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Abstract 

Through high throughput sequencing of ancient, environmental DNA collected from lake 

sediment cores (sedaDNA), this study revealed postglacial vegetation change during the last 

~12.000 years in a high-Arctic plant diversity hot spot in Svalbard. Geochemical proxy data for 

environmental variation in the catchment area obtained from high resolution X-radiographic 

scans were combined with the sedaDNA record to detect local Holocene climate variations. 

The findings were in accordance with main climatic shifts on Svalbard identified by previous 

studies and indicated an early warm and species-rich postglacial period followed by fluctuating 

cool and warming events throughout the Holocene record. Thermophilic species with their 

current distribution outside the catchment area of the studied lake had reoccurring presence 

throughout the Holocene sedaDNA record, suggesting postglacial periods when thermophilic 

arctic species had broader distribution ranges than today. This supports the hypothesis of 

isolated relict populations in Ringhorndalen, the place in Svalbard with the highest registered 

diversity of vascular plants and several remarkable and isolated plant populations located far 

north of their normal distribution range. 
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Introduction  

Paleoecological records provide insight into past vegetation. This information can be combined 

with knowledge about past climates in order to anticipate impacts from global warming on 

species diversity and composition in an area (Allen & Huntley 1999). Knowledge about the 

historic plant species composition can even be used to increase knowledge about past climates 

(Alsos et al. 2015). Next generation sequencing methods have drastically increased the potential 

for molecular investigations in paleoecological studies in the last decade (Taberlet et al. 2007; 

Parducci et al. 2017). In particular have ancient DNA from sediments (sedaDNA) shown to be 

an efficient tool for reconstructing past vegetation and species diversity in environments where 

more traditional paleobotanical methods can be challenging due to low pollen and plant 

macrofossil concentrations (Taberlet et al. 2007; Sønstebø et al. 2010; Jørgensen et al. 2012; 

Pedersen et al. 2013; Alsos et al. 2015; Parducci et al. 2017). 

Ancient DNA studies can be particularly useful to reconstruct past vegetation in the arctic 

regions, because low local pollen concentrations impede traditional methods (Vasil’chuk 2005) 

and the cold conditions ensure preservation of the genetic material (Hofreiter et al. 2001). Even 

if DNA is highly degraded, which is increasingly likely with older sample material (Hofreiter 

et al. 2001), studies from arctic regions have proven the value of modern sequencing 

technologies when analysing DNA directly from environmental samples, such as sediments 

(Sønstebø et al. 2010). 

Preservation and recovery of sedaDNA is particularly good in lake sediments (Parducci et al. 

2017; Alsos et al. 2018). Lake sediments also hold information about regional climate change 

because they trap detrital and organic material as well as organic material produced within the 

lake (Gjerde et al. 2017). Magnetic and geochemical properties obtained from high-resolution 

X-radiographic scans can be used as proxies to study major patterns in abiotic environmental 

changes in the catchment area of the studied lake. The variation in scanned profiles of magnetic 

susceptibility and lithogenic, geochemically stable and conservative elements such as 

aluminium (Al), silica (Si), potassium (K), titanium (Ti), iron (Fe) and rubidium (Rb) can reflect 

changes in glacial-derived minerogenic input (Sandgren & Snowball 2001), weathering 

regimes (Rothwell & Croudace 2015) or the amount of inorganic detrital input to a lake (Røthe 

et al. 2015), thus be used to infer climate variations. The elements calsium (Ca) and silica (Si) 

normalized against Ti and and iron (Fe) normalized against manganese (Mn) can be used as 

proxies for biological productivity within the lake (Balascio et al. 2011; Kylander et al. 2011; 
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Melles et al. 2012; Alsos et al. 2015; Gjerde et al. 2017).  

 SedaDNA and plant macrofossil records from lakes in western Spitsbergen have shown that 

thermophilic plant species probably had a broader distribution on Spitsbergen in early 

Holocene, a warmer postglacial period (Birks 1991; Alsos et al. 2015). An area that assumingly 

has remains from this vegetation, is Ringhorndalen (Eidesen et al. 2013). This tributary valley 

east of Wijdefjorden, Spitsbergen, have been described as an ‘Arctic hotspot’ as defined by 

Elvebakk (2005a), with numerous registrations of thermophilous species. One remarkable 

botanical feature of Ringhorndalen is that many of the unusual plant species observed there 

seem to be spatially distant from their normal distribution range. Some populations represent 

some of the northernmost known sites for the species worldwide and in some cases the only 

known location for Svalbard and even Europe (Eidesen et al., unpublished). 

In this study I investigated a c. 12 000-year-old sediment core from a high-arctic lake in 

Ringhorndalen using sedaDNA, sediment properties and geochemical proxy data, in order to 

reconstruct changes in vegetation composition and evaluate these changes in a context of a 

changing Holocene climate. It is assumed that the postglacial period c. 9000-5000 years ago 

was remarkably warmer than present (Hyvärinen 1970; Birks 1991; Birks et al. 1994; Salvigsen 

& Høgvard 2006; Miller et al. 2010; Alsos et al. 2015; Mangerud & Svendsen 2018), thus 

vegetation reconstructions from this period can provide information about possible future 

vegetation development in scenarios with anticipated warming in the Arctic. 

The research questions I aimed to answer were: (i) How has the composition of plants in the 

catchment area of the studied high-arctic lake developed during the Holocene? (ii) How does 

the variation in climatic conditions revealed from biotic and abiotic sources match throughout 

the depth of the core? (iii) How is the current vegetation around the lake represented in the 

modern, uppermost sediment layers? (iv) Are the unusually thermophilic vascular plant species 

found in Ringhorndalen today relicts from populations established during the Holocene warm 

periods?  

To address these research questions, historic postglacial plant species assemblages were 

obtained from amplicon high-throughput sequencing (HTS) of sedaDNA sampled 

chronologically throughout the core. Obtained vegetation data were compared to geochemical 

data acquired through high-resolution X-radiographic scans (Croudace et al. 2006). Plant 

species assemblages representing the current vegetation were obtained from HTS of DNA in 
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the uppermost sediment layer. The current vegetation data from modern sediments were then 

compared to the present floristic composition acquired from on-site vegetation analysis. Results 

from the sedaDNA analysis were also used to investigate the origin of unusually thermophilic 

species registered in Ringhorndalen. Species that matched between ancient and present plant 

assemblages were assumed to represent long-time presence, and to disclose these populations 

as remnants from a former more widespread vegetation from the warmer early Holocene 

(Eidesen et al. 2013). Alternatively, these isolated populations can be recent colonizers, and 

must be seen in context with ongoing climate change. In the latter case, the findings of this 

study represent an important contribution to the understanding of species immigration to 

Svalbard. As Ringhorndalen is rarely visited by people, any recent plant establishments here 

are likely to be due to natural long-distance dispersal, as former studies have shown to 

frequently occur in Svalbard (Alsos et al. 2007). 

