latitudes.
Octolasion cyaneum (12 samples, one sample with two
repeats) is native to central and western Europe, and
current records extend up to southern Finland and
northern Sweden (Terhivuo & Saura 2006). In Norway it
can be found to elevations of around 1000 m a.s.l. in the
south, and in lowland localities north of the Arctic Circle
(C. Erséus, unpublished data), but it is most often
associated with human habitats. Octolasion tyrtaeum
(also referred to as Octolasion lacteum (Shekhovtsov
et al. 2014); 16 samples, one sample with two repeats) is a
species complex with two crypticlineages (Heethoffer al.
2004); it occurs in Europe, with populations extending to
central Finland (Terhivuo & Saura 2006) and the taiga
forests of European Russia (Perel 1979). Aporrectodea
rosea (eight samples, one sample with two repeats) is also
a species complex with a range that extends northwards
from the Mediterranean towards central Finland (Ter-
hivuo & Saura 2006) and the Middle Urals (Perel 1979).
Tiunov et al. (2006) associate its occurrences in the north-
ern part of the European Russian plain with cultivated soil
(e.g. vegetable gardens), secondary deciduous forests and
river valleys. The species found in the Urals is the one
referred to as 4. rosea L1 in the BOLD database, and
this also occurs north of the Arctic Circle in Norway (C.
Erséus, unpublished data). Although none of these lumb-
ricids is recorded in the Polar Urals today, it is not unlikely
that they were there during the Holocene Hypsithermal or
other warmer periods.

Table 2. Comparison of the mammalian MamP0OO7F — MamP007R primers with the ewB — ewC earthworm primers developed by Bienert ez al.

(2012).

Forward

Reverse

Mammalian
Earthworm

5'-CGAGAAGACCCTATGGAGCT-3'
5'-CAAGAAGACCCTATAGAGCTT-3’

5'-CCGAGGTCRCCCCAACC-3’
5'-GGTCGCCCCAACCGAAT-3’
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The glossoscolecid earthworm Pontoscolex corethrurus
(six samples, one with two repeats) is a species complex
with a circum-tropical distribution, native to South and
Central America, but introduced in tropical and subtrop-
ical regions worldwide (Taheri ez al. 2018). The family has
no relatives in temperate environments and the genetic
distance to other clitellate families rules out misidentifi-
cation due to amplification or sequencing errors. The
closest annelid sequence in GenBank belongs to the Asian
Amynthas glabrus (Megascolecidae) recorded in China
(Sun et al. 2017) and Japan (Blakemore 2003), at 77%
sequence identity and with an edit distance of 8. The
closest species in the results presented here is Octolasion
tyrtaeum (Lumbricidae) at 63% sequence identity and an
edit distance of 15. The most likely explanation for the
detection of Pontoscolex corethrurus is contamination in
the laboratory, possibly due to the reagents used.

The expected clitellate diversity in the Polar Urals is
high based on previous lake diversity assessments.
Baturina et al. (2014) recorded 30 aquatic species in the
region. Unfortunately, little is known about the terres-
trial clitellate diversity in the Polar Urals, making it
difficult to assess how much of the diversity is captured
in this study and what potential improvements can be
made.

Only one annelid sequence was recorded at the Varanger
site, representing a species in the Lumbriculus variegatus
(one sample with two repeats) species complex. This
complex has a current cosmopolitan distribution, but the
particular lineage found on Varanger is an unidentified,
probably undescribed, species; in its short (36 bp) 16S
barcode it is 100% identical to the form of L. variegatus
referred to as clade IIl by Gustafsson e al (2009).
Elsewhere, it has been recorded from Greenland, high-
elevation sites (10001400 m a.s.l.) on the Scandinavian
Peninsula (S. Martinsson & C. Erséus, unpublished data)
and a lake at >3000 m a.s.l. in California (Gustafsson
et al. 2009). This suggests that the complex is at least
partially cold-adapted and could occur in northern
Norway. In addition to the Lumbriculus species, the
cercopagidid cladoceran Bythotrephes longimanus (six
samples, five with two or more repeats) was detected, a
species that is native to northern Europe and previously
recorded on the Varanger Peninsula (Hessen ez al. 2011).

Previous metabarcoding efforts of modern sediments on
the Varanger Peninsula with enchytraeid specific primers
targeting the mitochondrial 12S region resulted in identi-
fications of Cognettia sphagnetorum and Mesenchytraeus
armatus (Eppet al. 2012). Neither of these species could be
detected in the results presented here. The discrepancy can
be explained by the different primers used (the enchy-
traeid-specific primers can be expected to perform better
than mammal primers used in this study), the age of
the sediments (modern sediments compared to 3304—
10 759 cal. a BP sediments), the type of sediment and
how it retains DNA (heath and meadow plots compared to
lake sediments) and local variation in clitellate diversity.
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In-lake sampling of northern Norwegian lakes (C. Erséus
& M. Klinth, unpublished data) indicates a high clitellate
diversity (20-30 species). Both the previous metabarcod-
ing study and in-lake sampling indicate that the results
obtained here are an underestimation of the true diversity.

Although not reported before, after re-analysing the
data presented by Giguet-Covex et al. (2014) wenoted that
clitellate sequences were also recovered. However, the eight
species that could be identified (Aporrectodea caligninosa,
Chamaedrilus sphagnetorum, C. glandulosus, Dendrodrilus
rubidus, Eiseniella tetraedra, Henlea perpusilla, Lumbricus
meliboeus and Tubifex tubifex) neither survived the filtering
criteria applied by the authors (amplicon length shorter
than 50 bp or identified as non-mammalian) nor the
criteria used in this study (each taxon was only detected ina
single repeat). Their annelid results are probably worse
than the results presented in this study, due to the overall
higher quality and success rate for mammalian DNA, but
confirm that the annelid bycatch in this study is not a fluke.

The overall scattered detections of worm sequences in
the Polar Urals and Varanger samples are most likely due
to the non ‘worm-specific’ primers used, hindering, but not
completely preventing, the amplification of the material.
Furthermore, the detection of the four unexpected earth-
worm species warrants an explanation. These species might
represent true positives, which have not been recorded in
the region and represent past distributions during warmer
periods. Alternatively, they could be artefacts of limited
DNA reference material and might be misidentified to
the wrong species or a consequence of amplification or
sequencing errors. Finally, the observed worm sequences
could be the results of contamination, either in the field
or during sampling, extracting and amplification of the
DNA. The laboratory standards used along with the
negative controls give some confidence that these results
are true detections, but contamination cannot be fully
ruled out and is a likely explanation for the tropical
Pontoscolex corethrurus.

Palaeoenvironmental implications of the worm detections

The sediments of Bolshoye Shchuchye (Polar Urals) are
low in organic matter (1-5% LOI, see Fig. 4, based on
Svendsenet al. 2019)and are essentially silt and clay. Given
the thermal sensitivity of worms and the long record at this
site (0-24 000 cal. a BP), we might expect a temporal
pattern in the worm occurrence. At the species level this is
not the case with the two Enchytraeidae (Enchytraeus
norvegicus and Henlea perpusilla) occurring in both warm
periods, such as the Holocene, and cold periods, including
Heinrich Stadial 2 (24 000-22 000 cal. a BP). This is also
true for the lumbricid earthworms (Aporrectodea rosea,
Bimastos norvegicus, Dendrobaena octaedra, Octolasion
cyaneum and O. tyrtaeum), which occur in the Holocene
and the Lateglacial. When aggregated, the DNA shows
distinctly greater and more continuous values for the
Lumbricidae in the Holocene but no trend in the Enchy-
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Fig 4. Aggregated worm data from Lake Bolshoye Shchuchye (Polar Urals) with the core LOI and a two-period moving average (dotted line). Y
Dryas is the Younger Dryas and LG IS is the Lateglacial interstadial. HS and GS are the Heinrich Stadial events and the Greenland Stadials from
Rasmussen ez al. (2014), respectively. [Colour figure can be viewed at www.boreas.dk]

traeidae (Fig. 4). These records suggest that both the soils
and the lake sediments remained biologically active over
the last 24 000 years, and that soils were almost cer-
tainly not set to zero biologically during the LGM or the
Lateglacial stadials, when cold, dry conditions prevailed
and the vegetation was predominantly tundra-steppe
(Svendsen et al. 2014). However, the results do suggest
higher rates of worm activity, and thus more soil formation,
during the Holocene than during the Late Weichselian.

Potential for annelids in ancient DNA

Although the results for the worms detected in this study
are not optimal, due to mismatched primers, overall poor
metabarcoding results, low number of ‘bycatch’ taxa and
perhaps some contamination of the samples, they indicate
that earthworms and other clitellates can be identified in
ancient sediments up to 24 000 years old. The use of a
more optimized primer targeting short barcode regions in
annelids, as has been done for the mitochondrial 16S and
12S regions (Bienert ez al. 2012; Epp et al. 2012; Pansu
et al. 2015), should increase clitellate diversity and detec-
tion reliability. Once detection methods have been opti-
mized, tracking clitellate communities through time in
ancient sediments may yield valuable information and
proxies for various environmental conditions, such as
temperature, soil moisture and acidity (Edwards & Lofty
1977; Beylich & Graefe 2009).

Conclusions

The results presented in this study show that the detection
of mammalian material in ancient lake sediments in the

Sub-Arctic via 16S metabarcoding is possible, but not
without problems. The highly fragmented nature of
sedaDNA means that amplification of long fragments of
low biomass taxa is problematic and might benefit from
alternative identification methods. By contrast, clitellate
worms look like a more promising group for metabar-
coding in older late-Quaternary sediments. Although a
previous attempt to retrieve enchytraeid material from
permafrost sediments failed (Epp et al. 2012), the com-
bination of suitable primers for targeting short fragments,
high biomass (for earthworms in particular) and DNA
contribution to the sediments warrants further investiga-
tion in the group and the possible effects of age and
sediment types on metabarcoding success.
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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 Allerod; 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 Ports 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 Allerod 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 Allerad. 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 palacoenvironments (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
palacoenvironmental settings (e.g. Willerslev et al., 2003, 2014;
Parducci et al., 2012; Epp et al., 2015; Alsos et al., 2016; Pedersen
etal., 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 et al., 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
(C to 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; Jonsson et al., 2013). Metagenomic
data of lake sediment samples, in combination with pollen
and plant macrofossil data, resulted in for example detailed
palaeoenvironmental 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
Hasseldala 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 palaeo-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).
Hasseldala 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 Hasseldala 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), Allered (14.1-12.7 ka BP), Younger Dryas (12.7-11.7 ka BP), and Preboreal (<11.7 ka BP) regional pollen

zones.

Allerod

1 Younger
1+ Dryas

Preboreal/
Holocene

Lateglacial

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 10cm
(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 et al., 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-HCI (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 manufacturer’s 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
Illumina 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 23.1 Alleréd

#8 HA 2.2 13,460-13,540 16.8 Alleréd

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

#8 HA 1.2 13,730-13,800 9.0 Alleréd

#7.4 HA 1.1 13,770-14,000 8.6 Alleréd

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
Illumina 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 Hésseldala 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 Hasseldala 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 Hiasseldala 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 Hasseldala
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 $4). 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-oft
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 Hésseldala’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,0; 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 Hasseldala
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 Hasseldala 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
Wobhlfarth 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
HAS5.2), 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 Allerod pollen zone, samples HAS5.1-
HA6.2 to the regional Younger Dryas pollen zone and samples
HA7.1-HAS8.2 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 Hisseldala 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 Allerod 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 3 | Comparison between the results of micro- and macrofossil analyses and eDNA in Hasseldala Port’s sediments shown according to age and in relation to
and aquatic plants. (D) Ferns, mosses.
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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 $3). 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 Hasseldala
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
HA5.1_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,S3). 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 S5. 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 (Figures3B-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, J. filiformis, ]. 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 (Allerod, Younger Dryas, and Preboreal)
earlier identified at Hasseldala 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 Hasseldala 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., H42.1/Ha2.2, Ha7.1/H47.2, or Ha8.1/Ha8.2
in Table S6). 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 Hésseldala 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 Hasseldala 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-off 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 Alleréd 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 Ports 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 Allerod 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 (Allerod) 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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Highlights

e Unusually high organic content of LGM core from northern refugium

e Nitrogen and carbon isotopes together with bird bones indicate local bird cliff

e DNA of pine and spruce found in all three cores, but signal not consistent

e Review of previous Andeya LGM studies shows a mixture of boreal and arctic taxa
e Environmental reconstruction does not preclude growth conditions for trees

e Currently a non-analogue situation but could presage future conditions further north
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Abstract

Andoya on the NW coast of Norway is a key locality for understanding Last Glacial
Maximum (LGM) in northern Europe. Controversy has arisen concerning the local conditions,
especially about the timing and extent of local glacial cover, maximum July temperatures and
whether pine and/or spruce could have grown there. We reviewed all existing data and
analysed ancient sedimentary DNA, pollen, macrofossils, geochemistry and stable isotopes
from three new lake sediment cores from @vre Erasvatnet. The longest core covers the period
23.4-8k cal. BP (Bayesian model) and possibly 26.7 k cal. BP. A total of 23 new dates and
age-depth modelling suggests the lake has been ice-free since GI2 (<22.8 k cal. BP) and
possibly GS3 (<27.4 k cal. BP). Pinus and Picea DNA was found in all three cores but at such
low frequencies that it could not be distinguished from background contamination. LGM
samples had unusually high organic matter content (Loss On Ignition 60-70%), with isotopic
values indicating that they are derived from a marine source. Along with finds of bones of the
little auk (A4/le alle), this indicates that the lake received guano from an adjacent bird colony.
DNA, pollen and macrofossil assemblages were dominated by Poaceae, Brassicaceae and
Papaver, but scattered occurrence of species currently restricted to the Low Arctic Tundra
Zone (July temperature of 8-9°C) such as Apiaceae (DNA, 8-9°C), Betula tree-type (pollen,
10-12°C), and Alchemilla alpina (macrofossil, 8-9°C) were also recorded. The review showed
that 94 vascular plant taxa had been recorded, of which 38% have a northern limit in Shrub
Tundra further south. This unusual assemblage likely stems from a combination of proximity
to ice-free water in summer, geographical isolation linked with stochastic long-distance
dispersal events, and the presence of bird-fertilized habitats. The environmental
reconstruction based on all records from the area does not preclude local growth of tree
species as the local climate combined with high nutrient input, may have led to periodically

suitable environmental ‘hotspot’ conditions.

Key words: ancient DNA (aDNA), Andeya, climate variability, environmental conditions,
glacial survival, last glacial maximum, late Weichselian, MIS2, refugia, sedimentary DNA
(sedDNA)
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1. Introduction

Evidence for cryptic glacial-age refugia in northern hemisphere has long been sought but
remains elusive (Birks and Willis, 2008; Brochmann et al., 2003; Stewart and Lister, 2001;
Tzedakis et al., 2013), despite the fact that some phylogenetic data indicate that they must
have existed (Anderson et al., 2006; Fedorov and Stenseth, 2001; Westergaard et al., 2019).
While it seems clear that late-glacial tundra zones supported small populations of boreal trees
in Alaska (Brubaker et al., 2005), Yukon (Zazula et al., 2006), Siberia (Binney et al., 2009;
Tarasov et al., 2009), and Estonia (Heikkila et al., 2009), it is debated if pollen records at
Bodmin Moor (SW England) represent local growth of trees (Kelly et al., 2010; Scourse,
2010). Similarly, it is questioned if macrocharcoal of oak, beech and pine indicate survival in
the Hartz Mt., central Germany (Giesecke, 2016; Robin et al., 2016). It remains even more
controversial, however, if tree taxa grew within the maximum limits of the Scandinavian ice
sheet (Birks et al., 2005; Kullman, 2005) as indicated by megafossils of spruce and pine in the
Scandinavian mountains (Kullman, 2002), and DNA in lake sediments from a glacial
refugium at Andeya (Birks et al., 2012; Parducci et al., 2012a; Parducci et al., 2012b). As all
proxies for reconstructing past flora and environmental conditions have some uncertainties, a
multi-proxy study may provide better answers. The focus on environmental reconstruction is
often on temperature (Birks and Birks, 2014; Trondman et al., 2015). However, the effect of
temperature on vegetation can be indirect, as via nutrient cycling, and high nutrient levels
may compensate for low temperature, as seen, for example, at high-latitude bird cliffs
(Gonzalez-Bergonzoni et al., 2017). Thus, estimation of nutrient availability and isotope

analyses to assess trophic status may further elucidate the environmental conditions in refugia.