Methods 

Study area 

Indre Wijdefjorden National Park was established in 2005 as a result of thorough botanical 

investigations that revealed remarkable findings at several locations in the area (Elvebakk & 

Nilsen 2002). These findings included populations of rare and unusually thermophilous plants 

in an arctic context. In addition, a new vegetation type was described – the high-arctic steppe 

(Elvebakk 2005b). 

Ringhorndalen (79.32°N, 16.12°E) is situated at the northern border of Indre Wijdefjorden 

National Park (Fig. 1) but was not investigated as part of the initial survey in 2002 (Elvebakk 

& Nilsen). Later investigations of Ringhorndalen and the neighbouring valley Flatøyrdalen 

have revealed an unusually high biodiversity. A total of 124 registered vascular plant species 

makes this area the most botanically diverse location in Svalbard, with several species found 

exclusively in Ringhorndalen (Eidesen et al., unpublished). 

Even though no climatic record exists for the area, the vegetation in the outer areas reflect 

relatively high temperatures combined with aridity due to little precipitation and wind 

desiccation, and limescale enrichments from marine sediment deposits up to ca. 80 m a. s. l. 

(Elvebakk & Nilsen 2002). Further in the valley of Ringhorndalen, there are areas sheltered 

from wind, and with additional supply of water. Two glacier arms extend down furthest into 

the valley from a large ice cap on the eastern side. The valley bottom is mostly covered by a 



 6 

discontinuous meltwater river fed by glacier runoff, and surrounding floodplains and wetland. 

On the steep valley sides, particularly lush gulleys, open screes and sheltered boulder fields 

stretches down from cliffs higher up, whereas Cassiope tetragona heath dominates further 

down. The high-Arctic steppe, with prevalent Potentilla pulchella communities, is distinct in 

the entrance of the valley, close to the fjord, where the wind tunnel effect from Wijdefjorden is 

strongest. A few small ridges and lakes separate the outskirts from the warmer and more 

sheltered sites further into the valley. Temperature loggers placed in the south facing slope of 

Ringhorndalen from May to August 2017 recorded maximum temperatures of 42°C in the soil 

layer in vegetated cliffs (P. Eidesen, unpublished results). It is likely that the wide range of 

habitats combined with the unusual climatic conditions facilitates a diverse and unique 

vegetation that makes Ringhorndalen an interesting location to study vegetation history in 

Svalbard. 

 

The analysed sediment cores were obtained from a high-arctic lake hereafter called Jodavannet 

(79.3383°N, 16.0167°E; Fig. 1 and 2). Jodavannet is situated 140 m a. s. l. in the elevated areas 

on the northern side of the valley’s entrance. It is regarded a threshold lake, meaning it has 

transitioned between being glacier-fed in times of relatively extensive ice cover, and receiving 

non-glacial, organic-rich sediments during times of relatively restricted ice cover (Briner et al. 
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2010; Schomacker et al. 2016). Jodavannet is currently non-glacial, as the catchment area does 

not receive input from glacier run-off due to topographic boundaries between the lake and the 

glaciers in close proximity (Fig. 1). The slopes on the northern, western and southern sides of 

the lake are slightly inclined towards the lake, causing inlet of water from the pass 

approximately 10 metres above the lake on the north-western side. Also, traces of erosion from 

water flow towards the lake can easily be seen on the southern and south-western side (Fig. 2). 

In the south-eastern end, there is an outlet leading to a lake about three times as big as 

Jodavannet (Fig. 1). 

The vegetation around Jodavannet is relatively homogenous, with a moss-dominated belt 

stretching several metres (~5 m.) from the lake edge. Dominating vascular plant species in the 

closest 30 meters around the lake are Saxifraga oppositifolia, Carex subspathacea, Dupontia 

fisheri, Bistorta vivipara, Salix polaris and Equisetum arvense ssp. alpestre. Cardamine 

pratensis is relatively abundant within close proximity to the lake edge, while Dryas octopetala 

and Cassiope tetragona has scattered occurrences further away. 

General remarks 

This study comprised considerable amounts of data from many different sources. Such a 

composition of data was possible due to access to external data, meaning not all sampling 

described were conducted by me. Sampling and subsampling of the sediment core, geochemical 

analysis, radiocarbon dating, PCR amplification, purification and pooling of PCR-products and 

metabarcoding were conducted by others (specified in the relevant sections). The described 

methodologies were conducted by myself if nothing else is specified. 

 

Sediment core and radiocarbon dating 

The sediment cores were acquired by W. Farnsworth (The University Centre in Svalbard) and 

A. Schomacker (The Arctic University of Norway). One surface core and one piston core were 

retrieved from Jodavannet using lightweight manual corers during a field campaign in August 

2016. The 68 cm long surface core was taken with a gravity corer (Farnsworth et al. 2016), 

while a hand-held piston corer with 60 mm diameter coring tubes was used for the 186 cm long 

piston core (Schomacker et al. 2016). The cores were sampled at approximately the same point 

(79.33831°N, 16.01902°E), with the surface core taken first as the piston corer tends to destroy 

the surface sediments. The cores had a slight offset between them, as the piston core lacked 

approximately the upper 10 cm that the surface core had. The cores were sealed, kept cold (3-
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4°C) and closed until arrival at the Centre for GeoGenetics in Copenhagen, Denmark. 

Farnsworth and A. Rouillard (The University of Copenhagen) did the core opening, -splitting, 

and subsequent subsampling of sediments and macrofossils, following the sampling procedures 

developed by Pedersen et al. (2016). In order to extract sedaDNA from the cores, sediments 

were subsampled in 2 cm intervals along the entire core lengths. The samples were kept cold 

and transported to the University Museum in Tromsø, Norway, where they were stored frozen 

until further processing. One core-half was kept intact as a reference. To establish the 

chronology of the sediment cores, six and three macrofossils were retrieved from the piston and 

surface core, respectively (Table 1). One aquatic macrofossil was collected to constrain the age 

at the base of the piston core, otherwise the macrofossils were of terrestrial origin. All nine 

macrofossils were 14C dated with accelerator mass spectrometry (AMS) in the Tandem 

Laboratory at Uppsala University, Sweden.  

I constructed age-depth models with function Bacon of the Bayesian statistics program Bacon 

2.2 (Blaauw & Christen 2011) and the calibration curve IntCal13 (Reimer et al. 2013). The 

program divided the cores into many vertical sections of equal thickness and estimated 

sedimentation times (years/cm) through millions of Markov Chain Monte Carlo (MCMC) 

iterations. The age-depth models were created based on these sedimentation times and their 

default prior information. In order to estimate ages for all sedaDNA samples, the calibrated age 

estimates were extrapolated above the depth of the uppermost 14C age (4.5 cm for piston core 

and 0.5 cm for surface core), and these ages must consequently be treated with caution. Ages 

were calculated for every 0.5 cm of the cores within pre-defined range limits (piston: 8 – 185.5 

cm; surface: 2.5 – 27 cm; Table A, Appendix). Additionally, the piston core’s accumulation 

rates were plotted against age with the function plot.accrate.age. 

Physical, optical, magnetic and geochemical sediment core properties were obtained from 

ITRAX scans (Croudace et al. 2006) performed at the Centre for GeoGenetics in Copenhagen. 

Variations in magnetic susceptibility (Thompson et al. 1975) and elemental profiles in kilo 

counts per second (kcps) from X-ray fluorescence (XRF) scanning (Kylander et al. 2011; 

Löwemark et al. 2011) were used as proxies for variations in environmental conditions in the 

catchment area of the lake (Rothwell et al. 2006; Rothwell & Rack 2006). In total seventeen 

element profiles were used in statistical analysis to objectively detect stratigraphic clusters 

and/or to visualise variation patterns in their elemental profiles for interpretation of distinct 

geochemical properties (Hongve, 1997; Brown et al., 2007; Kylander et al., 2011; Croudace & 
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Rothwell, 2015). The XRF and magnetic susceptibility (MS) were scanned with 2 and 5 mm 

intervals, respectively. For comparisons with aDNA sample data in statistical analysis, the 

values for MS and elemental profiles were averaged over 1 cm, corresponding to the sedaDNA 

sampling interval. The profiles plotted for visual interpretation of variation patterns were 

modified with a weighted moving average (pracma package) to reduce noise, using 

measurement intervals of ~3 cm for MS and ~2 cm for element ratios. 

 

The profile of MS and ten different elements/element ratios were used to describe climatic 

variation reflected in the geochemistry of the sediment core. MS was used as proxy for glacial-

derived minerogenic input (Snowball & Sandgren, 1996), while Ti indicated detrital sediment 

input, typically from higher catchment runoff or increased aeorolian deposition (Rothwell & 

Croudace 2015). The coherent versus incoherent scatter from rhodium (Rh) was used as a 

density proxy (A. Schomacker, personal communication). To indicate changes in biological 

production, Ca/Ti and Si/Ti were used because they could indicate biogenic silica production 

in lakes (Melles et al. 2012; Alsos et al. 2015). The ratio Fe/Mn was also used to reflect 

enhanced biological productivity, seen as a shift to higher Fe/Mn values caused by anoxic water 

conditions from organic decay (Kylander et al. 2011). 

Several ratio profiles were used to reflect changes in weathering regimes and changes in grain-

size of allochthonous material. High K/Al and K/Ti values and low Rb/K values were used to 
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reflect increased weathering because K is relatively water soluble while Ti, Al and Rb are more 

stable (Rothwell & Croudace 2015). Al/Si was used to find potential changes in grain-size of 

distant originated material, because clays are rich in Al while sands are rich in Si (Clift et al. 

2014)   

SedaDNA extraction, amplification and high throughput sequencing 

I extracted sedimental ancient DNA (sedaDNA) from 44 subsamples and 6 negative controls at 

the ancient DNA dedicated laboratories at Tromsø University Museum. Each subsample 

contained c. 2-5 g sediment. As only the surface core contained material from the undisturbed 

mud-water interface, the three uppermost subsamples from this core were used to cover the 

most recent deposited material. The long piston core contained material deposited since the last 

glacial maximum, making it valuable for investigations throughout the Holocene. Therefore, 

41 samples through the whole piston core were chosen for sedaDNA analyses, with denser 

sampling in the deeper layers of the core to focus the investigation on a less studied time-period. 

PowerMax Soil DNA Isolation kit (MO BIO Laboratories, Carlsbad, CA, USA) was used for 

extraction, following the manufacturer’s instructions with some modifications. In addition to 

solution C1, 100 μL of 5 mg/mL proteinase K and 400 μL of 1M dithiothreitol (DTT) were 

added to each sample. The subsequent vortexing of samples was conducted in a FastPrep-24 

TM 5G (M. P. Biomedicals LLC. Santa Ana, CA, USA) for 2x20 seconds at 4,5 m/sec and then 

incubated at 56°C for c. 15 hours. All centrifuge steps were done at 4200 rpm n stead of 2500 

rpm. In the end, all samples were recovered in 3 mL elution buffer instead of 5 mL. 

All PCRs, subsequent cleaning of amplicons and pooling of amplicons were carried out by Peter 

Heintzman and Dilli Rijal. The PCR setup was done in a dedicated ancient DNA lab physically 

isolated from PCR work to prevent contamination from PCR products, and the downstream 

steps were performed in a PCR lab, both at Tromsø University Museum. Two negative PCR 

controls (one from the aDNA lab and one from the PCR-lab) and one positive control with 

synthetically reconstructed sequences were amplified in addition to the 50 DNA extracts from 

samples and negative controls. The target region was the short P6-loop of the chloroplast trnL 

(UAA) intron (Taberlet et al. 2007), amplified with the universal plant primers g and h. Unique 

flanking sequences (tags) 8 or 9 base pairs (bp) long were added at the 5’ end for sample 

identification when sequencing multiple samples at once. DNA amplification was conducted in 

50 µL final volumes, containing 5 µL of DNA extract, 1X Gold buffer and 2U of AmpliTaq 
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Gold® DNA Polymerase (Life Technologies, Carlsbad, CA, USA), 2.5mM MgCl2, 0.2mM 

dNTPs, 0.2µM forward primer, 0.2µM reverse primer and 8µg Bovine Serum Albumin. The 

PCR mixtures underwent enzyme activation for 10 min at 95°C, followed by 45 cycles of 

denaturation for 30 sec at 95°C, annealing for 30 sec at 50°C, and elongation for 1 min at 72°C, 

plus a final elongation step for 7 min at 72°C.  

Seven PCR repeats were made per sample to reduce false positives and increase the chance of 

detecting rare taxa or taxa with low DNA representation in the sediment record (Alsos et al. 

2015; Ficetola et al. 2015). PCR-products from all samples and controls were purified using 

Qiagen MinElute PCR purification kit (Qiagen GmbH, Hilden, Germany), following the 

manufacturer’s instructions. The PCR-products were pooled in Tromsø and sent to FASTERIS 

(FASTERIS SA, Switzerland) for high-throughput sequencing (HTS). Conversion of the 

amplicon pool into a library was done according to FASTERIS’ MetaFast protocol, which is a 

PCR-free library preparation. The library was sequenced on an Illumina NextSeq 500 (Illumina, 

Inc., CA, USA) flow cell sequencing platform, using 2x 150 cycles. 