The northern Norwegian island of Andeya has long been a key locality for understanding
LGM environments (here and throughout considered to be diachronous within the time
window ca. 26-18 k cal. BP) on the North Atlantic margin (Vorren, 1978), and it has been
studied on many occasions. Andeya is situated where the Norwegian continental shelf is at its
narrowest. The result of this geomorphology is that this area is a key fixed point for the
maximum extent of the Eurasian Ice Sheet (Hughes et al., 2016; Patton et al., 2017). While it
is clear that higher elevations on northern parts of Andeya remained ice-free throughout the
LGM, it has been less clear whether the lowland was continuously ice free from ca. 26 k ca.

BP (Alm, 1993; Vorren and Plassen, 2002; Vorren et al., 2015).
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Palaeobotanical investigations have been carried out on three lakes on the northern ice-free tip
of Andeya (Fig. 1): Endletvatn (Alm and Elverland, 2012; Parducci et al., 2012b; Vorren,
1978; Vorren et al., 2013), Nedre Arasvatnet (Alm and Birks, 1991; Vorren et al., 1988) and
Ovre Arasvatnet (Alm, 1993). The recorded Late-Glacial vegetation, combined with low,
minerogenic sedimentation, has been interpreted as being grass-dominated and typifying cold
and dry polar desert conditions (sensu lato). There may have been interruptions by periods of
warmer climate when mean July temperatures reached up to 10°C, as indicated by features
such as high concentrations/accumulation rates of pollen and/or macrofossils and the
occasional presence of more thermophilous plant taxa (Alm, 1993; Alm and Birks, 1991;
Elverland and Alm, 2012; Vorren, 1978). Recently, sedimentary ancient DNA (sedaDNA) of
pine and spruce of LGM age has been found (Parducci et al., 2012b). The discovery of conifer
aDNA on Andeya was unexpected, and it was debated as to whether the origin was due to
contamination, long-distance pollen, driftwood, re-sedimentation, or possibly in-situ growth
(Birks et al., 2012; Parducci et al., 2012a; Parducci et al., 2012b). The issue has been further
polarized by Vorren et al. (2013) who, based on both new and re-interpreted past data,
concluded that LGM mean July temperatures never exceeded 3°C. However, this was based
mainly on the inference that the combination of the dominant moss species Syntrichia

ruralis and Aulacomnium turgidum represent Polar Desert vegetation, and it contradicts
previous palaecoecological interpretations of past climatic conditions (Alm, 1993; Alm and
Birks, 1991; Elverland and Alm, 2012; Parducci et al., 2012b; Vorren, 1978). Such a radical
interpretation would preclude any tree growth during the LGM on Andeya. It follows that the
chronology, environmental conditions and palacoecology of N Andeya warrant further

clarification.

This study seeks to capitalize on recent advances in both the methodology and understanding
of sedimentary sedaDNA to: 1) determine the duration of the ice-free period, 2) evaluate the
sedaDNA results from Parducci et al. (2012b) by investigating a second lake on Andeya using
improved methods; 3) assess the local LGM palacoenvironment based on additional proxy
records, including stable isotopes, and 4) review previous investigations, with special
emphasis on environmental conditions and the potential for tree growth on Andeya during

LGM.

2. Regional setting
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At Andoya (Fig. 1), the proximity of the continental shelf to abyssal depths (6.1 km coast to
the top of the Andeya Canyon (Laberg et al., 2000) limited the extent of ground-based
glaciers during the low sea levels of the Weichselian glaciation, and it was suggested that the
island became deglaciated early (Vorren et al., 2015). This is in line with recent work on
continental glaciation that suggests that topography/trough geometry had an overriding effect
on glacial extent and recession rates (Small et al., 2018). The tip of Andeya is also bisected by
moraines that have been correlated with the earliest moraine (Egga I), which marks the shelf
edge (Vorren and Plassen, 2002), and Egga II, which has been dated to 23-22.2 k cal. BP
(Vorren et al., 2015).

The presence of lakes that may have received sediment input during this time has made the
northern tip of the island an important site for palacoenvironmental studies of the LGM. One
of these sites is @vre Arasvatnet (69°15°22°N; 16°02°03”’E), the lake targeted for this study.
The basin sits at 43 m a.s.l, just above the local marine limit. At present, the lake receives
water from an inlet to the SW and is drained by an outlet to the NE (Fig. 1). Mean
temperature in July is 11°C, mean temperature in February -2.2°C, annual mean temperature
3.6°C and annual precipitation 1060 mm (Norwegian Metrological Institute; eKlima 2016;
1961-1990, station 87110, 10 m a.s.l., Andeya). The lake area is 20.4 ha, an area similar to
that of two adjacent lakes, Nedre ZArasvatnet (20.6 ha, 34 m a.s.l.) and Endletvatn (28.6 ha, 35

m a.s.l.; Fig. 1). The bedrock is entirely non-calcareous and the catchment size is 3.6 km?.

3. Material and methods

3.1. Field work

Lake Ovre Arsasvatnet was chosen as, in contrast to Endletvatn (where the previous conifer
DNA was detected) it was never below the marine limit, and thus the chance of driftwood
having entered the lake catchment is low. Fieldwork was conducted early in March 2014. A
north-south transect across the lake was test-cored using a Hiller sampler (And1-And7, Fig.
2). The laminated gyttja of expected LGM age (Alm, 1993) was only found in samples from
the shallower, south-central part of the lake. To further assess sediment distribution and water
depth, we surveyed the basin with Ground Penetrating Radar (GPR). For this purpose, we
used a Mald ProEx unit fitted with a shielded 50 MHz antenna. The system was fitted in PVC

tube and dragged behind a snow scooter driving at constant speed and traversing the lake in
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semi-regular grids. Following acquisition, all data were processed in version 1.4 of the
RadExplorer software package with a set of prescribed bandpass filtering, DC removal and
time-zero adjustment routines. We then traced the interfaces between water, sediment and
bedrock based on these optimized GPR reflections. Finally, all data were exported to ArcMap
10.4 to construct maps and models. Coring was conducted with a Geonor piston corer (110
mm diameter) and a modified Nesje corer (110 mm; (Paus et al., 2015). Only the deepest part
of the lake-sediment package was collected. A 3.46 m continuous core was retrieved with the
modified Nesje-corer (And-11, 69.25579°N, 16.03517°E; 3.15 m water, total depth 11.88 m;
subsequently divided in three parts). Two shorter cores taken with the Geonor corer (And-8,
3.15 m water, total depth 11.98 m, core length 1.14 m; And-10, 69.25552°N, 16.03516°E, 2.9
m water, total depth 10.16 m, core length 1.16 m) were collected 5 m west and 30 m south,

respectively, from And-11 (Fig. 2).

3.2. Radiocarbon dating

The radiocarbon ages of 23 identified macroscopic plant remains were determined using
accelerator mass spectrometry at Poznan Radiocarbon Laboratory (Table 1). The bulk of the
dated material consisted of bryophytes (moss stems), but seeds and leaf fragments of vascular
plants were included when available. Low mass (TOC < 0.2 mg) of many samples led to
relative large error intervals, but this was preferred to combining material. The '*C ages were
calibrated using with OxCal 4.2 (Bronk Ramsey, 2009) using IntCall3 (Reimer et al., 2013),
and an age-depth modelling was undertaken using Bacon v. 2.3.9.1 (Blaauw and Christen,
2011).

3.3. Geochemical analyses

Colour line-scan images with a resolution of approximately 70 um were acquired using a Jai
L-107CC 3 CCD RGB Line Scan Camera installed on an Avaatech XRF core scanner (Fig.
2). Qualitative element-geochemical analyses were carried out with the Avaatech XRF core
scanner. The measurements were carried out at continuous 10-mm steps. Instrument settings
were 10 kV, 1000 pA, 10 seconds count time, and no filter. Data processing was performed
using WinAxil version 4.5.6. The results are presented as ratios of selected elements divided
by the sum of the 7 most abundant elements (Ca, Cl, Fe, K, S, Si and Ti; Rhodium (Rh) not
included as it is induced by the equipment) to minimize the influence of water and matrix
effects (Tjallingii et al., 2007; Weltje and Tjallingii, 2008). Loss-on-ignition (LOI) was
analysed every 4 cm. About 10 g of sediment was dried overnight at 105°C, weighed, and

6
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then burned for four hours at 550°C. LOI was calculated as the percent dry-weight loss after

burning.

Thirty samples were selected from the And-11 core for §'*C and §!°N analysis and
determination of %C and %N. The isotope analyses were conducted in the Stable Isotope
Facility at the British Geological Survey, UK. Samples for carbon isotopes were decarbonated
in 5% HCI prior to analysis (to remove inorganic carbon) while a separate aliquot for nitrogen
isotopes was run with no pre-treatment. 3'3C analyses were performed by combustion in a
Costech ECS4010 Elemental Analyser (EA) on-line to a VG TripleTrap (plus secondary
cryogenic trap) and Optima dual-inlet mass spectrometer, with 8'*C values calculated to the
VPDB scale using a within-run laboratory standard (BROC2) calibrated against NBS-19 and
NBS-22. Replicate analysis of well-mixed samples indicated a precision of + <0.1%o (1

SD). Percent C and N analyses were run at the same time, calibrated against an Acetanilide
standard. 3'°N analyses were performed by combustion in a Thermo Finnigan Flash EA (1112
series) on-line to a Delta Plus XL mass spectrometer. §'°N was calculated to the §'°N value of
air using the BROC2 standard as a within-run laboratory standard calibrated against UGS40
and UGS41. Replicate analysis of well mixed samples indicated a precision of £<0.2%o (1
SD).

3.4 sedaDNA analysis

The DNA analyses of these sediments proved challenging, and we repeated the whole process
three times. For the first extraction, we followed the phosphate buffer extraction protocol of
(Taberlet et al., 2012). While this works well for modern soils samples, we had rather poor
results, as also experienced for other ancient samples (Alsos pers. obs.), so this method might
be less suited for extracting DNA from ancient sediments. We then tried the PowerMax
extraction kit (MO BIO Laboratories, Carlsbad, CA, USA), a method that has worked well for
other sediments (Alsos et al., 2016; Clarke et al., 2019). Here also the results were poor. We
suspect that the main problem was the high organic content of the lower part of core And-11
and all of cores And-8 and And-10, as we have experienced similar problems with other
sediments with high organic content (Clarke et al., 2018); further, the top, less organic part of
core And-11 gave reasonable results in all three analyses. During this period, the Tromse
Museum dedicated ancient DNA laboratory has been moved twice and between buildings and
all reagents have been replaced, so the three runs exhibited different background

contamination levels. Here we only present data from the third analyses, but we note that we

7
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did detect pine (Pinus) and spruce (Picea) in all three runs, both in samples and in negative

controls, but not always in the same samples.

For the third extraction, we used sterile plastic tools for taking 74 samples from the three
cores. We extracted DNA using DNeasy PowerSoil Kit (Qiagen) with a minor modification
(Heintzman et al., in prep.). We included negative controls during sampling (n=2), extraction
(n=4), transferring extract from tubes to plates (n=2), PCR setup (n=2), and post-PCR (n=2),

as well as a synthetic positive control (n=2), in total 14 controls.

For all three runs, the short and variable P6 loop region of the chloroplast trnL (UAA) intron
(Taberlet et al., 2007) was used as diagnostic marker, following the same analysis protocol
(Alsos et al., 2016; Sjogren et al., 2017), running 8 PCR replicates on each DNA extract. The
PCR replicates were pooled, cleaned and quantified with Qubit (Invitrogen™ Quant-iT™ and
Qubit™ dsDNA HS Assay Kit, Thermofisher). The pool was converted into a DNA libraries
using a Truseq DNA PCR-free low throughout library prep kit (Illumina). The library was
quantified by qPCR using the KAPA Library Quantification Kit for Illumina sequencing
platforms (Roche) and a Prism 7500 Real Time PCR System (Life Technologies, Fisheries
faculty, UiT). The library was normalised to a working concentration of 10 nM using the
molarity calculated from qPCR adjusted for fragment size, and were sequenced on an
Illumina HiSeq 2000 platform (2x150 bp, mid-output mode, dual indexing) at Genomics
Support Centre Tromse (UiT).

All next-generation sequence data were aligned, filtered and trimmed using the OBITools
software package (Boyer et al., 2016); http://metabarcoding.org/obitools/doc/index.html)
using similar criteria to Alsos et al. (2016) and Sjogren et al. (2017). Resulting barcodes were
assigned to taxa using the ecotag program (Yoccoz, 2012) and two independent reference
datasets. One reference contained regional arctic and boreal sequences (Soininen et al., 2015;
Senstebg et al., 2010; Willerslev et al., 2014) and the other the NCBI nucleotide database
(January 2018 release). The resulting identifications were merged and filtered, retaining
barcode sequences if 1) they were identified to 100% in either reference set, 2) they were
present in at least 3 PCR repeats and 3) had at least 10 reads across the entire dataset.
Furthermore, each observation required 3 or more reads in order to be kept in. We removed
the likely false positives relating to common PCR errors and food contaminants, based on

experience from the analyses of 15 other sediment cores in Tromse Museum, as well as taxa

8
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identified above family level (Supplementary Table 1). For the last step of filtering, we
looked at frequency of PCR repeats in samples compared to negative controls. There is no
clear way to set the cut-off (Alsos et al., 2018; Sjogren et al., 2017), and we chose a rather
conservative value of only keeping sequences with an overall frequency of PCR repeats in
samples at least twice as high as in negative controls. We present the data semi-quantitatively

as proportion of PCR replicates where the taxa occur.

3.5. Pollen and macrofossils

Pollen was analysed for 19 samples from the And-11 core in the depth range 910-1182 cm.
Pollen samples (1 cm®) were prepared using the acetolysis method (Berglund and Ralska-
Jasiewiczowa, 1986) and mounted in silicon oil for analysis at the Palacoecological
laboratory, University of Southampton. Left-over material from the DNA extraction 1 was
used. As we resampled the core for DNA extraction 3, there might be minor stratigraphic
difference between pollen and DNA samples. Approximately every second or third level
analysed for DNA in extraction 3 corresponded to a pollen sample, except for 1038 cm, which
was only analysed for pollen. Identifications were based on (Feegri and Iversen, 1989) and
(Moore et al., 1991), in combination with a reference collection of modern material at the
University of Bergen. A target sum of 350 terrestrial grains was only achieved in the two
uppermost levels (910, 918cm) below that a sum of exotics was used, but in two levels (1122,
1142 cm) the concentrations were so low (<400 grains 1 cm?) that only partial counts were

possible.

Macrofossils were collected from 44 levels from core And-11 across the depth range 884-
1181 cm. Approximately 2-cm thick slices were sampled at about every 8 cm (from half the
core width, ca. 50 ml volume), thus often between samples for DNA/pollen. If necessary, the
samples were soaked in 10% sodium hydroxide (NaOH) to disperse organic material and/or
sodium pyrophosphate (NasP207 * 10H20) to disaggregate clay particles. The macrofossils
were retrieved by gently sieving the sample using a 250-pum mesh. The herbarium and the

macrofossil reference collection at Tromsg Museum were used to aid the identification.