Bioinformatic analyses and taxonomical assignment 

I used the OBITools software package (Boyer et al. 2016) to analyse sequence data, and the 

analysis was run through the Abel computer cluster at the University of Oslo. Amplicons were 

reconstructed by aligning paired-end reads with illuminapairedend, and sequences having 

lower alignment score than 40 (Alsos et al. 2015) were removed with obigrep. The remaining 

sequences were assigned to samples according to their unique sample tags with ngsfilter 

(demultiplexing), requiring 100% match with tags and maximum 2 bp mismatch in the primer 

region (default options in OBITools). As ngsfilter does not allow different tag lengths, this step 

was run twice and resulted in two output files that were subsequently merged with the unix cat 

command. Because all tags were unique, sequences with the same forward and reverse tag were 

considered chimerical sequences between samples, and thus filtered out with obigrep. Obigrep 

was also used to remove sequences shorter than 10 bp (Alsos et al. 2015), because this was the 

minimum threshold for the sequences in the reference databases.  

Strictly identical sequences were clustered (dereplication) using obiuniq, keeping the 

information about their distribution among samples. Then sequences with only one copy in the 

dataset were removed (Alsos et al. 2015) with obigrep, before using obiclean to tag sequences 

for detection of potential PCR and sequencing errors. Using information about sequence record 

counts and sequence similarities across all samples, sequences were classified as head (ideally 
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true sequences), singleton (potentially rare true sequences) or internal (assumed erroneous 

sequences)(Boyer et al. 2016). Maximum one bp difference was allowed between two variant 

sequences, and the abundance threshold ratio for the uncommon internal versus common head 

sequence was 5%. This threshold allowed keeping relatively rare sequences, as small sequence 

differences may make a taxonomical important difference to sequences in the Arctic and boreal 

database. Sequences with no close resemblance to others (neither head or internal), were 

classified as singleton. To avoid potential PCR or sequencing errors, only head and singleton 

sequences were kept.  

Finally, sequences were assigned to taxa based on sequence similarity with two taxonomical 

reference libraries, using the ecotag software (http:// www.grenoble.prabi.fr/trac/OBITools). 

The reference libraries were obtained from the ECOGEN research group at the Arctic 

University of Norway, Tromsø. The primary reference library contained local taxa of 815 arctic 

(Sønstebø et al. 2010) and 835 boreal (Willerslev et al. 2014) vascular taxa in addition to 455 

bryophytes (Soininen et al. 2015). The secondary reference library contained sequences from 

running ecopcr on the global EMBL Nucleotide Sequence Database (R134, January 2018). The 

EMBL reference library was used to assign taxa to sequences without assignment or to get more 

precise assignment than the primary reference database could achieve. This resulted in two files 

containing the unique sequences and their taxa assignation from each reference library. 

After initial data processing with OBITools, further filtering of the sequences were conducted 

in R (www.R-project.org, 2017). To avoid any misidentification, only sequences matching 

100% to reference library sequences were kept. Next, the two result files were merged, keeping 

only the arctborbryo-assigned sequence in case of duplicates. To increase confidence in the 

identified taxa, the kept unique sequences had minimum 10 reads per PCR repeat and minimum 

two PCR repeats in samples (Alsos et al. 2018). Taxa occurring in negative controls were 

removed to avoid potential contaminants. In order to exclude potential false positives from the 

dataset, each taxon had minimum 100 PCR reads in total. Sequences belonging to non-native 

or marine taxa were blasted with NCBI’s BLAST (Juniperus, Cassiope lycopodioides, Festuca 

pratensis, Ranunculus sceleratus, Polypodiales (Dryopteris filix-mas or Gymnocarpium 

robertianum) and Nannochloropsis granulata; http://www.ncbi.nlm.nih.gov/blast/) to find 

reasonable explanations for why they were assigned to taxa that were assumed unlikely in the 

study area. One exotic taxa (Cedrus) was a suspected contaminant and therefore removed from 

the dataset. Finally, some taxa names were modified according to the BLAST-results, accepted 

taxonomy in Artsnavnebase (http://www2.artsdatabanken.no/artsnavn/; 13.06.2018) and their 
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respective synonyms registered in the Global Biodiversity Information Facility (GBIF.org, 

2018). 

Vegetation analyses and modern sediment samples: Unsuccessful method calibration 

This study intended to conduct a calibration of the method by comparing the relationship of 

observed vegetation close to the lake and taxa resulting from DNA preserved in the modern 

lake sediments. For that matter, a thorough vegetation survey was conducted around Jodavannet 

and several sediment samples were collected from the uppermost sediment layer (Fig. 2). 

However, due to limited time and unforeseen challenges in the laboratory process, this 

calibration was unsuccessful. Although the results from this analysis were lacking, I briefly 

explain the process and its intent, in order to describe the extent of the study and provide useful 

information to similar future projects. 

The vegetation was surveyed 3-5. August 2017, and consisted of point-framing in 120 plots 

(0.25 m2) placed in four 30-meter-long transects extending from the edge around the lake close 

to the sample location of the sediment cores (Fig. 2). The density of the plots were higher closest 

to the lake, because the flora in this area (< 2 m distance) was expected to be better represented 

in the sediment records (Alsos et al. 2018). To record vegetation- and ground cover in the plots, 

first and last hit for all 25 intercepts of the frame were recorded. Vascular plants were identified 

to species or genus level (Lid & Lid 2005; Rønning 1996), and hits were recorded for the 

categories bryophytes, lichens and biological crust (thin layer of living material in the 

uppermost millimetres of soil), litter, open soil and rock. This analysis provided an abundance 

measure of the vascular plant species and vegetation or ground types, assuming the plots were 

representative of the vegetation in the area, and that a sufficient number of plots were sampled.  

In order to compare the current vegetation with the DNA record from modern lake sediments, 

five replicates (to account for heterogeneity) from eight samples sites were taken from the 

uppermost lake sediments in Jodavannet on 8. August 2017. The sample sites aimed to prolong 

the transects on land towards the point where the sediment cores were sampled.  

DNA was extracted using PowerSoil® DNA Isolation kit (MO BIO Laboratories, Carlsbad, 

CA, USA) following the manufacturer’s instructions (version 07272016). Similar to the 

sedaDNA procedure, the universal plant primers g and h were used with the intention to amplify 

the P6-loop of the chloroplast trnL (UAA) intron (Taberlet et al. 2007) from the extracted DNA. 

The PCR amplification was unsuccessful, probably due to inhibitors (i.e. humic substances) in 
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the sediment samples (Wilson 1997). The trouble-shooting attempts dilution and cleaning of 

DNA-extract were made, but when these were ineffective no further efforts were made due to 

limited time. 