3.6 DNA, pollen and macrofossil data analyses
Initial diagrams were plotted in R studio version 1.2.5001 using rioja, vegan and ggplot2

package. We explored zonation within each of the three proxies using the Constrained
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incremental sum of squares (CONISS) as implemented in ggplot2 v3.2.1. Final diagrams were

constructed using Tilia v.2.6.1 (TilialT.com).

3.7 Review of botanical records and reconstruction of minimum July temperature

All palaeo-records of species from Andgya for the period 26.7-14.7 k cal. BP were compiled
from publications. The northern limits of vascular plants and vegetation types are closely
linked to summer temperature (Karlsen and Elvebakk, 2003; Karlsen et al., 2005), and
therefore the Arctic can be divided into bioclimatic zones representing mean July
temperatures (Walker et al., 2005). We used the Pan-Arctic flora checklist (Elven et al., 2011)
to assign species to the northernmost bioclimatic zones where they were (1) present or (2)
frequent. If the palacorecords were not determined to species level, the northernmost potential
species in that taxon was used. Some taxa only identified to a higher taxonomic level were not
classified, as ranges can be global (for example, Poaceae). The choice of classification
inevitably introduces bias, and our choices here lead to opposing biases regarding the kind of
environment we reconstruct. First, at their northern limits most species have small population
sizes and pollen production is typically relatively low (Lamb and Edwards, 1988). Thus, a
rare taxon has a low chance of occurring in palacorecords, whereas frequent species are more
likely to be recorded. Thus, alternative (1) represents a conservative (cold) estimate of the
minimum temperature (results given in Supplementary Table S2), whereas alternative (2)
represents a more mid-range alternative (results in main text). In contrast, the choice of the
northernmost potential species in a group causes a strong bias towards more northerly (hence,
cold) zones (for example, Puccinellia and Ranunculus occur in the polar desert zone, although
the majority of species in these genera do not reach the High Arctic; (Elven et al., 2011).

Thus, even alternative 2 is biased towards colder environment.

4. Results

4.1. Bathymetry, chronology, lithostratigraphy and geochemical analysis

The new bathymetry (Fig. 2) shows a irregular basin morphology with shallow sediments
across the middle of the lake, and a bedrock or boulder mound. Given that the deepest
sediments occur in a generally shallow area, an inversion of normal sedimentation patterns, it
is unlikely that sediments have been rearranged by erosion. Rather, there may be a bedrock

bar, or more probably a coarse boulder-dominated moraine. Whether a moraine or not, the
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altitude of the basin, and its basal irregularity suggests disturbance of the basin in its early
history. This is also suggested by the disturbed/tilted laminations in the basal sediments of
Alm’s (1993) core C.

The 23 'C dates, which are all on identified plant macrofossils, ranged from ca. 8 k cal. BP to
26.7 k cal. BP (Table 1). Several of the dates were based on small sample sizes (<0.1 mg),
and some of these have dates older (Poz-77610) or younger (several) than expected. There
was a clear hiatus in And-11 at 1089; the same hiatus was also observed in And-8 at 1130 cm
(Fig. 2). We constructed an age-depth model for And-11 with and without specifying this
hiatus (And-8 and And-10 have too few dates to allow a meaningful model for comparison).
When including a hiatus at 1089 cm depth, 88% of the dates overlapped with the age-depth
model at 95% ranges, compared to 75% of the dates without the hiatus. The addition of
another hiatus at 994 cm was found not to improve the model or significantly alter the model.
Thus, the model including a single hiatus at 1089 cm was preferred (Fig. 3). The modelled
basal range and median was similar for the model with one hiatus (21,880-26,780, median
23,446 cal. BP) and without (21,828-26,732, median 23,366 cal. BP). However, there are
good reasons to assume that the basal date (Poz-77656, median 26.7 k cal. BP) is accurate as
it is in accordance with two bulk dates obtained by Alm (1993; T-8029A and T-8029B) date
to 27,068-25,282 cal. BP and 26,069-25,541 cal. BP (at 25)). This date on moss suggests that,
contrary to Vorren et al. (2015), Alm’s pre-22.0 k cal. BP dates cannot be dismissed just
because they were bulk dates on gyttja. This strongly suggests that a lake existed, and the
basin was deglaciated, at least in part of the @vre ZArsasvatnet basin, in the later part of GS-3
from ca. 26.7 k cal. BP; the oldest sediments, however, have been disturbed, probably during

or very soon after deposition.

The scatter of ages in the lowermost part of the core requires explanation. Since samples were
all individual terrestrial macrofossils and their ages are old, recent contamination is highly
unlikely, but they could reflect re-worked material. If this is the case, it requires a local
terrestrial source during sediment deposition, which implies a lack of glacial cover
somewhere in the basin. The most parsimonious explanation is that the dates, the basal
bathymetry, sediment depths and stratigraphic disturbance indicate the partial presence of ice
in the lake during GS3-GS2 (27.5-17.2 k cal. BP), a situation that is highly likely given the

location of the site adjacent to the postulated ice marginal limits (Vorren et al., 2015).
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The new complete core (And-11, Fig. 4) is divided into 5 units, labelled U1 to US5, based on
lithology. In the most parsimonious correlation, And-8 covers only part of U2, while And-10
covers U1-U3. Unless otherwise stated, the results are coherent for the three cores. Based on
the combined dates of And-11 and And-8 the age interval of unit U2 can be estimated as ca.
23.2-17.2 k cal. BP. The hiatus occurs between units U2 and U3, and the sediments from the
period ca. 17.2-16.2 k cal. BP are missing. The most important aspect of the lithology is the
occurrence at 1178-1017 cm depth (And-11) of a laminated gyttja that is markedly different
from typical glacial clays but was deposited during the LGM.

Geochemical analyses (C, N, '°N, '*C and XRF) were done on the And-11 core whereas LOI
was done on all three cores. The most striking feature in the geochemical analyses is the
exceptionally high organic content in these MIS2 sediments from ca. 23.2 k cal. BP onwards
(Figs. 2 and 4).

The results from the geochemical analyses reveal three major trends (Fig. 4): Firstly the
organic content and associated elements (LOI, C%, N%, C/N, *C, 1N, S, Cl and Ca) reach
high values in unit U2 and U3 (Fig. 4). All values, with exception of C/N and '*C, show a
distinct drop in the first half of U3, i.e. U3a. The LOI (60-70%, Figs. 2, 4) and C (~50%, Fig.
4) reflect rapid deposition of organic material, which is exceptionally high for MIS2. S, Cl
and Ca co-vary with the LOI and C%, with exception of an increase in Ca in unit USb.
Secondly, a contrasting trend is seen in K, Ti and Fe. In U1 to U4 these elements are
negatively correlated with the organic content, and they are interpreted as representing
material eroded from the catchment. The third trend is in Si. This element is also negatively
correlated with the organic content, but in contrast to K, Ti and Fe, it increases markedly in
US. This likely signifies erosion of base depleted soils (Boyle, 2007). Low LOI combined
with high K, Ti and Fe in U3-U4 indicate mineral soil depletion, suggesting at least

seasonally, temperatures above 0°C, limited soil formation and erosion.

The unusually high values of §'*C (-16 to -11) and § "*N (18 to 22) in units U2 and U3b (Fig.
5) indicate that the organic material is derived from a high trophic level and it is well outside
the normal values for temperate, boreal or arctic lakes (Gasiorowski and Sienkiewicz, 2013;
Osburn et al., 2019; Thompson et al., 2018). Combined with the other elements this confirms
that most of the organic material is derived from sea-bird faeces (guano) a suggestion

originally made by Alm (1993). The C/N ratio is interpreted as reflecting this preservation of
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organic matter with moderately high N prior a reduction of both elements in the Late Glacial

and into the early Holocene.

4.3 Ancient DNA record

From 74 samples we obtained in total 22,888,821 raw reads, of which 1,707,668 reads of 45
sequences passed the filtering criteria of our pipeline (Supplementary Table S3). Two
sequences matching Vaccinium myrtillus/vitis-idaea and three matching Ranuculus reptans
were assumed homopolymer variants, and only the most frequent sequence was kept. Also
two sequences matching pine (Pinus) were found. Pinusl was found in 19 samples (3.1% of
the repeats of all samples) whereas Pinus2 was only found in six PCR repeats at 894 cm depth
in core And-11. The following taxa were found in negative controls after filtering pipeline:
spruce (Picea, one repeat in each of three negative controls from sampling and extraction),
and one PCR repeat of each of Betula, Pinusl, Poaceae and Brassicaceae. The frequency of
PCR repeats of these taxa was lower in samples than in negative controls for Picea (0.83) and
Brassicaceae (0.26), and these taxa were therefore excluded, whereas the frequency of Pinus!
and Betula were 2.7 and 4.6 times higher in samples than in negative controls, respectively,
and therefore kept in the dataset (Table S4). All 39 taxa, including negative controls, are
presented in Supplementary Table S4, whereas the 37 assumed true positive taxa are included
in Figs. 7-8. All taxa were found in core And-11. Cores And-8 and And-10 contained each
eight taxa (Supplementary Table S4). The majority of the taxa were identified to a taxonomic

level that allowed classification according to bioclimatic zones (Supplementary Table S5).

The diversity was generally low in samples older than 12.7 k cal. BP, with 0-5 taxa per
sample, but it increased to 13-22 taxa in more recent samples. The highest read abundances
were found for Pinus, Ceratophyllum demersum, Myriophyllum alterniflorum, Poaceae, and
the algae Nannochloropsis spp (all > 90,000 reads). However, a more conservative estimate of
DNA quantity is the number of PCR repeats, and here Nannochloropsis gaditana and
Nannochloropsis sp. were by far the most dominant with 307 and 301 repeats, respectively,
compared to 41 of Caltha palustris, 40 Myriophyllum alterniflorum, 39 Poaceae, and 37 PCR

repeats of Betula.

4.4 Pollen record
In total 60 pollen and spore types were identified in the 19 samples (see raw pollen and spore

count in Supplementary Table S6). As is typical with cold-period spectra, the concentrations
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were low - ranging from 12,500 to 67 grains cm®. No pollen was found in the basal diamicton.
Also, three samples contained only 1-3 pollen grains and only in the three uppermost samples,
more than 75 pollen grains were identified. There were less than 5 taxa in each sample older
than 14.2 k cal. BP and up to 29 in each sample from 12.7 k cal. BP and more recent. The
most common taxa were Pteropsida (496), Poaceae (303), Betula-tree type (165), and
Gymnocarpium dryopteris (120). We tentatively classified 46 of them to bioclimatic zones
(Supplementary Table S5). The conventional pollen diagram shows a typical increase in
richness and thermophilous types from U2-3 into U4-5 (Supplementary Fig. S1). This is also

reflected in the pollen concentration rates.

4.5 Macrofossils record

The 44 macrofossil samples included 503 records of 19 taxa/types of vascular plants,
bryophytes, insect fragments, Daphnia ephippia and Chara oospores, with taxa mostly
identified to species or genus level (raw counts in Supplementary Table S7). For the majority
of samples, 0-3 taxa of vascular plants were found, with 4-6 taxa for the three topmost
samples. Bryophytes were found in all samples (mostly with <50 fragments) and insect
fragments in all except the lowermost (>1000 in many samples). Other abundant types of
macrofossil were Poaceae (148 seeds), Papaver (110 seeds), and Brassicaceae Draba-type (15
seeds). There was a clear turnover in the macrofossil record from a dominance of Papaver,
Poaceae and Brassicaceae until 14.2 k cal. BP, to Salix and Saxifraga to around 10.5 k cal. BP

when Betula and aquatic dominated (Supplementary Fig. S2).

4.6 Combined vegetation zones

The CONISS analyses suggested five periods for each of DNA, pollen and macrofossils, but
zone boundaries differed in age/depth (Fig. 6). The only boundary identified in all three
proxies, and also in the lithology, was at ca. 1018 cm depth (14.2 k cal. BP, range 13.9-14.6 k
cal. BP). This is close to what is generally seen as the end of GS-2.1a (14.7 k cal. BP,
Rasmussen et al. 2014), so we use this as a major boundary. Zonation before 14.2 cal. BP is
based on few taxa in each of the records and thus not robust. Therefore, we keep this as one
zone. After 14.2 k cal. BP, there is a step-wise zonation with first a boundary in macrofossils
around 12.8, pollen at 11.7 and 10.7, and then DNA at 9.7 k cal. BP (Fig. 6). Below, we
discuss the two major zones and their minor zonation. Cores And-8 and And-10 are both

within zone 1.
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4.7 Zone 1 DNA, pollen and macrofossils 24.0-14.2 cal. BP (1182-1018 c¢m)

The number of taxa found per sample was low for DNA (1-4), pollen (1-4), and macrofossil
(2-6, Fig. 7). Poaceae is a common taxon in all three proxies with concentration of 67-1900
and 1-22 in the pollen and macrofossil records, respectively. Papaver was recorded in all
three proxies, but mostly as macrofossils where it was found in all samples with concentration
of 1-11 seeds per cm®. Poaceae and Papaver were also recorded in And-8 and And-10
(Supplementary Tables S4). Brassicaceae (Draba type) was found in about half of the pollen
and macrofossil samples, whereas the one record in DNA was filtered out (see above and
Supplementary Table S4). Bryophytes were found in all macrofossil samples. Although they
are regularly detected in aDNA studies and were found in four younger samples at this site,
they were not detected in aDNA samples <14.2 k cal. BP. This may be because the DNA
record was “swamped” by algae (Nannochloropsis sp., N. gaditana, and for one sample in

And-8 also N. granulata).

Pinus DNA was found in three sample of core And-11 (Fig. 7) and one and two samples in
And-8 and And-10, respectively (Supplementary Table S4). It was also found as single grains
in each of two pollen samples (Supplementary Table S6), but not the same as the DNA record
(Fig. 7). Salix was found in a single DNA sample (And-10, Supplementary Table S4) and as
one pollen grain (Fig. 7). Other woody taxa recorded were Betula-tree type (single grain),
Quercus (single grain in two samples), and Sorbus (uppermost DNA samples of this zone).
DNA of Apiaceae (most likely Angelica archangelica) was found in all three cores (few PCR
repeats). Single records were also found of Aster sect. Aster (pollen), Potentilla (pollen),
Potamogeton cf. grammineus/alpinus (DNA) and a macrofossil of cf. Alchemilla alpina (Fig.
7, Supplementary Tables S4, S6, and S7). The number of Nannochloropsis repeats drops
between 16.2-15.2 k cal. BP, which is also when the sediments show a drop in LOL, C and N
isotopes (Fig. 4-5).

Insect fragments are found in all except the lowermost samples and increase from around 15.5
k cal. BP. Also from ca. 15.0 k cal. BP, Daphnia ephippia rapidly become abundant (Fig. 7).
Although generally eurythermal, most Daphnia species require a minimum water temperature
of 10°C (Clare 2001). A bone identified to little auk (4//e alle) was found at 1178 cm in And-
8 (ca. 22.2-21.0 k cal. BP), and a similar bird bone was found at 1004 cm in And-10.

4.10 Zone 2 DNA, pollen and macrofossils 14.2-8.2 k cal. BP (1018- 850 cm)
15
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Pinus is still scattered in both DNA and pollen record, and sometimes in the same samples
(Fig. 8). Salix becomes common, first in macrofossils from around 14.2 k cal. BP, and soon
after in pollen and DNA (Fig. 8a). Note that there are no samples analysed for pollen and
macros in the top sediments (Fig. 6), so Salix probably remains common throughout the
period as seen in the DNA record. Poaceae is still common in DNA and pollen, but almost
disappears in macrofossils (only 2 single seeds after 14.7 k cal. BP). Also, Papaver and
Brassicaceae (Draba type) almost disappear. On the contrary, some new forbs appear, e.g.
Oxyria (pollen), Ranuculus glacialis (pollen), and Saxifraga spp. (pollen and macrofossils),
suggesting an arctic tundra flora (Fig. 8b). Salix was not identified to species, but given the
other species in the assemblage, it likely represents dwarf shrubs such as S. herbacea, S.
polaris, and/or S. reticulata. Salix is rare in bioclimatic zone A, the Polar Desert Zone
(Walker et al., 2005), so conditions must have been warmer than that. The pollen assemblage
also includes some more “southern” forbs such as Artemisia (common in low-arctic tundra but
potentially long-distant dispersed) and the boreal taxa Rumex and Ranuculus acris from

around 13.2 k cal. BP, suggesting an increase in temperature around that time.

Nannochloropsis taxa show a clear drop from 14.2 k cal. BP, with only scattered occurrence
after this time, whereas Chara oospores occur in every macrofossil sample from 12.2 k cal.

BP upward 9.5 k cal. BP. This suggests a limnological change.

From 12.9-12.8 k cal. BP, there is a short-lived appearance of several bryophyte taxa in the
DNA, reflected also in higher abundance of bryophyte macrofossils (Fig. 8c), and a band of
bryophytes in the lithology (U4b; Figs. 4 and 6). The single pollen sample from this interval
shows a drop in pollen concentration (Table S6). Soon after, Apiaceae re-appears, as well as
new taxa with current distribution north to the Low Arctic Tundra Zone such as Thalictrum,
Caryophyllaceae (4Arenaria type), Betula nana and Gentianella, suggesting a transition to

Low Arctic or Shrub Tundra.

From 11.7 k cal. BP the onset of the Holocene, the first ferns occur, whereas a larger change
is from around 10.7 k cal. BP, when Betula is common in all three proxies and identified to
Betula tree type in pollen. At the same time, Filipendula ulmaria appears in all three proxies,
along with many ferns suggesting a tall shrub birch forest. Also the aquatic flora is rich, as

seen by the abrupt appearance of a range of aquatic taxa: Calta palustris, Isoetes, Menyanthes
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trifoliata, Myriophyllum alterniflorum, Potamogeton spp., Sparganium and Subularia

aquatica (Fig. 8c).

Pinus is found scattered in both pollen and DNA, with the highest concentration around 12.1
to 10.0 k cal. BP (Fig. 8a). Picea is also found in a total of 7 of the 23 DNA samples covering
the period after 14.2 k cal. BP (Supplementary Table S4), but note that we suspect these might

be false positives.

4.13 Synthesis of Andeya plant and animal record >14.7 cal. BP

When taken together the DNA, macrofossils and pollen show that the environment was
botanically rich. In total 94 vascular plant taxa have been recorded from studies of pollen
(77), macrofossils (19) and aDNA (9) and a megafossil of Betula pubescens from nearby
Stavdalen (ca. 20.4 k cal. BP, Kullman 2006) (Supplementary Table S2, S8). The largest
quantities both in this and previous records are of Poaceae, followed by Brassicaceae and
Papaver. Poaceae may potentially include Bromus, Festuca, Phippsia algida and Puccinellia.
Brassicaceae may include Braya-type, Cardamine nymannii, Cochlearia, and Draba-type.
Vorren (1978) notes that the pollen indicates two different taxa of Papaver, whereas Alm and
Birks (1991) note that the variation within Papaver seeds falls within P. radicatum s.lat. At
least 38% of all recorded taxa have a current northern limit in the shrub tundra and
southwards (July temperatures 10-12°C, Supplementary Table S2). However, we note that the
majority of these are only found as occasional pollen types and may represent long-distance
pollen. However, also some taxa found in the macrofossil and/or DNA record have their
currently northern limit in the Shrub Tundra or Boreal Zone (Table 3, Supplementary Table
S2).

Further taxa identified during the LGM and early late glacial include caddisflies and
chironomids (23.5 k cal. BP, @vre Eréasvatnet, (Solem and Alm, 1994); Nedre Arsavatn —
mainly 16.9 k cal. BP onwards (Alm and Willassen, 1993), Endletvatn, 22-14.7 k cal. BP
(Elverland and Alm 2012), and the beetle Diernerella filum (ca. 18-17 and 15.5 k cal. BP,
Endletvatn, Elverland and Alm 2012). The records of taxa indicating warmer conditions
largely coincide with periods of higher pollen and macrofossil concentrations (Alm, 1993;
Parducci et al., 2012a). The caddisfly Apatania zonella is a continental species with a
distribution extending east of the LGM limit to the Urals (Fauna Europaea) although it could
have survived the LGM at Andeya (Solem and Alm, 1994). Dienerella is cosmopolitan genus,
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with its current Norwegian distribution restricted to a few sites in the south and one in the
north. It is associated with rotting wood and musty fruit bodies of soil fungi, but it is also

found in arctic tundra (Elverland and Alm 2012, https://www.artsdatabanken.no/).

Furthermore, there are records of little auk dated ca. 20-15 k cal. BP (Alm and Elverland,
2012), eider duck (Somateria sp.) ca. 17.3 k cal. BP (Vorren et al., 1988), and stoat (Mustela
ermine) in the interval 20.1-21.4 k cal. BP (Endletvatn, (Fjellberg, 1978), re-dated by (Vorren
et al., 2013)).

5. Discussion

5.1 The LGM and Glaciation of Andeya

Our new dates confirm that @vre ZFrasvatnet contains sediments older than 22 k cal. BP and
add another date that is over 26 k cal. BP. The earliest period of sedimentation, which
corresponds to the later part of GS-3, is disturbed, probably due to ice and the lake’s location
at the glacial margin. However, these new dates confirm that the north tip of Andeya cannot
have been glaciated after ca. 26 k cal. BP. This is also in agreement with three cosmogenic
dates from Store Arasen (105 m a.s.l.; (Nesje et al., 2007)) which is adjacent to the lake (Fig.
1). Although the cosmogenic data are cited in Vorren et al. (2013), the authors suggested that
the dates do not exclude non-erosive, cold-based glacial ice. However, our data showing an
open lake with surrounding vegetation and a bird cliff does. Vorren et al. (2013) also regard
the earlier pre-20 k cal. BP dates of Alm (1993) as potential due to reworking. Given the
radiocarbon dates provided here, 7 of which pre-date 20 k cal. BP, all based on macrofossils,
reworking seems even more unlikely as does the presence of cold-based glacial ice after 26 k
cal. BP. The complex bathymetry and disturbance of the basal sediments in @vre ZArasvatnet
prior to 16 k cal. BP suggest ice melt within the lake, as has been observed on the floor of
glaciated lakes in southern Norway (Eilertsen et al., 2016), or paraglacial disturbance
(Ballantyne, 2002). These dates therefore constrain the ice at the LGM on this northern tip of
Andpya to a brief period after the Alesund Interstadial (38-35 k cal. BP; (Mangarud et al.,
1981)) to 26 k cal. BP, or, as suggested by (Mangerud, 2003), the existence throughout the
last glacial cycle of an unglaciated refugium that included Royken and adjacent peaks on
northern Andeya. This also has implications for the local glacial sequence. Either the

outermost Egga | moraine is earlier than ca. 26 k cal. BP, as originally argued by Vorren and
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Plassen (2002) or it is possible that it represents a terminal moraine of a glacier in Andfjorden,
the surface of which was just below @vre Arasvatnet. This is possible, as the Egga I moraine
lies at -240 to -250 m b.s.1. and cannot be linked to an outer moraine further to the south, due
to the presence of the Andeya canyon. However, it also follows that ice depositing Egga 2
cannot have covered the lake, and the only correlative moraines on the tip of Andeya
(Kjelhaug, Endleten, and off shore, Bleik) are all to the east and below @vre Zrasvatnet (Fig.
1). It therefore appears that during the LGM a very small area of Andeya, including @vre
Zrasvatnet, was an ice-free island bounded to the north by ocean (ice or water depending on
season), to the east by the edge of the ice sheet, and protected to the south and west by

nunataks.

Given the finds in the Sunnmere caves of little auk, other seabirds, fox and reindeer (Larsen et
al., 1987), the data now available, suggest that an ice-free corridor existed along the outer
islands of Norway, with most areas being overrun during the LGM after 26 k cal. BP, except a
small part of northern Andeya. In addition to the proximity of the continental shelf edge it is
likely that a polynya existed here, as has been suggested for an apparent MIS 2 ice-free area
off Svalbard (van der Bilt and Lane, 2019); this would be a critical asset for the large sea bird

population suggested by our data.

5.2 Does sedaDNA of pine and spruce derive from locally growing trees?

Just as in the study of the nearby lake Endletvatn (Parducci et al., 2012b), DNA of pine and
spruce was recorded. For the conifer DNA in Endletvatn, local growth was suggested, but
alternative sources such as driftwood, reworked older material, DNA leaching, or pollen
origin were discussed as well (Birks et al., 2012; Parducci et al., 2012a; Parducci et al.,
2012b). Studies since then indicate that DNA leaching is not a problem (Clarke et al., 2019;
Sjogren et al., 2017), as also confirmed by the high number of taxa observed in the Holocene
layers, of which very few were recorded in samples older than 14.2 k cal. BP (Fig. 8).
Similarly, pollen is not a likely source of chloroplast sedaDNA (Niemeyer et al., 2017,
Parducci et al., 2017; Sjogren et al., 2017), but we are aware that there is less empirical
evidence showing this for gymnosperms, where chloroplast is paternally inherited. However,
as only few pine pollen grains were found, and these occurred in DNA samples with no pine,
pollen is not a likely source of our pine and spruce DNA. The likelihood of driftwood is low
at @vre Arasvatnet, which lies at a higher elevation and in which only lacustrine sediments

have been recorded. Furthermore, if driftwood were the source, we would expect to see a
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higher frequency of conifer DNA around 20.5 k cal. BP, when the nearby Endletvatn was
transgressed by sea for a short period (Vorren et al., 2013; Vorren et al., 1988). In line with
previous interpretation (Alm, 1993), our new dates and palaeorecord do not indicate any signs
of reworked material. Thus, of all the suggested sources, we think we can rule out driftwood,
pollen, leaching and reworked material. This leaves contamination or local growth as

explanations.

In the previous record, contamination was not thought to be a source of the DNA as the result
had been repeated in two sediment cores and three independent laboratories (Parducci et al.,
2012a; Parducci et al., 2012b). Compared to that study, we have improved all parts of the
methods (extraction protocol, negative controls at all steps, running eight rather than one
PCR, unique tagging to minimize tag jumps, sequencing, and bioinformatics). Nevertheless,
for low-frequency sequences, it is often impossible to distinguish between true and false
positives (Alsos et al., 2018; Ficetola et al., 2015; Zinger et al., 2019). When comparing
sedaDNA with local vegetation, a trade-off exists between retaining the true positive (true,
according to the vegetation) and removal of the false positives. In a recent study of modern
vegetation-DNA relationships, strict cut-off levels that removed the majority of false positives

also removed 33% of the true positives (Alsos et al., 2018).

For ancient DNA studies, the issue of true and false positives is more challenging, due to
difficulties in finding independent proxies that allow their identification. Authentication of
ancient DNA via ancient damage patterns is one possibility, and this was tried. However,
shotgun sequencing of two samples from Lake @vre Arasvatnet did not identify sufficient
pine and spruce for aDNA damage pattern analysis (Lammers et al. In prep.). In other studies,
scattered DNA records have been confirmed by macrofossils, for example, Arabis alpina in
Svalbard (Alsos et al., 2016). Pine and spruce DNA are especially challenging, as they, like
common food plants, can be part of background contamination potential due to wood or paper
labels where the reagent are produced (Boessenkool et al., 2014; Clarke et al., 2018). In our
laboratory, pine and spruce were detected in 1.62% (SD=1.08, range 0-2.50%) and 1.99%
(SD=2.52, range 0-6.25), respectively, of the negative control PCR repeats (n=1360 PCR
repeats of 170 negative control samples), for samples processed in the same period as this
study. Thus, the frequency of pine (3.3%) is marginally above the range of background
contamination in our lab, whereas the frequency of spruce (3.1%) in the three Qvre

Arésvannet samples was within that range, meaning that the DNA record is not robust in the
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face of contamination. We note, however, that even low frequencies of spruce DNA may
represent true positives, as a recent discovery of sedimentary ancient DNA in samples from
the Polar Urals dated to ca. 21.0 and 18.0 k cal. BP (Clarke et al., 2019) has been confirmed
by finds of two Picea abies stomata dated to ca. 20.4 and 18.8 k cal. BP (Anne Bjune pers.

comm. 2019.). Clearly, there is more to learn about glacial survival of tree species.

As of the spruce record dated 10.3-6.3 k cal. BP found at Lake Rundtjerna, about 700 km
further south (Parducci et al., 2012b), no new samples have been analysed from that region.
However, as that study was based on a different DNA method that specifically targeted
conifers and was focused on sediments that were considerably younger and closer in age to
finds of megafossils in that region, there is no strong reason to reject the Rundtjerna spruce

record.

5.3 The LGM and Late Glacial environment: a productivity hotspot?

The stable §'*C /3'°N values from the lower units of And-11 (U2-U3b) are highly unusual for
lake sediments and indicate a marine nutrient source and high trophic level. An explanation
for these anomalous values comes from the discovery of bones of little auk at this point in the
core and at ca. 21.6 k cal. BP, which is within the period where numerous little auk bones
were found at Endletvatn (ca. 20-15 k cal. BP, Elverland and Alm 2012), as well as bones of
eider duck (Somateria sp.) at ca. 17.3 k cal. BP (Vorren et al., 1988). The occurrence of
ground-nesting birds is further supported by the discovery of bones of stoat (Mustela erminea)
at Endletvatn in the interval 20.1-21.4 k cal. BP (Fjellberg, 1978, re-dated by Vorren et al.,
2013). Profundal sediments from high-arctic lakes in NW Greenland affected by marine-
derived nutrients from little auk colonies show a 10-fold increase in §'°N values over other
sites (8'°N 20.7 + 2.4 SD), together with values for aquatic moss of 17.3 + 5.8 and benthic
algae of 17.9 + 8.8 (Gonzalez-Bergonzoni et al., 2017); these are similar to the 8'°N values of
unit U2 (23.2-17.2 k cal. BP.) and unit U3b (15.1-14.2 ka cal. BP) at @vre ZErasvatnet. The
isotope data and the finds of little auk bones both in this study and by Alm and Elverland
(2012) strongly suggest a substantial sea-bird colony existed in the area, and it is likely the
lake and its surroundings were heavily manured. Furthermore, the bryophyte Syntrichia
ruralis prefers alkaline substrates and high nitrogen (Vorren et al., 2013,

http://www .arcticatlas.org). It has been estimated that marine derived nutrients from little auk
colonies underpins more than 85% of terrestrial and aquatic biomass in affected areas

(Gonzalez-Bergonzoni et al., 2017). Such an increase in nutrient input would also greatly
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increase primary production, which fits with the unusually high organic content of the

sediments for LGM and the dominance of the algae Nannochloropsis in the sedaDNA record.