The amplicons would have been sequenced with HTS, and taxon information obtained with 

OBITools like it was done for the sedaDNA data. The plant taxa from the modern sediment 

record would have been compared with the results from the current vegetation analyses around 

the lake in order to assess the representation of the current vegetation in the modern lake 

sediments. This analysis was intended to study how transport, distance and taphonomic 

processes affect the representation of different plant taxa in DNA records from sediments in a 

high-arctic lake.  
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Statistical approach 

All statistical analyses were conducted in R (www.R-project.org, 2017). In order to visualise 

stratigraphic patterns of geochemical variation and identify probable indicators of biological 

productivity, a principal component analysis (PCA) was conducted on ITRAX-derived data 

averaged for sedaDNA sample intervals and the ordination axis object scores were plotted 

against core-depth (Legendre & Birks 2012; van der Bilt et al. 2015; Røthe et al. 2015). The 

PCA was done with R-package vegan (version 2.4-4; Oksanen et al. 2017) and the rda function. 

The analysis was performed on MS and sixteen elements (Ti, Si, Ca, S, Fe, Mg, Al, P, K, Mn, 

Zn, Rb, Sr, Zr, Rh coherent and Rh incoherent), excluding the ones with low detection rates 

(i.e. many zero-values). Standardized (centred and scaled) values of the PC1 scores were plotted 

stratigraphically together with standardized values of Ti, Ca/Ti and Si/Ti to investigate if the 

proxies for biological production reflected lake processes (Røthe et al. 2015).  

Finally, to objectively categorize the sediment record into different units, a constrained cluster 

analysis (package rioja 0.9-15.1) with coniss algorithm (Grimm 1987) was applied (van der 

Bilt et al. 2015). The Euclidian distances of the seventeen standardized ITRAX-variables 

averaged over sedaDNA sampling intervals were used in the analysis. The resulting clusters 

were plotted stratigraphically with the elemental ratio-plots to depict geochemical variation 

patterns within the identified zones.  

In order to depict the Holocene development of species communities as found by 

metabarcoding, the vegdist function in R-package vegan (Oksanen et al. 2017) was used to 

create a matrix of Bray-Curtis dissimilarity indices of identified unique taxa based on number 

of PCR repeats per sample. The dataset was modified slightly to capture general trends in 

similar taxa rather than lowest possible taxonomical resolution, thus species matches within the 

taxa Carex, Draba, Festuca, Hypnales, Pedicularis, Poaeae and three Saxifraga species 

(cernua, hyperborea and rivularis) were grouped together.  

The dissimilarity matrix was then clustered with chclust function from vegan, using constrained 

hierarchical clustering with clusters constrained by sample depth and the coniss algorithm 

(Grimm 1987). To identify the number of statistically significant groups from the constrained 

cluster analysis, a broken stick distribution (Bennett 1996) was created with the bstick function 

from the rioja package for analysis of Quaternary science data (Juggins 2017). A stratigraphic 

diagram was created with the strat.plot function (rioja) to plot the number of PCR reads of taxa 

identified from sedaDNA samples against the calibrated ages obtained from the age-depth 
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model. The PCR reads’ conservative and relatively unbiased properties made them preferable 

rather than i.e. counts of PCR reads. The identified clusters from the constrained hierarchical 

clustering were added to the stratigraphic plot. 

Results 

Chronology and litostratigraphy 

The nine calibrated ages from the AMS radiocarbon dated macrofossils occurred in 

chronological order in terms of sample depths. The weighed mean calibrated ages for the two 

cores showed a combined range from 159 to 11932 cal. BP (Table 1). The resulting parameters 

from the age-depth model run were 36 and 13 vertical sections of 5 and 2 cm thickness for the 

piston core and the surface core respectively. The calculated ages were based on 8.36 and 3,3 

million MCMC iterations for the piston and the surface core, in that order. The relatively 

stationary and unstructured adjacent iterations indicated a good model run (Fig. A, Appendix). 
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The age-depth model for the piston core indicated a relatively stable accumulation rate over 

time, but this was a rough representation due to the great timespan between the 14C-dated 

macrofossils (Fig. 3). The core’s accumulation rate was changing during the Holocene, with 

periods of rapid accumulation (~11500-6000 cal. BP and ~2000-700 cal. BP) separated by more 

stable accumulation phases (Fig. 4). 

 

Based on the high resolution XRF optical image, elemental ratios and magnetic susceptibility, 

periodic variations in sedimentation properties and colouration were apparent (Fig. 5), 

reflecting the changing Holocene environment in the catchment area of the lake. Five 

stratigraphic zones were identified from the constrained hierarchical cluster analysis on 

standardized ITRAX-data averaged for sedaDNA sample intervals from the piston core (GZ 1-

5). The lowest depth in the resulting clusters was 8 cm, because this was the youngest sedaDNA 

sample analysed from the piston core. 

GZ 1: Core depth 185-176 cm, c. 11800-10600 cal. BP 

The oldest zone was characterized by dense sediments with high values of Ti and K/Al and a 

peak in MS. These profiles had a sudden decrease towards the zone transition that corresponded 

with a dark brown layer.  
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GZ 2: Core depth 175-160 cm, c. 10400-8900 cal. BP 

After the preceding drop, Ti, K/Al and Rb/K increased slightly, while MS remained stable and 

low. The Rb/K profile displayed two subtle peaks, corresponding with similar patterns in 

Fe/Mn. The ratios for Ca/Ti and Al/Si decreased after the peak during the previous zone 

transition. Ca/Ti then stabilized, while Al/Si increased slightly throughout the zone. Si/Ti and 

Fe/Mn had small, almost synchronous rises at ~9000 cal BP. 

GZ 3: Core depth 159-90 cm, c. 8700-3800 cal. BP 

The profiles for MS and Ti were relatively stable with low values during the whole zone, 

although Ti had a small increase at c. 4,5 ka cal. BP. The profile for Fe/Mn was generally low 

and stable but had two marked and sudden peaks at approximately 5,4 ka cal. BP. 

GZ 4: Core depth 79-48 cm, c. 3200-1600 cal. BP 

This zone had in general less stable geochemical profiles than the previous zone. The highest 

values for MS, density, Ti and K/Al occurred at c. 2,8 ka cal BP. Al/Si had relatively high and 

fluctuating values. Fe/Mn had marked high values during c. 2,6 – 2 ka cal. BP, then a drop 

before a gradual increase towards the transition to the subsequent zone. The first rise in these 

values corresponded with an unusually high peak in the profiles for Ca/Ti and Si/Ti. 

GZ 5: Core depth 39-8 cm, c. 800-90 cal. BP 

There was generally more variation in the depicted geochemical patterns in this zone than the 

first three zones. Big drops occurred at c. 900 cal. years BP in the profile for Al/Si. The Si/Ti 

profile increased at ~2000 cal. BP, while Si/Ti remained almost unchained during that time. 

 

Molecular analysis 

The number of sequences and reads resulting from the high-throughput Illumina sequencing 

was reduced during the OBITools process from initial c.16.7 mill. to 7158 unique sequences in 

c.11 mill. reads matched with reference libraries and assigned to taxa. After subsequent fine 

filtering, there were 78 unique sequences in 2 396 402 reads remaining in the dataset (Table 2). 

The resulting sequences belonged to vascular plants (74,4 %), algae (6,4 %) and bryophytes 

(19,2 %) from 68 different taxa in 30 different families (Table 3).  
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Based on known registrations in Svalbard (Svalbardflora.no and Artskart.no, 13.06.2018) and 

the BLAST results of the conspicuously assigned taxa, some taxon names were modified from 

the names originally assigned during the sequence matching with reference databases (Table 

3).  
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The ordination axis object scores plotted against 

core-depth (Fig. 6) revealed a Holocene variation 

in the geochemical record with the strongest 

signal in the deepest and shallowest part of the 

core. The PC1 scores had three peaks at 

approximately 180, 60 and 30 cm core-depth. The 

profile of Ti had a relatively uniform variation 

pattern with the PC1 scores, especially in the 

deepest sections of the core. The variation 

patterns of Ca/Ti and Si/Ti compared to the PC1 

scores showed an inverse correlation for most of 

the core stratigraphy. From ~70 cm to 20 cm core-

depth, Ca/Ti showed a similar pattern as the 

plotted PC1 scores, while the Si/Ti variation pattern remained contrasting.  
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No taxa were present in all samples, but overall Bistorta vivipara, Salix, Saxifraga sp. and 

Saxifraga oppositifolia were the most abundant taxa in the sedaDNA record from Jodavannet, 

with presence in more than 50 % of the samples (Table 3). Dryas, Cassiope tetragona and 

Oxyria digyna were also quite abundant (present in almost 50 % of the samples), followed by 

Empetrum nigrum, Potentilla, Equisetum, Papaver, Festuca and Draba (>40 % of the samples). 

The stratigraphic plot of the number of PCR repeats in samples for all identified taxa revealed 

a Holocene development in the species community (Fig. 7). The vegetation in early Holocene 

(c. 12 000 – 10 000 cal. BP) was dominated by moist-dwelling taxa of vascular plants and 

bryophytes, then transitioned into less bryophytes, more algae and the first occurrences of 

highly thermophilous taxa like Arnica and Empetrum and the moderately thermophilous 

Huperzia. From c. 8000 cal. BP Bistorta vivipara and Salix started to dominate the sedaDNA 

record, followed by Dryas at c. 6000 cal. BP. In the late Holocene (c. 3500 cal. BP to present) 

the species diversity in the record was higher than previous periods, with occurrence of many 

relatively common vascular plants and bryophytes in Svalbard, but also Juniperus (present in 

one sample with two repeats and 162 reads in total).  
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Five significant stratigraphic zones were found based on the constrained hierarchical cluster 

analysis of Bray-Curtis community distance on PCR repeats per sample (Fig. 7 and Fig. C, 

Appendix) and the comparison with a broken stick model distribution (Fig. D, Appendix). The 

most remarkable distance among adjacent samples was between sample depth 138 and 140 cm 

(~6600 BP). Then followed the separation of sample depth 170 and 172 cm (~10 000 cal. years 

BP), 78 and 90 cm (~3500 cal. years BP) and 154 and 156 cm (~8300 cal. BP). These vegetation 
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zones (VZ1 – VZ5) corresponded with visually marked transitions in the composition of 

sedaDNA taxa (Fig. 7 and Table B, Appendix). 

 
VZ 1: Sample depth 185-172 cm, c. 11800-10200 cal. years BP 

This zone was characterised by some species only occurring in the older sediment layers 

(Pottiaceae, Ranunculus scleratus and Ranunculus hyperboreus). Most of the taxa dominating 

in this zone were forbs (herbaceous, non-graminoid flowering plants) and bryophytes typical 

for wet habitats, e.g. Ranunculus hyperboreus, Ranunculus sceleratus, Equisetum arvense, 

Saxifraga (cernua/rivularis/hyperborea), Hypnales and Pottiaceae (likely species listed in 

Table 3). Also, the more dry-adapted taxa Saxifraga cespitosa, Papaver and Cystopteris fragilis 

as well as the widely distributed generalist species Saxifraga oppositifolia were relatively 

common in this zone. There were scattered occurrences of Potentilla sp., Minuartia rubella, 

Sagina, Bistorta vivipara, Carex sp., Juncus biglumis, Poaeae, Cerastium, Draba, Cochlearia 

groenlandica, Dryas octopetala and Micranthes. Almost 48 % of all sedaDNA taxa were found 

in this zone, with 22 vascular, 8 bryophyte and 2 algae taxa present. 

 

VZ 2: Sample depth 171-156 cm, c. 10000-8500 cal. years BP 

The results showed a marked reduction in the common forbs from previous zone (i.e. Papaver, 

Potentilla, Cystopteris fragilis and both Ranunculus species are gone), and strong presence of 

several algae taxa (Neglectella solitaria, Closterium bayllianum and Cosmaryum botrytis and 

Nannochloropsis sp.). Equisetum arvense was less common, whereas Equisetum 

scirpoides/variegatum appeared. The first occurrence of the highly thermophilous taxa Arnica 

and Empetrum also appeared in this zone. Festuca and Oxyria digyna had sparse occurrences, 

while all the Saxifragaceae species from the previous zone were reduced or absent (Saxifraga 

cer/hyp/riv and Micranthes). The taxa diversity was lower than in the previous zone, with 25% 

of all taxa present: 11 vascular plants, 2 bryophytes and 4 algae. 

 

VZ 3: Sample depth 155-140 cm, c. 8300-6800 cal. years BP 

The algae Nannochloropsis sp. was still dominating in this zone, whereas the other algae taxa 

from the previous zone were almost absent.  Empetrum and Equisetum scirpoides/variegatum 

increased, while Bistorta vivipara and Salix started to dominate the record. The Saxifragaceae 

species had a relatively stable presence, and Silene acaulis occured for the first time. The overall 

taxa richness in the record increased slightly, with 28% of all detected taxa (14 vascular, 3 

bryophyte and 2 algae). 
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VZ 4: Sample depth 139-90 cm, c. 6600-3800 cal. years BP 

This zone had a consistent presence of Empetrum, Equisetum scirpoides/variegatum, Saxifraga 

oppositifolia, Bistorta vivipara, Salix and Dryas. Arnica was still present, whereas the 

moderately thermophilious taxa Huperzia occured for the first time. Oxyria digyna was also 

relatively common, and Cassiope tetragona appeared numerously towards the end of the zone. 