Our DNA, pollen and macrofossil record for the period 24-14.2 k cal. BP was relatively
species-poor and dominated by very few taxa (Poaceae, Brassicaceae, and Papaver). Neither
fossil pollen assemblages nor modern plant communities provide close analogues. The
modern Arctic vegetation unit B1 (cryptogam-herb barren) of the Circumpolar Arctic
vegetation map (Walker et al., 2005) is most similar, but fossil pollen, sedaDNA and
macrofossil records from the northernmost bioclimatic zones show a diversity in the flora
rather than dominance by these three taxa (e.g. (Alsos et al., 2016; Bennike, 1999; Bennike
and Hedenis, 1995; Birks, 1991; Hyvérinen, 1970). In our records, the high abundance of
Papaver probably reflects a relative lack of competition (Modin, 2016) combined with the
availability of favourable habitats, such as screes and gravel bed channesl. In the Arctic, high
values of Brassicaceae pollen are found in association with bird-manured soils (Rozema et al.,
2006; van der Knaap, 1988). Bird—manured arctic vegetation, combined with disturbed
ground habitats in other parts of the catchment, may thus be the closest modern analogue to

the LGM vegetation on Andeya.

The four phases of warmer temperature that have been observed in previous studies (Table 3,
(Alm, 1993; Alm and Birks, 1991; Elverland and Alm, 2012; Vorren et al., 2013; Vorren et
al., 1988)), are not pronounced in the current record (Fig. 7). The high percentages of algae
may have masked the occurrence of terrestrial taxa in the DNA record, as has also been
inferred based on modern studies (Alsos et al., 2018). The species-poor pollen and
macrofossil record in the current study may be due to less extensive analyses (fewer samples,
less pollen counted) than in previous studies, although counting more would not have
increased the pollen or macrofossil concentrations. If we assume that the DNA records of
Picea and Pinus are due to contamination and that pollen of Betula and Quercus is exotic, the
only thermophilic species prior to 16 k cal. BP in the current record is Apiaceae. The
sequence has 100% match to several species of Angelica and Heracleum, as well as
Conioselinum tataricum and Podistera macounii. Based on current biogeography and
northern limits of these taxa, the sequence most likely represents Angelica archangelica, a
species that can reach high abundances along bird cliffs today (Grenlie, 1948) and that has its
current northernmost limit in the Low Arctic Tundra (8-9°C July temperature) were it is

frequent (Elven et al., 2011). We note that the occurrence of Apiaceae is within the Andeya
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thermomer 2 (Table 3), concurrent with Endletvatn DNA record (Parducci et al., 2012b), and
within the period of high nitrogen and carbon isotope values (Figs. 4-5) and high insolation
values (Berger and Loutre, 1991; Hughes et al., 2013). This is the period with strongest
evidence of climate amelioration, with the occurrence of several macrofossils with thermal
limit at around 8°C (Elverland and Alm, 2012; Kullman, 2006; Vorren, 1978) and Urtica
dioica which is rare in the Shrub Tundra (10-12°C) and common in the Boreal Zone (Elven et

al., 2011; Parducci et al., 2012b).

A few more thermophilic taxa occur in our record from 15.8-14.2 k cal. BP. We note that
these are species that are either common beneath bird cliffs (cf. Alchemilla alpine, Angelica
archangelica) and/or easily dispersed by birds (Potamogeton, Sorbus aucuparia), and their
occurrence is within lithological unit U3b that is rich in nitrogen and carbon (Figs. 4-5). Both
Sorbus aucuparia and Potamogeton are common north to the boreal zone (>12°C), but with
scattered occurrence in Shrub Tundra (10-12°C). For the same period, Vorren (1978) inferred
an oceanic climate with a temperature above 10° based on macrofossils of Sphagnum
papillosum as well as pollen of Apiaceae and cf. Melampyrium, an observation he later
disregarded as likely contamination or reworked material (Vorren et al., 2013). We note that
the period Vorren et al. (2013) recorded high frequency of the arctic/alpine bryophyte
Aulacomnium turgidum, ca 16.6-17.5 k cal. BP, falls within the hiatus in our core. Our core
may therefore not cover the coldest period. However, the earlier record of Apiaceae pollen
(Vorren, 1978) was confirmed by our Apiaceae DNA. This, as well as our other new record
and review of previous records, strongly suggest at least shorter periods with July

temperatures up to 10°C.

High nutrient input from birds may compensate for low temperatures (Gonzalez-Bergonzoni
et al., 2017). In addition, the southeast-facing slope of ZErasen, which is the closest likely site
for such a bird cliff (Fig. 2), could have provided favourable microclimate as south-facing
slopes maximize sun exposure in the Arctic (Armbruster et al., 2007). Many bird cliffs in the
Arctic today are south-facing, highly productive environments with rare species
(svalbardflora.no). In addition, birds may also facilitate long-distance dispersal (Alsos et al.,
2015). Thus, the combination of south-facing slope, nutrient input, and bird dispersal may
have facilitated the presence of unusual (azonal) plant assemblages and allowed plants to

grow beyond their normal temperature limit.
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Picea and Pinus are currently scattered and rare, respectively, in Shrub Tundra (10-12°C)
(Elven et al., 2011). Picea abies has been reported to survive and occasionally even to
produce viable seeds at mean July-August temperatures down to 5°C (Kullman, 2002) and
seeds of both Pinus sylvestris and Picea abies germinate and may even have increased
seedling survival above current treeline (Bougnounou et al., 2018). Nutrient-rich, south-facing
slopes, cliffs providing wind protection, and enhanced summer degree-day sums related to
local topography, could have been relatively favourable localities for tree establishment, at
least during the warmest phases of LGM. Thus, the environmental conditions based on the
entire available evidence does not exclude local growth of Picea and Pinus, at least during

short warm phases, whereas in sifu survival during the entire LGM seems unlikely.

5.4 Enrichment of the flora from 14.2 k cal. BP

The stepwise increase in floristic richness from 14.2 k cal. BP has also been observed in other
records from the same lake and neighbouring lakes (Fig. 1), as well as other lakes studied in
the region (Aarnes et al., 2012; Birks et al., 2014), and it represents the transition first to shrub
tundra and then birch forest. The DNA record is especially rich in aquatic macrophytes and
spore plants, including taxa not recorded in previous pollen or macrofossil records from the
site, showing that this proxy may contribute to new knowledge even at one of the most

studied palaeosites in NW Europe.

5.5 Glacial survival of plant taxa on Andeya

The presence of a Papaver seed in the lowermost sampled diamicton (ca. 26.7 k cal. BP)
indicates that Papaver may have survived the last glaciation in situ, supporting the conclusion
of Alm and Birks (1991) for Papaver radicatum. This is a genetically diverse genus, and the
existence of a separate genetic group of P. radicatum in northern Norway (Solstad, 2009) also
supports the glacial survival hypothesis (Brochmann et al., 2003). That hardy taxa such as
Papaver could have persisted through both cold and warmer phases of the last glacial period
on Andeya is not particularly controversial. Other arctic or low arctic species may have
survived dormant as seeds or other propagules frozen in the ground, which is also a form of
survival. The scattered record of more thermophilous plant species both in this and in
previous records, may indicate short-term presence, which seems more likely now that we

understand the high nutrient conditions supplied by the bird cliff.
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The youngest record we have of Papaver is 12.0 k cal. BP, and it is not found in the region

today https://www.artsdatabanken.no/, thus this taxon did not survive the Holocene warming
at the site. In contrast to a site in the Polar Urals, where the arctic-alpine species were reduced
but mainly appeared resilient to expansion of shrubs and trees (Clarke et al., 2019), Andeya

does not provide a warm-stage refugia for high-arctic species.

6. Conclusions

Our new records from three cores in @Jvre Arasvatnet confirm that northern Andeya was ice-
free from at least 23.4 k cal. BP and probably earlier (26.7 k cal. BP), as previously suggested
by Alm (1993). When combined with higher Northern Hemisphere insolation after 24 k cal.
BP, local conditions were ideal for populations of cliff-nesting seabirds. This is reflected in
the @vre Arasvatnet stratigraphy and most clearly in stable isotope values, along with further
discoveries of auk bones. The presence of thermophilous taxa in sedaDNA and macrofossils
indicate at least short periods of Low Arctic Tundra condition (July mean up to 8-9°C) and
possibly Shrub Tundra conditions (July mean 10-12°C) in the period 24-14.2 k cal. BP. We
did record Pinus and Picea DNA, but the frequency was so low that it could not be
distinguished from background contamination. Several recorded species have climate limits
similar to those of Pinus and Picea. Based on this, and the local high-nutrient input, we
conclude that environmental conditions, at least temporarily, would not exclude growth of
pine and spruce, but we provide no firm evidence for this. It is clear that in northern Andoya a
combination of proximity to warm oceanic water, coastal nunataks and sea-bird colony
produced an environmental ‘hotspot’ at the edge of the Eurasian Ice sheet, which is unlikely
to have been unique. While such environmental analogues do not occur today near the edge of
ice sheets, these conditions may be realized in the near future with rapid ice-sheet retreat,

ecological range changes and human-aided plant dispersal.
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1164  Fig. 1. The island of Andeya showing the coring site at lake @vre ZErasvatnet. The ice limit is

1165  drawn according to Hughes et al. 2016. Coring sites are marked with stars. Numbers mark
1166  previous investigations: 1) Alm, 1993; 2) Vorren et al., 1988; Birks and Alm, 1991; 3)

1167  Vorren, 1978; Elverland and Alm, 2012; Parducci et al., 2012b; Vorren et al., 2013; 4) Vorren
1168  and Alm 1999.
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1170  Fig. 2. Correlation among core And-11 (main core) and the shorter cores And-8 and And-10.

1171 The alignment is based on dates and allows a depth and stratigraphy match between And-8 vs.
1172 And-11. It is not possible to correlate And-10 precisely with the other two cores. Line graphs
1173 show Loss on Ignition (LOI).
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1175  Fig. 3. Age-depth model for core And-11 from @Qvre ZErdscvatnet, Andeya, Norway. The
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1181  Fig. 4. Sediment properties of the core And-11 from Ovre Arasvatnet, Andeya, Norway.

1182  Lithostratigraphic units U1-U5 are marked. The data are shown on a depth scale, with the age
1183  shown for unit boundaries. Selected elements of XRF analyses are shown as a ratio with Ti,

1184  and values above the mean are shown in black.
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1201  Fig. 7. Ancient sediment DNA, pollen and macrofossils recorded in core And-11 from Ovre

1202  Arasvatnet (Andeya, Norway) from 14,200 cal. BP to 23,500 cal. BP. DNA data are

1203 presented as proportion out of 8 PCR repeats, whereas macrofossils and pollen as presented as
1204  concentrations per 50 cc, respectively. Note that the x-axes are scaled according to occurrence
1205  within each taxa and proxy; DNA data are all scaled to 1. Colour codes are according to

1206  northernmost bioclimatic subzone where the taxa is frequent (see methods).
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1216

Fig.8. Ancient sediment DNA, pollen and macrofossils recorded in core And-11 from @vre
Aréasvatnet (Andeya, Norway) from 8,000 cal. BP to 23,500 cal. BP. DNA data are presented
as proportion out of 8 PCR repeats, whereas macrofossils and pollen as presented as seed and
grains per 50 cm®, respectively. Note that the x-axes are scaled according to occurrence within
each taxa and proxy; DNA data are all scaled to 1. Colour codes indicate northernmost

bioclimatic subzone where the taxa is frequent (see methods and Fig. 7).

44



1217 Supplementary figures

Unit
us
us
u4

Usb

U3a
u2
u

200 300

100

Analysts: Aage Paus, Catherine Langdon

mmmmmmm mmm o e e
1200

408040 40400 600 808080 800 1000 4040402001200 4040408040400 40 40300 40400 2000

-
momom o

M fm o mom o fen

&

@ @
RN
12} I

&

I

m

S
Ny
=
[y
0

3000

e

a

N

{D\.

&
& N
—_
[

. 400 40 400 4080 6000 40 1000 400 800

9
3
[ e R A )

Lithology

900
920
940
960
980

10204

10404

10604

10804

11004

11204

11404

1160

11804

12004

@vre AErasvatnet, Andgya, Norway

Pollen concentration diagram (grains / cm3)

1218
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Fig. S2. Macrofossil diagram for And-11. Macrofossils are given as concentration if not

otherwise noted. Macrofossil of leaf fragments of Salix and Betula which are given as

few (1-50

abundant (>1000 fragments).

presence/absence. Insects, Daphnia, Chara and bryophytes are given as 1

common (50-1000 fragments) and 3=

fragments), 2
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Environmental palacogenomic reconstruction of an Ice

Age algal population

Youri Lammers', Peter D. Heintzman', Inger Greve Alsos!

The Arctic University Museum of Norway, UiT - The Arctic University of Norway, Tromsg,

Norway

Abstract

Despite being located far north of the Scandinavian ice sheet extent, the coastal Norwegian
island of Andeya was partially unglaciated during the last glacial maximum (LGM). The
potential of this locality as a cryptic northern refugium has therefore been a focus of previous
palaeoecological studies based on analyses of lake sediment cores. Previous geochemical
studies have suggested that these sediments contain an abundance of algae, while
metabarcoding of sedimentary ancient DNA (sedaDNA) suggests that a major constituent of
this LGM algal community was Nannochloropsis, although species-level resolution could not
be determined. Given the inferred abundance of Nannochloropsis DNA in the sediment
record, together with a panel of available reference genomes, we used shotgun sequencing to
robustly identify which and how many Nannochloropsis species were present in two LGM
layers of the Lake Qvre Arasvatnet record. Both metagenomic analysis and mapping against
the reference genome panel confirmed that N. cf. limnetica was the dominant
Nannochloropsis taxon present. We then reconstructed full chloroplast (cp) and
mitochondrial (mt) genomes from the Nannochloropsis sequences and examined the
nucleotide variants present to examine within-lake population genetic variation within N. cf.
limnetica. At least two major haplogroups were present in both organellar genomes and occur
at similar ratios. These haplogroups are consistent, and their relative frequencies comparable,
between the two broadly coexisting samples, suggesting that the results are replicable. The
shotgun sequencing approach presented here demonstrates the potential of sedaDNA of

ancient environmental samples for population genetic analysis.
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phylogenetic analysis, population genetics

Introduction

Andoya, an island located in northwest Norway, was partially unglaciated during the last
glacial maximum (LGM, Figure 1) and has therefore been the focus of palacoecological study
(Vorren et al. 2015), especially for its potential as a cryptic northern refugium (Parducci ef al.
2012, Birks et al. 2012, Parducci et al. 2012). Lake sediment cores have been the main source
of palacoecological insights, including those taken from Lake Endletvatn (Vorren 1978,
Elverland and Alm 2012, Vorren et al. 2013), Lake Nedre Arasvatnet (Vorren et al. 1988,
Alm and Birks 1991, Parducci et al. 2012), and Lake @vre Arasvatnet (Alm 1993, Vorren et
al. 2013, Alsos et al. in prep.). These studies have reported the presence of an LGM Arctic
flora containing taxa such as Poaceae, Brassicaceae, and Papaver, along with macrofossils of
the Little Auk/dovekie (A/le alle). Furthermore, recent geochemical and DNA metabarcoding
analyses by Alsos ef al. (in prep.) indicate both the presence and an inferred high abundance
of the algae Nannochloropsis in LGM layers. Together with the high organic content of the
sediments, the presence and abundance of Nannochloropsis DNA suggests eutrophication of

Lake @vre Arasvatnet during the LGM and possible long-lasting algal blooms.

Nannochloropsis is a genus of unicellular microalgae in Family Eustigmatophyceae. All
species in the genus have relatively high lipid contents, making up to 50% of their cellular
weight (Su ef al. 2011, Radakovits et al. 2012), and are thus of interest as a potential source
of biofuels. As a result of this economic interest, six species in the genus have had their
organelle and nuclear genomes sequenced (Radakovits et al. 2012, Vieler et al. 2012, Wei et
al. 2013, Schwartz et al. 2018). In total, eight species have been described (Table 1), where
most species are known from marine environments, except N. limnetica, which is known
from freshwater or brackish habitats (Krienitz ez al. 2000, Fawley and Fawley 2007, Fietz et
al. 2005). The genus Nannochloropsis is cosmopolitan in its distribution, with the marine
species being reported from most oceans (Hibberd 1981, Karlson ez al. 1996, Suda et al.
2002). The freshwater/brackish N. limnetica also has a broad distribution and is known from
lakes from Central Europe (Krienitz et al. 2000), Lake Baikal (Fietz et al. 2005), North
Dakota, Minnesota and North Carolina (Andersen et al. 1998, Fawley and Fawley 2007) and
Antarctica (Karlov et al. 2017).
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Species of Nannochloropsis range in size from 2 to 6 um (Suda et al. 2002, Fietz et al. 2005)
and are problematic to identify due to a lack of defined morphological structures (Gladu et al.
1995, Andersen et al. 1998), which is in stark contrast to diatoms (Smol et al. 2004). Though
potential identification in palaecoecological records is possible due to their cell walls
containing a family of highly resistant aliphatic macromolecules called algaenans (Gelin et
al. 1997, Leeuw et al. 2005). Reliable identification to species level is possible with
molecular markers such as rbcL, 18S, or ITS2 (Andersen et al. 1998, Fawley and Fawley
2007, Kryvenda et al. 2018). Consequently, this genus can be identified from analysis of
sedimentary ancient DNA (sedaDNA) via metabarcoding of the 18S or #rnL p6 loop region or
through shotgun sequencing. Using these approaches, Nannochloropsis has been reported
from additional regions, such as Greenland (Epp et al. 2015), British Columbia and Alberta
(Pedersen et al. 2016), China (Li et al. 2016), and Svalbard (Voldstad et al. submitted).

SedaDNA is increasingly used to infer the taxonomic composition of past ecosystems
(Parducci et al. 2017). The most commonly applied method is DNA metabarcoding, which
allows for the targeting of particular groups of organisms with generic primers (Taberlet et al.
2012, Taberlet ez al. 2018). Although powerful, the ability to confidently identify sequences
is related to the completeness of reference databases and the length and variability of the
barcode targeted. For ancient DNA applications, short barcodes are necessarily targeted due
to small DNA fragment lengths, which can impede identification and exploration of genetic
variation (Priifer ez al. 2010). Additional shortcomings are that it is often difficult to
distinguish rare ancient from contaminating amplicons (Parducci ef al. 2017, Zinger et al.
2019) and that DNA damage patterns, used to authenticate ancient DNA (Briggs et al. 2007,
Skoglund et al. 2014), are effectively removed by the PCR. An alternative approach is
shotgun sequencing, which is non-targeting and therefore requires no prior knowledge of the
DNA sequences present. Although unbiased, the lack of targeting can result in most sequence
data being unidentified due to incomplete genomic reference databases (Pedersen ez al. 2016,
Stat et al. 2017). Shotgun sequenced data retain DNA damage patterns allowing for authentic
ancient DNA to be distinguished from modern contaminating sequence. With deep enough
sequencing, shotgun data can be used for genome reconstruction, which in turn allows for
robust phylogenetic reconstruction (Seersholm et al. 2016, Slon ef al. 2017), as well as the
potential exploration of population genetic variation in an environmental sample (Soe ef al.

2018).
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In this study, we shotgun sequenced two LGM sediment layers from Lake Qvre ZArésvatnet
that previous metabarcoding had shown to contain Nannochloropsis (Alsos et al. in prep.).
Although confidently identified to the genus, metabarcoding did not allow for finer scale
identification to species level, nor exploration of the potential within-lake Nannochloropsis
community through time. The depth of our shotgun sequence data, together with the
availability of a reference genome panel, allowed us to determine that Nannochloropsis
dominates the identifiable taxonomic profile of the LGM sediments from Andeya and that the
taxon likely to be present is N. cf. limnetica. We also show that it is possible to investigate
past genetic diversity from lake core sedaDNA samples, which, in this case, show no major

population genetic difference between the contemporaneous samples.

Material and methods

Site description, chronology, and sampling

A detailed description of the site, coring methods, age-depth model reconstruction, and
sampling strategy can be found in Alsos et al. (in prep.). Briefly, Lake @vre ZErdsvatnet is
located on Andeya, Northern Norway (69.25579°N, 16.03517°E) (Figure 1). In 2013, three
cores were collected from the deepest sediments, ANDS, AND10 and AND11. Macrofossil
remains from all three were dated and for AND8 and AND10, all dates were within the LGM.
For the longer core AND11, a Bayesian age-depth model allowed more precise estimate of
age of each layer (Alsos ef al. in prep.). In this study, we selected one sample from LGM
sediments from two different cores. According to the Bayesian age-depth model, sample
ANDI11 1102 was dated to a median age of 17,700 (range 20,200-16,500) cal a BP. Based on
an interpolated median date of two adjacent macrofossils, AND10_ 938 was dated to 19,500
cal a BP. As the second sample falls within the age range of the first sample, we interpreted

the samples as broadly contemporaneous.

Sampling, DNA extraction, library preparation, and sequencing

The two cores were subsampled at the selected layers for DNA extractions under clean
conditions, in a dedicated ancient DNA laboratory at the The Arctic University Museum in
Tromse, Norway. We extracted DNA from 15 g of sediment following the Taberlet
phosphate extraction protocol (Taberlet ef al. 2012). We shipped a 210 pL aliquot of the
DNA extract to the ancient DNA dedicated laboratories at the Centre for GeoGenetics,
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Copenhagen, for double-stranded DNA library construction. After concentrating the DNA
extract to 80 pL, half of the extract (40 uL, totalling between 31.7-36.0 ng of DNA) from
each of the two selected samples was converted to [llumina-compatible libraries using
established protocols (Pedersen et al. 2016). The number of indexing PCR cycles was
determined using qPCR and each sample was dual indexed. The libraries were then purified
using the AmpureBead protocol (Beckman Coulter, Indianapolis, IN, USA), adjusting the
volume ratio to 1:1.8 library:AmpureBeads, and quantified using a BioAnalyzer (Agilent,
Santa Clara, CA, USA). The indexed libraries were pooled equimolarly and sequenced on a

lane of the Illumina HiSeq 2500 platform using 2x 80 bp paired-end chemistry.

Raw read pre-processing

For each sample, we merged and adapter-trimmed the paired-end reads with SeqPrep
(https://github.com/jstjohn/SeqPrep/releases, v1.2) using default parameters. We only
retained the resulting merged sequences, which were then filtered with the preprocess
function of the SGA toolkit v0.10.15 (Simpson and Durbin 2012) by the removal of those
shorter than 35 bp or with a DUST complexity score >1 from the dataset.

Metagenomic analysis of the sequence data

We first sought to obtain an overview of the taxonomic composition of the samples and
therefore carried out a metagenomic analysis on the two filtered sequence datasets. To make
the datasets more computationally manageable, we subsampled the first and last one million
sequences from the filtered dataset of each sample and analysed each separately. The data
subsets were each identified against the NCBI nucleotide database (release 223) using the
blastn function from the NCBI-BLAST+ suite v2.7.1+ (Camacho et al. 2009) under default
settings. For each sample, the results from the two subsets were merged into one dataset and
loaded into MEGAN v6.12.3 (Huson et al. 2016). Analysis and visualization of the Last
Common Ancestor (LCA) was carried out for the taxonomic profile using the following
settings: min score=35, max expected=1.0E-5, min percent identity=95%, top percent=10%,
min support percentage=0.01, LCA=naive, min percent sequence to cover=95%. We define
sequences as the reads with BLAST hits assigned to a taxa post filtering, thus ignoring

“unassigned” and “no hit” categories.

Alignment to a reference genome panel
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We mapped our filtered data against three different reference panels to help improve
taxonomic identifications and provide insight into the abundance of the identified taxa. The
first reference panel consisted of 37 nuclear genomes that included taxa expected from
Northern Norway, exotic taxa, and five Nannochloropsis species. The inclusion of exotic taxa
was to give an indication of the background random mapping rate, which can result from
erroneous mappings to conserved parts of the genome and/or due to short, fragmented, and
damaged ancient DNA molecules. The other two reference panels were based on either all
mitochondrial or chloroplast genomes on NCBI GenBank (as of January 2018). The
chloroplast data set was augmented with 247 partial or complete chloroplast genomes
generated by the PhyloNorway project. Full details for the nuclear reference panel is given in
Supplementary Table S1. The filtered data were mapped against each reference genome or
organelle genome set individually using bowtie2 v2.3.4.1 (Langmead and Salzberg 2012)
under default settings. The resulting bam files were processed with SAMrools v0.1.19 (Li et
al. 2009). We removed unmapped sequences with SAMtools view and collapsed PCR
duplicate sequences with SAMtools rmdup.

For the nuclear reference panel, we reduced potential erroneous or nonspecific sequence
mappings, by comparing the mapped sequences to both the aligned reference genome and the
NCBI nucleotide database using NCBI-BLAST+, following the method used by Graham et al.
(2016) and modified by Wang et al. (2017). The sequences were aligned using the following
NCBI-BLAST+ settings: num_alignments=100 and perc_identity=90. Sequences were
retained if they had better alignments, based on bit score, to reference genomes as compared
to the NCBI nucleotide database. If a sequence had a better or equal match against the NCBI
nucleotide database, it was removed, unless the LCA of the highest NCBI nucleotide bit score
was from the same genus as the reference genome (based on the NCBI taxonID). To
standardize the relative mapping frequencies to genomes of different size, we calculated the

number of retained mapped sequences per Mb of genome sequence.

The sequences mapped against the chloroplast and mitochondrial reference panels were
filtered and reported in a different manner than the nuclear genomes. First, to exclude any
non-cukaryote sequences, we used NCBI-BLAST+ to search sequence taxonomies and
retained sequences if the LCA was from Eukaryota. Secondly, for the sequences that were

retained, the LCA was calculated and reported in order to summarize the mapping results
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across the organelle datasets. LCAs were chosen as the reference sets are composed of

multiple genera.

Within the Nannochloropsis nuclear reference alignments, the relative mapping frequency
was highest for Nannochloropsis limnetica. In addition, the relative mapping frequency for
other Nannochloropsis taxa was higher than those observed for the exotic taxa. This could
represent the mapping of sequences that are conserved between Nannochloropsis taxa or
suggest the presence of multiple Nannochloropsis taxa in a community sample. We therefore
cross-compared mapped sequences to determine the number of uniquely mapped sequences
per Nannochloropsis reference genome. First, we individually remapped the filtered data to
five available nuclear genomes or the six available Nannochloropsis chloroplast reference
genomes, the accession codes of which are provided in Supplementary Table S1. For each
sample, we then calculated the number of sequences that uniquely mapped to or overlapped

between each Nannochloropsis nuclear and chloroplast genome.

We observed a greater proportion of uniquely mapped sequences across all chloroplast
genomes, as compared to nuclear genomes. To check whether the retained uniquely mapped
sequences were the result of mismapped ultra-short (35-40 bp) molecules that may have been
missed by our other filters, we estimated DNA fragment length distributions for all mapped

and uniquely mapped sequences per sample in the chloroplast genome alignments.

Environmental palaeogenome reconstruction of the Andeya Nannochloropsis
community chloroplast and mitochondria

To place the Andeya Nannochloropsis community taxon into a phylogenetic context, and
provide suitable reference sequences for variant calling, we reconstructed environmental
palaeogenomes for the Nannochloropsis mitochondria and chloroplast. First, the raw read
data from both samples were combined into a single dataset and re-filtered with the SGA
toolkit to remove sequences shorter than 35 bp but retain low complexity sequences to assist
in the reconstruction of low complexity regions in the organelle genomes. This re-filtered
sequence dataset was used throughout the various steps for the environmental palacogenome

reconstruction.

The re-filtered sequence data were mapped onto the Nannochloropsis limnetica reference

chloroplast genome (NCBI GenBank accession: NC_022262.1) with bowtie2 using default
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settings. SAMtools was used to remove unmapped sequences and PCR duplicates, as above.
We generated an initial consensus genome from the resulting bam file with BCFtools v1.9 (Li
et al. 2009), using the mpileup, call, filter, and consensus functions. For variable sites, we
produced a majority-rule consensus using the --variants-only and --multiallelic-caller options,
and for uncovered sites the reference genome base was called. The above steps were repeated
until the consensus could no longer be improved. The re-filtered sequence data was then re-
mapped onto the initial consensus genome sequence with bowtie2, using the above settings.
The genomecov function from BEDtools v2.17.0 (Quinlan and Hall 2010) was used to

identify gaps in the resulting alignment.

We attempted to fill these gaps, which likely consisted of diverged or difficult-to-assemble
regions. For this, we assembled the re-filtered sequence dataset into de novo contigs with the
MEGAHIT pipeline v1.1.4 (Li et al. 2015), using a minimum k-mer length of 21, a maximum
k-mer length of 63, and k-mer length increments of six. The MEGAHIT contigs were then
mapped onto the initial consensus genome sequence with the blastn tool from the NCBI-
BLAST+H toolkit. Contigs that covered the gaps identified by BEDtools were incorporated into
the initial consensus genome sequence, unless a blast comparison against the NCBI

nucleotide database suggested a closer match to non-Nannochloropsis taxa.

We repeated the howtie2 through gap-filling steps iteratively, using the previous consensus
sequence as reference, until a gap-free consensus was obtained. The re-filtered sequence data
were again mapped, the resulting final assembly was visually inspected and the consensus
was corrected where necessary. This was to ensure the fidelity of the consensus sequence,
which incorporated de novo-assembled contigs that could potentially be problematic, due to
the fragmented nature and deaminated sites of ancient DNA impeding accurate assembly

(Seitz and Nieselt 2017).

Annotation of the chloroplast genome was carried out with GeSeq (Tillich et al. 2017), using
the available Nannochloropsis chloroplast genomes for the annotation. (Accession codes
provided in Supplementary Table S2.) The resulting annotated chloroplast was visualised

with OGDRAW (Greiner ef al. 2019).

The same assembly and annotation methods outlined above were used to reconstruct the

mitochondrial palaeogenome sequence, where the initial mapping assembly was based on the
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N. limnetica mitochondrial sequence (NCBI GenBank accession: NC_022256.1). The final
annotation was carried out by comparison against all available Nannochloropsis

mitochondrial genomes. (Accession codes provided in Supplementary Table S2.)

If the Nannochloropsis sequences derived from more than one taxon, then alignment to the N.
limnetica chloroplast genome could introduce reference bias, which would underestimate the
diversity of the Nannochloropsis sequences present. We therefore reconstructed
Nannochloropsis chloroplast genomes, but using the six available Nannochloropsis
chloroplast genome sequences, including N. limnetica, as starting points. (Accession codes
are in Supplementary Table S1.) The assembly of the consensus sequences followed the same
method outlined above, but with two modifications to account for the mapping rate being too
low for complete genome reconstruction based on alignment to the non-N. limnetica
reference sequences. First, consensus sequences were called with S4Mrools, which does not
incorporate reference bases into the consensus at uncovered sites. Secondly, neither

additional gap filling, nor manual curation was implemented.