Cystopteris fragilis reappeared sparsely, and Pedicularis had its first presence in the record 

early in this zone. The taxa richness continued to increase, with c. 42% of all detected taxa 

present (22 vascular, 3 bryophytes and 3 algae).  

 

VZ 5: Sample depth 79-2 cm, c. 3200-160 cal. BP 

There was a drastic rise in and dominance of graminoid taxa, with increase of Festuca and 

Carex. Juncus biglumis and Poeae reappeared after absence since VZ1, while Calamagrostis, 

Luzula and Poinae occured for the first time in the record. Among other vascular taxa were only 

Huperzia and Cystopteris fragilis lost compared to the previous zone, whereas Empetrum had 

decreased. The remaining non-graminoid taxa were still present in equal or higher repeat 

abundance compared to the previous zone. Some forbs were appearing for the first time in the 

record with relatively strong presence (Stellaria, Cardamine and Braya), while the woody shrub 

Juniperus also occured exclusively in this zone. However, this result should be treated with 

caution as Juniperus was present in only two repeats in one sample in addition to be a ‘non-

native’ taxon not previously registered in Svalbard. The most dominant non-graminoid taxa in 

this zone were Papaver, Bistorta vivipara, Salix, Dryas, Pedicularis, Oxyria digyna, Cassiope 

tetragona, Potentilla, and Saxifragaceae. All Saxifragaceae taxa increased from previous zones 

and had their overall highest repeat abundance in this zone (except Saxifraga cespitosa). 

Several taxa of perennial forbs commonly found in the area today were also relatively abundant 

in the record from this zone (i.e. Minuartua rubella, Draba, Cochlearia groenlandica, Silene 

acaulis, Sagina, Asteraceae and Cerastium). The number of bryophyte taxa increased markedly, 

with c. 92% of the total bryophyte taxa occurring in this zone. Overall, Zone 5 had the highest 

richness of taxa, with c. 75 % of the recorded taxa present (35 vascular, 11 bryophytes and 4 

algae).  
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Discussion 

My result clearly showed that the vegetation in Ringhorndalen has shifted through time since 

its first establishment about 12 000 years ago. Five stratigraphic zones were identified based on 

both vegetation data and geochemical data, which were largely congruent. The Holocene 

sedaDNA record reflected early warming and establishment of moist-dwelling taxa and taxa 

with efficient long-dispersal mechanisms. A transition to colder climatic conditions was evident 

in both records around 9000 cal. BP, before returning to warmer than present conditions ~8000 

cal. BP, reflected in the first occurrence of the thermophilic species Arnica angustifolia. The 

mid-Holocene records indicated relatively dry, warm and stable conditions, with the 

establishment of several dwarf shrubs and herbs common in Svalbard today. Increased 

temperature and a transition from moist snow bed communities to dry heath vegetation around 

5300 cal. BP was reflected in high species richness and taxa such as Empetrum nigrum and 

Huperzia arctica. During the late Holocene, the species richness was at its highest, with 

persistence of most taxa present earlier in the record. Plant taxa typical for moist sites were 

dominant from ~3200 cal. BP, whereas a climatic shift towards a drier and warmer climate 

culminated in a peak at ~2000 cal. BP. Towards the end of the record, a transition to sandy 

sediments at ~300 cal. BP suggested a broader range of the unique high-arctic steppe vegetation 

that is prevalent today further away from the studied lake. 

Holocene development of vegetation and climate in the catchment area of Jodavannet 

The plant taxa recorded from sedaDNA in the ~12 000 years old sediment core revealed a 

Holocene transition in vegetation composition that was divided into five stratigraphic zones 

(Fig. 7). Five zones were also identified from the geochemical ITRAX-data averaged over 

sedaDNA sample intervals (Fig. 5). Most identified zones were matching, whereas one 

vegetational zone transition (~6800 cal. BP) and one geochemical zone transition (~800 cal. 

BP) were absent in the cluster analysis of the other data record.  

Early Holocene warming, followed by cooling (11800 – c. 8500 cal. BP) 

The two oldest zone transitions identified from both vegetation and geochemistry were almost 

identical. The geochemical record of the oldest zone (~11800 – 10200 cal. BP) depicted dense 

sediments with high values of Ti, K/Al and MS, likely reflecting high input of minerogenic 

material from retreating glaciers due to higher temperatures in the early Holocene Salvigsen & 

Høgvarde 2006; Mangerud & Svendsen 2018). The sedaDNA records was characterized by a 

relatively species rich plant assemblage indicating a diverse habitat selection for the first 



 29 

colonists in the early Holocene. Most of the dominating taxa were typical for moist sites i.e. 

Ranunculus, Micranthes, Equisetum arvense and several bryophyte taxa (Pottiaceae, Hypnales, 

Polytrichaceae and Bryum). This might reflect the fact that one of the main dispersal routes was 

with drift wood from large rivers in Siberia (Alsos et al. 2007), making moist-dwelling taxa 

more likely passengers for long-distance dispersal.  

The overall plant assemblage from this period indicated several vegetation types including dry 

scree slopes with favourable exposition (Draba, Potentilla, Saxifraga and Cystopteris fragilis), 

snow beds with Phippsia algida (seen as early occurrence of Poaeae in Figure 7) and 

Ranunculus (Elvebakk 1994), and zonal vegetation typical of the high arctic polar desert 

characterized by Papaver, Saxifraga (oppositifolia, cernua and cespitosa), Phippsia algida, 

Draba spp. and Cerastium (Daniëls et al. 2016). The relatively diverse plant community 

assemblage documented in the sedaDNA record from this zone, is in accordance with Bennike 

and Hedenäs (1995), suggesting an early Holocene establishment of modern flora in Svalbard. 

Additionally, a typical common feature for the earliest recorded species is effective long-

distance dispersal mechanisms such as small, light seeds/spores (i.e. Papaver, bryophytes), 

wind-pollination (i.e. P. algida) or self-pollination (i.e. Saxifraga), making them successful 

early colonizers. 