Assembly of high and low frequency variant consensus sequences

The within-sample variants in each reconstructed organelle palacogenome was explored by
creating two consensus sequences, which included either high or low frequency variants at
multiallelic sites. For each sample, the initial filtered sequence data were mapped onto the
reconstructed Nannochloropsis chloroplast palacogenome sequence with bowtie2 using
default settings. Unmapped and duplicate sequences were removed with SAMtools, as above.
We used the BCFtools mpileup, call, and normalize functions to identify the variant sites in
the mapped dataset, using the --skip-indels, --variants-only, and --multiallelic-caller options.
The resulting SNPs were divided into two sets, based on either high or low frequency
variants. High frequency variants were defined as those present in the reconstructed reference
genome sequence. Both sets were further filtered to only include SNPs with a quality score of
30 or higher and a coverage of at least half the average coverage of the mapping assembly
(minimum coverage: AND10 938=22x, AND11_1102=14x). We then generated the high and
low frequency variant consensus sequences using the consensus function in BCFTools. The
above method was repeated for the reconstructed Nannochloropsis mitochondrial genome
sequence in order to generate comparable consensus sequences of high and low frequency

variants (minimum coverage: AND10 938=16x, AND11 1102=10x).
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Analysis of ancient DNA damage patterns

We checked for the presence of characteristic ancient DNA damage patterns for nuclear
genome alignments consisting of >1000 mapped sequences aligned, which included human
and the five Nannochloropsis nuclear genomes. We further analysed damage patterns for
sequences aligned to both the N. /imnetica reference and reconstructed organelle genomes, as
well as those aligned to the high or low frequency variant data sets. Damage analysis was
conducted with mapDamage v2.0.8 (Jonsson et al. 2013) using the following settings: --

merge-reference-sequences and --length=160.

Phylogenetic analysis of the reconstructed environmental palacogenomes

We determined the phylogenetic placement of our reconstructed organelle genomes,
including those derived from high and low frequency variant calls, within Nannochloropsis.
For this, we created five alignments using the nine Nannochloropsis strains that have both
mitochondrial and chloroplast genome sequences available (Supplementary Table S2), with
the addition of: (1+2) reconstructed organelle genome sequence, (3+4) organelle genome
high/low frequency variant organelle consensus sequences, and (5) reconstructed chloroplast
genome sequence and consensus sequences derived from the alternative Nannochloropsis
genome starting points. We generated alignments using MAFFT v7.427 (Katoh and Standley
2013) with the maxiterate=1000 setting, which was used for the construction of a maximum
likelihood tree in RAxML v8.1.12 (Stamatakis 2014) using the GTRGAMMA model and
without outgroup specified. We assessed branch support using 1000 replicates of rapid
bootstrapping. Due to the limited availability of Nannochloropsis reference organelle
genomes, we also reconstructed comparable phylogenies using ~1100 bp of rbcL, a
chloroplast barcode locus (Fawley ef al. 2015). We extracted rbcL data from all
Nannochloropsis species accessions on NCBI GenBank (Supplementary Table S2) and all
reconstructed chloroplast genomes, to give three chloroplast alignments analogous to those
listed above. The rbcL alignments were analysed using the same phylogenetic methods and

settings.

Nannochloropsis variant proportions and haplogroup diversity estimation

We calculated the proportions of high and low variants in the sequences aligned to our
reconstructed Nannochloropsis mitochondrial and chloroplast genomes, in order to estimate
the diversity of major haplogroups. For each sample, we first mapped the initial filtered

sequence data onto the high and low frequency variant consensus sequences with bowtie2. To
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avoid potential reference biases, and for each organelle genome, the sequence data were
mapped separately against both frequency consensus sequences. The resulting bam files were
then merged with SA Mrools merge. We removed exact sequence duplicates from the merged
bam file by randomly retaining one copy. This step was replicated five times to examine its
impact on the estimated variant proportion. After filtering, remaining duplicate sequences -
those with identical mapping coordinates - were removed with SA Mtools rmdup. We then
called SNPs from the duplicate-removed bam files using BCFTools under the same settings
as used in the assembly of the high and low frequency variant consensus sequences.
Depending on the variant, the resulting SNPs were included in three data sets: (1) all variants,
(2) with C/T and G/A variants removed (to reduce the impact of deaminated sites), or (3)
transversions only (to further reduce the impact of deaminated sites). For each SNP in these
data sets, the proportion of reference and alternative alleles was calculated. We removed rare

alleles occurring at a proportion of <0.1, as these could be due to noise.

To infer the minimum number of haplogroups in each reconstructed organelle genome
sequence, we inspected the phasing of adjacent SNPs that were linked by the same read in the
duplicate-removed bam files, akin to the method used by See ef al. (2018). For this, we first
identified all positions, from both samples, where two or more transversion-only SNPs
occurred within 35 bp windows. We then examined the allelic state in mapped sequences that
fully covered each of these linked positions. We recorded the combination of alleles to
calculate the observed haplotype diversity at each of the linked positions. We removed low
frequency haplotypes, which were defined as those with <3 sequences or <15% of all

sequences that covered a linked position, and the remaining haplotypes were scored.

Reanalysis of published sedaDNA data and Nannochloropsis estimation

We performed a meta-analysis of the global prevalence of Nannochloropsis since the last ice
age using published and available lake sedaDNA data sets. Three published shotgun datasets
from Lake Hill, Alaska (Graham et al. 2016, Wang et al. 2017), Charlie Lake, BC and Spring
Lake, AB (Pedersen ef al. 2016), and Hésseldala Port, Sweden (Parducci et al. 2019) were
reanalysed for the presence of Nannochloropsis using the same nuclear genome methods as
used in this study. Furthermore, a metabarcode dataset was reanalysed from Skartjerna,
Svalbard (Alsos ef al. 2016), using the same methods for analysis as the original study, but
lowering the minimum barcode length to 10 bp, in order to retain the shorter

Nannochloropsis sequences. These data sets were supplemented with studies that reported
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Nannochloropsis, including; Bliss Lake, Greenland (Epp et al. 2015), Qinghai Lake, China
(Li et al. 2016), Lielais Své&tinu, Latvia (Stivrins ef al. 2018), Lake Qvre ZErasvatnet (Alsos et
al. in prep.), and Jodavannet, Svalbard (Voldstad ef al. submitted). We estimated the
occurrence and abundance of Nannochloropsis in 5000-year time windows for the above
datasets. Abundance was coarsely divided into four categories: (1) dominant, scored when
Nannochloropsis was the only taxon detected or most abundant of the taxa identified in the
sequence data; (2) common, assigned when it was in the top 10 most abundant taxa
identified; (3) rare, scored for any other detections, and (4) absent, assigned if

Nannochloropsis was not detected.

Our meta-analysis showed that the data set from Spring Lake, AB (Pedersen et al. 2016), had
the highest number of Nannochloropsis shotgun sequences, and so we subjected these data to
further analysis. We mapped the sequence data from each sample onto the N. limnetica
reference chloroplast genome with bowtie2, using the same settings as used for our Andeya
samples. N. limnetica was chosen as the reference as it is the only known non-marine species
and the continental location of Spring Lake precludes a marine influence. We used S4Mtools
to merge the resulting assemblies from each sample and called a single consensus genome
sequence. We aligned this consensus genome sequence to all Nannochloropsis reference
chloroplast genome sequences, as well as the Andeya high and low frequency variant
chloroplast consensus sequences. The alignment was carried out using MAFFT and a
maximum likelihood tree was constructed with RAxML, both tools used the same settings as

described previously.

Results

Identification of Nannochloropsis taxa present

We shotgun sequenced two contemporaneous sedaDNA samples from Lake @Qvre Arasvatnet
for identification of the present taxa. The results are reported for AND10_938 and

ANDI11 1102 respectively throughout this section. We generated 223,999,748 and
133,265,048 paired-end reads, of which 127,429,489 and 53,000,389 reads were retained
after filtering (Supplementary Table S3).

Based on comparison to the NCBI nucleotide database, we could identify 29,488 (1.47%) and

32,720 (1.64%) of the two million sequences used from each sample. The majority of the
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identified taxa were bacterial, although Nannochloropsis constituted ~20% of the identified
sequences (Table 2). A detailed breakdown of the metagenomic results is provided in

Supplementary Figure S1 and Supplementary Table S4.

Identification of the sequence data via the nuclear genome panel indicated that
Nannochloropsis limnetica was the most abundant taxa in the data, based on both the filtered
counts as well as those corrected for genome size (Figure 2 and Supplementary Table S1).
The N. limnetica genome resulted in 681,934 and 321,317 sequences mapped, 20,351 and
9320 sequences per 1 Mb and a coverage of 1.13x and 0.48x for the samples. All other
Nannochloropsis nuclear genomes had lower rates than N. /limnetica. The most sequence
abundant non-Nannochloropsis taxon was human, with 2253 and 11,101 sequences, 0.69 and
3.41 sequences per 1 Mb. All alignments against the Nannochloropsis nuclear genomes
indicated that the material was of ancient origin due to the presence of deaminated bases
(Supplementary Figure S2 and S3), on the contrary, the human alignments lacked such
damage profiles (Supplementary Figure S3). A comparison between the exotic and non-

exotic taxa is given in Table 3.

The most abundant species in both organelle reference panels was Nannochloropsis
limnetica, with 37,934 (30.7% of total) and 23,631 (33.1%) sequences for the chloroplast and
14,097 (11.4%) and 8609 (12.1%) for the mitochondria (Supplementary Table S5). The most
abundant non-Nannochloropsis species was the algae Choricystis parasitica with 1784
(1.5%) and 255 (0.4%) sequences for the chloroplast and 276 (0.2%) and 38 (0.1%)

sequences for the mitochondria.

When comparing the sequence data mapped against the Nannochloropsis nuclear genomes,
the genome with most unique sequences was N. limnetica, with 580,720 and 254,874
sequences. Similar results are obtained for the chloroplast, where N. /imnetica again has the
most uniquely mapped data, with 11,291 and 7719 sequences. (The unique and shared
sequence counts are provided in Supplementary Table S1.) When comparing the sequence
lengths for the chloroplast data, the uniquely mapped data tends to be shorter, with 54 and
49.9 bp, compared to the shared 59.1 and 54.1 bp, possibly due to the longer reads being
easier to align as they allow for more mismatches. A box plot of the lengths is available in

Supplementary Figure S4.
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Reconstruction of the Nannochloropsis palaeo organelle genomes and phylogenetic
placement

We reconstructed the organelle genomes for the Nannochloropsis variant present in Andeya.
The resulting chloroplast sequence was 117,734 bp in length and had a coverage of 64.3x.
The mitochondria was 38,543 bp in length and had a coverage of 62.4x. (Full description of
the features is provided in Supplementary Table S6.) Ancient DNA damage estimation for the
reconstructed organelle genomes, as well as the high and low frequency variants, indicate that
the reconstructed genomes are ancient (Supplementary Figure S6 and S7). An overview of
reconstructed palaeo organelle genomes is given in Figure 3, with a full annotated map in

Supplementary Figure S5.

In the Nannochloropsis organelle phylogenies, both the reconstructed palaco organelle
genomes, as well as the high and low frequency variant sequences, group closest with the V.
limnetica reference organelle genomes (Figure 4 and Supplementary Figure S8). A similar
observation is made based on the rbcL phylogeny (Supplementary Figure S10 and S11).
However, all trees indicate some distance between the reconstructed sequences and the
available references, we therefore refer to the Nannochloropsis present in Andeya as N. cf.
limnetica. The chloroplast phylogeny that include the consensus sequences reconstructed via
the alternative reference and method has more complex grouping. The new sequences fail to
converge on the reconstructed N. cf. limnetica genome, indicating that the alternative
approach was not capable of fully reconstructing the present variant (Supplementary Figure

S9 and S12).

Nannochloropsis cf. limnetica variant and haplotype estimation

We explored the variation present in the reconstructed organelle sequences and used it to
estimate the haplotypes present for both samples. We detected an average of 338 and 96
transversion only variants for the chloroplast and mitochondria, respectively. For each
sample, the average proportion of the transversion only alternative allele is 0.39 and 0.42 for
the chloroplast variants and 0.4 and 0.43 for the mitochondrial variants. The positions and
proportions for the variants is spread across both reconstructed organelle genomes (Figure 5
and Supplementary Figure S13). The number of transversion only linked positions is 70 and
21 for the chloroplast and mitochondria respectively. For each sample, the average number of
haplotypes observed for the chloroplast linked positions is 2.09 and 1.93. The average for the
mitochondrial linked positions is 2.29 and 2.05. The distribution of the observed haplotypes
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is given in Supplementary Figure S14. A table of all variant proportions counts and observed

haplotypes is provided in Supplementary Table S7.

Reanalysis of published sedaDNA and Nannochloropsis estimation

Nannochloropsis was either reported or could be detected in eight out of the 10 previously
published sedaDNA studies, whereas no Nannochloropsis was detected based on shotgun
sedaDNA data from the Lake Hill, Alaska and Hassedala Port, Sweden sites (Figure 6).
Sequences could be mapped against the N. /imnetica chloroplast genome for eight out of the
19 Spring Lake samples, which had between 273 and 3,192 sequences mapped. The merged
Spring Lake consensus sequences was placed in a phylogeny along with the Andeya and

reference Nannochloropsis chloroplast sequences and is given in Supplementary Figure S15.

Discussion

All of our analyses identified Nannochloropsis as the most abundant eukaryotic taxon in the
LGM lake sediments from Andeya, confirming earlier results based on plant DNA
metabarcoding. We observed ancient DNA deamination patterns for all reference sequence
combinations, which supports the ancient authenticity of our data. The phylogenetic
placement of both the reconstructed chloroplast and mitochondrial environmental
palaeogenomes as well as the rbcL marker, indicate that the Nannochloropsis detected in
Andoya is evolutionarily closest to N. limnetica. Given the distance of the Andeya
reconstructed sequences from available N. limnetica sequences however, as well as the fact
that not all Nannochloropsis species and strains are represented by sequence data, we

therefore conservatively refer to the Andeya Nannochloropsis taxon as N. cf. limnetica.

The sequence material from our Andeya samples could potentially contain more than one
Nannochloropsis species. An indication for this is the number of uniquely mapped sequences
to other Nannochloropsis reference sequences and the phylogeny containing the alternative
reconstructed consensus sequences, which don’t fully converge on the reconstructed N. cf.
limnetica sequence. This could, however, have several technical causes. First, the sequence
data is of ancient origin and is thus highly fragmented and damaged, which could result in
mismapped sequences (Orlando ef al. 2015). Secondly, the reconstructed palacogenome
organelle sequences, as well as the high and low frequency consensus sequences might not

capture all the variation present in the samples and thus fail to map sequence data from rarer
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variants. Thirdly, the sheer sequence depth for these samples means that the above problems
are more pronounced and that random maps can be expected, as is also observed from
sequences mapping to the exotic nuclear genomes. Finally, the method used to construct the
alternative consensus sequences might not be able to correct the more diverged regions of the
chloroplast (Wei et al. 2013), as is suggested by the alternative N. limnetica consensus
chloroplast grouping closer with the reference upon which it was based, rather than the
reconstructed N. cf. limnetica chloroplast. The reconstruction issues could be due to a lack of
gap filling and post assembly curation that the reconstructed N. cf. limnetica organelle
genomes were subjected to. Thus, the identification and detection of potential

Nannochloropsis species other than N. limnetica remains uncertain.

The sequence depth, as well as the within sample variation allowed for the reconstruction of
high and low frequency variant consensus sequences, which represent the two extreme ends
of the variation detected in the samples. The high frequency variants for both samples
grouped together in the phylogeny, as well as the low frequency variants, indicating the
presence of similar variants between the samples. The Nannochloropsis cf. limnetica
organelle variant analysis indicates that most rare alleles have a proportion that falls between
0.39-0.43. This suggests that there are at minimum two abundant variants present. Further
exploration of the possible number of haplotypes by inspecting linked positions, again
indicate that there are two main haplogroups present, with a few SNP windows containing
three haplogroups. This method, given the filtering and limited window size, is quite
conservative and likely underestimates the haplotypes present. Furthermore, the above
methods deal with unknown phasing between the isolated variants and the linked sites. So,
although a specific variant or linked window indicates the presence of two haplogroups the
actual number of haplogroups present in the data could be far higher, when fully independent.
Part of the issue is the limited number of reference organelle sequences for N. limnetica, with
just one variant sequenced for both the organelle and nuclear genome. The only alternative N.
limnetica data available is a consensus that we called from the Spring Lake samples
(Pedersen et al. 2016), but it is grouped with the reference upon it was constructed, possibly
due to an overall lower coverage. Additional reference material from distinct populations or
strains will help out with the detection and estimation of the haplogroups present in
sedaDNA. In addition, the methods employed here are still novel and potential
methodological and statistical advances will help with estimation and quantification of the

variation present. Regardless, the comparable variant proportions and haplogroups for the
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SNP windows observed, in combination with similar high and low frequency variant
consensus sequences, suggest that both samples are comparable, which is as expected from

the contemporaneous samples.

Nannochloropsis limnetica has not been reported before in Norway according to either the
available GBIF data or published literature, though the genus could be detected based on
reanalyses (Lammers pers. obs.) of metabarcoding data from modern sites (Alsos et al. 2018).
The lack of morphological observations from contemporary sources could be due to the
general difficulty of observing and identifying the taxa (Gladu ez al. 1995, Andersen et al.
1998). The genus has been reported from various locations and periods based on sedaDNA,
including Lake @vre Arasvatnet (Alsos ef al. in prep.). For most sedaDNA samples where
Nannochloropsis is detected, it occurs with various other taxa, though in a number of samples
it is more abundant or the dominant taxa, such as the oldest samples of Bliss Lake, Greenland
from 10,800 cal a BP (Epp et al. 2015), Spring Lake, Alberta, Canada, 9100-9300 cal a BP
(Pedersen et al. 2016) and Jodavannet, Svalbard, 9000-11,000 cal a BP (Voldstad et al.
submitted). Furthermore, based on modern occurrence data, N. limnetica seems to thrive in
cold water and can handle resources stresses (Fawley and Fawley 2007, Pal e al. 2011).

Therefore, the presence of N. cf. /imnetica on Andeya is not unexpected during the LGM.

The abundance of Nannochloropsis material suggests a high biomass or turnover in Lake
Ovre Arasvatnet. The genus is known to be capable of forming algal blooms, which can
reach up to 10'° cells per litre (Zhang et al. 2015), and such blooming events have been
reported for N. gaditana in the Comacchio Lagoons, Italy (Andreoli ez al. 1999) and N.
granulata in the Yellow Sea (Zhang et al. 2015). Nannochloropsis limnetica itself was first
described from spring blooms in Germany, reaching concentrations up to 5.7x10° cells per
litre (Krienitz ef al. 2000). Such blooms could explain the reported sequence abundance. The
Andoeya geochemical analysis resulted in high LOI values and organic elemental proportions
for the period that was sampled for shotgun sequencing (Alsos et al. in prep.). In addition,
stable isotope data suggest that the nitrogen and carbon is of a high trophic origin, most likely
bird guano from an adjacent bird cliff (Alsos ef al. in prep.), which corresponds with the
detection of bird bones, such as little auk (4/le alle), from the Andeya sites (Vorren ef al.
1988, Elverland and Alm 2012, Alsos ef al. in prep.). The high inflow of nutrients into the
lake could have resulted in eutrophication of the lake ecosystem and thus support blooms of

Nannochloropsis.
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The metagenomic and mapping analysis indicated the presence of some additional taxa.
Another algal species, Choricystis parasitica (Trebouxiophyceae), was identified based on
the organelle mappings. The taxa, however, was not abundant, with at most 1.45% of the
identified chloroplast sequences assigned to it. Furthermore, the identification of C.
parasitica remains somewhat uncertain as there no alternative references to closely related
taxa, thus the actual species present might be different. The most common group of non-
eukaryotic species observed is Mycobacterium, which made up the majority of the sequences
identified through the metagenomic analysis but could not be identified to a more specific
group. The overall proportion of material identified by the metagenomic analysis is low with
1.47% and 1.64% for samples AND10_938 and ANDI11_1102 respectively. These
percentages suggest that in addition to the reported Nannochloropsis and Mycobacterium,
there are probably additional taxa in our data that make up a significant part of the remaining
sequences. Unfortunately, at this moment the available reference material does not allow for

the identification of these hidden taxa.

Human is the most abundant taxa after the Nannochloropsis taxa, based on the number of
mapped sequences against the nuclear genomes. However, due to the lack of ancient DNA
damage patterns, the material for both samples originated from modern contamination. In
addition, preservation of the 10.4 bp helical pitch periodicity in the fragment length
distribution suggests cellular DNA (Pedersen ef al. 2014). Such periodicity is unexpected of
true ancient environmental data, as additional fragmentation over time will mask these earlier
patterns (Graham et al. 2016). Although sequences could be mapped against several reference
genomes, when the mapping counts were corrected for the genome size, most were
indistinguishable from the exotic controls. Random mappings to a reference genome,
especially to conserved regions, can be expected given the fragmented and damaged nature of
ancient DNA (Priifer ef al. 2010). This is particularly true for larger genomes, as the chance
of random alignments increases with size. Stringent filtering, correcting for genome size and
validation of the results through ancient damage pattern analysis is required to rule out
misidentifications. This can be problematic for rarer taxa, such as Selaginella kraussiana,
which although it has mapping rates higher than most exotic taxa, cannot be confirmed

present due to a lack of sequence material for reliable ancient DNA damage profiles.
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Andoya has received research interested due to it being partially unglaciated during the LGM
and possibly acting as a refugia for various taxa (Parducci et al. 2012, Birks et al. 2012,
Parducci ef al. 2012). Most studies were carried out with pollen and macrofossils (Vorren et
al. 1988, Alm and Birks 1991, Vorren et al. 2013), with some studies utilizing sedaDNA
(Parducci et al. 2012, Alsos et al. in prep.). The data presented in this study differs from the
conventional metabarcode studies in that the shotgun data allows for the exploration of
different questions. The ability to detect and identify Nannochloropsis microalgae could
potentially be an informative proxy for estimating the salinity from sedimentary records, as
the different species occur in either marine or brackish and freshwater habitats. The detection
of the fresh or brackish water N. limnetica in Lake @vre Arasvatnet matches earlier studies
that indicated a lacustrine sediment record (Alm 1993, Vorren et al. 2013, Vorren et al.
2015). Though additional reference sequences for the various Nannochloropsis species and
strains, along with habitat preferences, will help out with the fresh and brackish water

distinction as well as give additional information for palacoecological reconstruction.

Our reconstructed N. cf. limnetica chloroplast palacogenome represent the first reconstructed
chloroplast genome that was derived from sedimentary ancient DNA. Although
mitochondrial palacogenomes have previously been reconstructed from cave sediments (Slon
et al. 2017), and archaeological middens and latrines (Seersholm ez al. 2016, See et al. 2018),
the mitochondrial genome obtained is the first derived from lake sediments. The high depth
of coverage for our sample-combined palacogenomes (chloroplast: 64x, mitochondria: 62x)
allowed for both their complete reconstruction as well as exploration of allele frequencies and

haplotype diversity using sedaDNA.

Conclusion

This study explores several ways to analyse shotgun sedaDNA data. First the identification of
the taxa present, via metagenomic and mapping analysis, which resulted in an abundance of
Nannochloropsis cf. limnetica material in Andeya, expanding upon the earlier metabarcode
results. Due to the amount of N. cf. limnetica material present, additional methods for the
analysis of shotgun sedaDNA could be explored. The full organelle genomes could be
reconstructed for the N. cf. limnetica variant present in Andeya, which allowed for finer
placement the Nannochloropsis phylogeny, though the lack of reference information means

that exact strain cannot be identified. In addition, the sequence depth allowed for estimation
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of the population variation, both within and between the contemporaneous samples. The
general within sample variation and variation observed in linked sites suggest the presence of
at least two different N. cf. limnetica populations for both samples. The methods used for the
population estimates are simple and likely underestimate the true variation. Potential future
modelling methods should help with a more quantitative measurement of the present
populations. Still, this study demonstrates that there is more information to be extracted from
shotgun sedaDNA beyond species identification, which opens the door to answering more

complex palacoecological questions.
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Table and figures

Species 18S | rbcL | Chloroplast | Mitochondria | Nuclear
genome
Nannochloropsis australis | Yes | Yes | No No No
Nannochloropsis gaditana | Yes | Yes | Yes Yes Yes
Nannochloropsis granulata | Yes | Yes | Yes Yes Yes
Nannochloropsis limnetica | Yes |Yes | Yes Yes Yes
Nannochloropsis maritima | Yes |Yes |No No No
Nannochloropsis oceania Yes | Yes | Yes Yes Yes
Nannochloropsis oculata Yes | Yes | Yes Yes No
Nannochloropsis salina Yes | Yes | Yes Yes Yes

Table 1. Overview of the Nannochloropsis species and the available genomic data.

ANDI10 938 ANDI1 1102
N I A N I A
Bacteria 18,852 64.9 0.9 21,873 66.9 1.1
Mycobacterium 6268 213 0.3 8535 26.1 0.4
Pseudomonas 920 3.1 0.05 904 2.8 0.05
Eukaryota 9333 31.7 0.5 9563 29.2 0.5
Nannochloropsis 5913 20 0.3 6179 18.9 0.3

Table 2. Summary of the most common (>500 sequences) taxa detected in the metagenomic

analysis. N=Number of identified sequences, [=Percentage of identified sequences,

A=Percentage of all sequences subjected to metagenomic analysis.
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870
871
872
873

874
875

876
877
878

879
880

human

Group ANDI10 938 ANDI11 1102

Count Mean/Mb Count Mean/Mb
Non-exotics 32,186 1004 15,432 484.5
Non-exotics, 29.8 0.05 11.8 0.02
excluding
Nannochloropsis
Exotics 368 0.14 1605 0.49
Exotics, excluding 54.5 0.05 22.5 0.01

Table 3. Comparison of the number of sequences obtained between the exotic and non-exotic

taxa. Count=Mean count of sequences, Mean/Mb=Mean count of sequences per Mb of

reference genome.

Figure 1. Location of Andeya in northwest Norway and Lake @vre Zrasvatnet (circled in

red). The regional ice extend for Scandinavia has been plotted for 22 (outer) and 17 (inner)

cal a BP and is based on Hughes ef al. (2016). The local ice extend is plotted for 22-18 and
18-17.5 cal a BP is plotted and based on Vorren ez al. (2015).
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Figure 2. Taxonomic composition of the Andeya samples based on alignment to our nuclear

genome reference panel. For readability, the algal and human results have been plotted

883
884

separately.
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Figure 3. The reconstructed Nannochloropsis cf. limnetica chloroplast and mitochondrial
genomes. The innermost circle contains a distribution of the GC content in dark grey, with
the black bar representing the 50% mark. The outer distribution contains the coverage for the
assembly in dark grey, with the black line representing the average coverage of 64.3x for the

chloroplast and 64.9x for the mitochondria.
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Figure 4. Phylogeny of the Nannochloropsis chloroplast (left) and mitochondrial (right)
sequences, including the reconstructed N. cf. limnetica high and low frequency variant

consensus sequences, representing the extreme end of the present variation.

32



896
897

898
899
900

Mitochondria

Chloroplast

5_:
.
4.

z-:‘? —
—‘a -
= = |

‘.; p=a

= 4

LIN

2

=
é'— iy =

#

—r—1

|
] o T
—= i
| 4
A |
= =
- 3
=
=
=
5
_£C=
—!E =
o=
= I il e
8§ ® 8% ®& 88 £ 8 & 8
g £ 8 § 88 B 8 § 8

8E6 0LANY 20LL LLANY

uonodo.d ajajie eneuRlY

T T
20000 30000

T
10000

40000

i \ ) i \ \ \ | , .
30000 40000 50000 60000 70000 80000 90000 100000 110000 120000
Position

i
20000

'
10000

Figure 5: The proportion of the alternative alleles for the transversion only dataset across the

organelle genomes. The horizontal black lines represent the averages: 0.39 and 0.42 for the

chloroplast and 0.4 and 0.43 for the mitochondria, for samples AND10 938 and

ANDI11 1102 respectively.
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Supplementary Table S1: The nuclear and chloroplast sequences used for the mapping
analysis. Includes the raw and filtered read counts, corrected read counts and coverage, as
well as the number of shared and unique sequences between the Nannochloropsis nuclear and

chloroplast sequences.

Supplementary Table S2: Lists of the Nannochloropsis chloroplast, mitochondria and rbcL

sequences used for the phylogenies.

Supplementary Table S3: The raw and filtered read counts obtained via shotgun sequencing.

Supplementary Table S4: The MEGAN output in table form for both samples.

Supplementary Table S5: The number of sequences across the different LCA levels for the

organelle mapping analysis.

Supplementary Table S6: Summary of the reconstructed Nannochloropsis cf. limnetica

organelle genomes, as well as the features on the N. /imnetica reference.
Supplementary Table S7: Table containing the variant analysis output. Includes the average

rare allele to reference allele proportions for both samples, reference genomes and filtering

types. As well as the linked variant haplotype analysis.
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Supplementary Figure S2: mapDamage output for the Nannochloropsis limnetica, N.

granulata and N. oceania nuclear genomes.
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Supplementary Figure S3: mapDamage output for the Nannochloropsis salina, N. gaditana

and Homo sapiens nuclear genomes.
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941  Supplementary Figure S4: Boxplots for the average fragment lengths for the shared and
942  unique reads across the different Nannochloropsis chloroplast genomes.
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Supplementary Figure S5: Full annotated maps for the reconstructed Nannochloropsis cf.
limnetica chloroplast and mitochondrial genomes. The innermost circle contains a
distribution of the GC content in dark grey, with the black bar representing the 50% mark.
The outer distribution contains the coverage for the assembly in dark grey, with the black line
representing the average coverage of 64.3x for the chloroplast and 64.9x for the
mitochondria. The genomic features are given on the outermost circle, where the coding
genes are coloured grey and RNAs black. The features located on the inside are transcribed

clockwise, those on the outside anticlockwise.
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low frequency variant consensus sequences.
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Supplementary Figure S9: Phylogeny containing the Nannochloropsis reference chloroplast

genomes, the reconstructed N. cf. limnetica chloroplast genomes and the chloroplast

consensus sequences generated via the alternative chloroplast reconstructions.
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971  Supplementary Figure S10: Phylogeny of the Nannochloropsis rbcL sequences, including the

972  reconstructed N. cf. limnetica high and low frequency variant consensus sequences.
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Supplementary Figure S11: Phylogeny of the Nannochloropsis rbcL sequences, including the

reconstructed N. cf. limnetica rbcL sequence.
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Supplementary Figure S12: Phylogeny of the Nannochloropsis rbcL sequences, including the

reconstructed N. cf. limnetica rbcL sequence and the rbcL sequences extracted from the

chloroplast consensus sequences generated via the alternative chloroplast reconstructions.
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Supplementary Figure S13: The proportion of the alternative alleles for the no damage and
unfiltered datasets across the organelle genomes. The horizontal black lines represent the
averages and are for samples AND10 938 and ANDI11 1102 respectively: 0.4 and 0.41 for
the chloroplast and 0.39 and 0.43 for the mitochondria of the no damaged bases dataset and
0.39 and 0.41 for the chloroplast and 0.39 and 0.42 for the mitochondria of the unfiltered

dataset.
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Supplementary Figure S15: Phylogeny containing the Nannochloropsis reference chloroplast

genomes, the reconstructed N. cf. limnetica chloroplast genomes and the Spring Lake N.

limnetica consensus sequence.
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