The transition into the second oldest zone (c. 10200 – 8500 cal. years BP) was marked by a 

sudden decrease in indicators of detrital input (Ti, MS, K/Al) that corresponded to a dark brown 

sediment layer typical of organic material. Additionally, there was a marked increase in Ca/Ti, 

which is a proxy for biogenic silica productivity (Alsos et al. 2015). Because Ca/Ti showed an 

inverse correlation with the main drivers of the geochemical signal (Fig. 6), this profile is likely 

to reflect Ca from lake processes rather than from sediment input, such as evaporative 

concentration or biogenic production. The increase in Ca/Ti was in accordance with the high 

occurrence of algal taxa found in the sedaDNA record at this time, indicating favourable 

conditions for biological productivity in the lake. The drop in Rb/K and slight rise in K/Ti 

visible at the zone transition, is typical for increased weathering. The corresponding peak in 

Al/Si, characteristic for clay-rich sediments, combined with a decrease in minerogenic glacier-

derived input indicates that the increased weathering was due to a wetter climate. Wetter 

conditions around 10000 cal. years BP was reflected in a reduction in drought tolerant species 

like Papaver, Potentilla and Cystopteris fragilis in the sedaDNA record. A continuous 

domination of algae taxa and the first occurrences of highly thermophilous arctic species 

(Arnica angustifolia and Empetrum nigrum around 9500 cal. years BP), combined with 
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decreased signals of weathering from wet climate (increased Rb/K and decreased K/Ti and 

Al/Si), indicated still warm but drier conditions throughout this zone. The early record of 

thermophilous species not commonly distributed around Svalbard today is in line with the 

description of a first Holocene warm period in Svalbard with climate about 6°C warmer than 

present between 10 and 9,2 cal. ka BP (Mangerud & Svendsen 2018).  

There was a marked drop of plant taxa richness in the sample depth corresponding to c. 8900 

cal. years BP, and Empetrum and Arnica disappeared from the record. This corresponds to a 

cooler Holocene period between c. 9000 and 8200 cal. BP (Mangerud & Svendsen 2018). Plant 

taxa richness increased and Empetrum reappeared at c. 8000 cal. years BP, in line with the 

return to warmer than present conditions at c. 8000 cal BP (Mangerud & Svendsen 2018). There 

were small peaks in the profiles of Si/Ti and Fe/Mn around this time, probably reflecting 

increased biogenic silica productivity from lake processes (similar to Ca/Ti; Fig. 6) in the lake 

and an onset of anaerobic conditions caused by enhanced organic decay. 

Dry and warm in the middle Holocene (8500 – c. 3400 cal. BP) 

A third vegetation zone was identified at c. 8500 – 6500 cal. years BP, but this was absent in 

the geochemical analysis. The clustering of this vegetation zone seemed to be highly influenced 

by algal taxa, especially Nannochloropsis sp. High overall algal productivity during 8100-6600 

cal. BP has previously been interpreted from diatom concentrations from a lake in western 

Spitsbergen (Holmgren et al. 2010). This finding co-occurred with a sediment record indicating 

high biological productivity driven by warmer growing seasons and/or shorter ice covered 

periods in the same study area (Alsos et al. 2015). Main drivers of the geochemical signal in 

lake sediments are typically elements connected to inorganic detrital input to the lake (Røthe et 

al. 2015), meaning element profiles connected to lake processes are not likely to have a strong 

contribution to the overall variation in the geochemical data. Assuming Nannochloropsis 

blooms caused by favourable conditions in the lake were driving the identified vegetation 

cluster, this signal was not likely to be captured in the geochemical record in this study.  

Apart from the algal dominance causing the vegetation transition at c. 6500, the zones resulting 

from the two different cluster analyses were almost identical for the middle Holocene (c. 8500 

– 3400 cal. years BP). Salix and Bistorta vivipara dominated the vegetation from around 8000 

cal. BP, until Dryas octopetala and Saxifraga oppositifolia established around 6000 cal. BP. 

This reflects increasing summer temperatures with a transition from moist snowbed 

communities to semi-dry heath vegetation (Elvebakk 1994). The geochemical signals showed 
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relatively low and stable detrital and minerogenic input (Ti, MS), reflecting dry conditions, 

with an increased anoxic depositional environment (peak in Fe/Mn) at around 5300 cal. BP 

probably caused by the enhanced biological productivity reflected in the vegetation (high taxa 

richness and an increase in thermophilic taxa like Empetrum and Huperzia). This corresponds 

to a warm Holocene climate in Svalbard with especially high temperatures occurring from 

5500-5000 cal. BP, as suggested by Luoto et al. (2017).  

The subsequent establishment of Cassiope tetragona around 4300 cal. BP indicates less 

exposed winter conditions, because this species is sensitive to frost movements of the ground 

and dependent on some snow cover during winter (Rønning 1996). However, the appearance 

of C. tetragona at this point does not imply that the preceding climatic conditions were 

unfavourable for the species to establish. C. tetragona probably had refuge far away from 

Svalbard, in Beringia, during the last glaciation. Then it dispersed all the way through the Arctic 

to Svalbard after deglaciation (Eidesen et al. 2007). The corresponding presence of Oxyria 

digyna, typically confined to moist/wet habitats (Rønning 1996), is supporting the idea of 

changing climate. Also, the increased profiles of K/Al and Ti, reflecting more weathering and 

higher catchment run-off, indicates wetter conditions which support the overall trend seen in 

the sedaDNA record. 

A persistent species-rich flora in the late Holocene, (c. 3200 – c. 100 cal. BP) 

The latest part of the Holocene was included in one identified vegetation zone (c. 3200-160 cal. 

BP) and two identified geochemical zones (c. 3200-1600 cal. BP and c. 800-90 cal. BP). Both 

geochemical zones during the late Holocene were characterised by increased detrital input to 

the lake compared to the mid-Holocene (higher values of MS, Ti, density, K/Al and K/Ti), but 

the sediment properties seemed to vary between sand (low Al/Si values) and clay (high Al/Si 

values). The clay-rich periods were assumingly influenced by run-off due to wet climatic 

conditions, indicated in the sedaDNA record by more cold-adapted and moist snow bed 

communities from around 3200 cal. BP, characterised by Pedicularis, Luzula and Cardamine 

bellidifolia (Elvebakk 1994; Hadač 1989). Establishment of the typical wetland/ mire species 

Arctophila fulva/Dupontia fisheri  (Elvebakk 1994) also supports this assumption. The climatic 

shift observed in the sedaDNA record corresponds with a cooling episode found at ~3300 cal. 

BP in chironomid sequences and isotope records from lake sediments on the south-west coast 

(Luoto et al. 2017) as well as in glacial reconstructions of Karlsbreen glacier on the north-west 

coast of Svalbard (Røthe et al. 2015). 
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Subsequent consistent records of more dry-adapted taxa like Draba, Dryas and Andreae nivalis, 

as well as the thermophilous taxa Empetrum, Arnica and Calamagrostis, indicates a catchment 

area in the late Holocene that comprised a diverse mosaic of vegetation communities. The 

mentioned thermophilic taxa combined with the strong occurrence of algal species in this zone 

(~92 % of total taxa present in the sedaDNA record in relatively many PCR repeats) is in 

accordance with assumed warm Holocene conditions around 2000 cal. BP (Luoto et al. 2017), 

which is reflected in an increase in biological productivity in the lake (increased Si/Ti). Ca/Ti 

does not reflect the same pattern, but considering the variation pattern of Ca/Ti compared to the 

stratigraphically plotted PC1 scores (Figure 6), the signal from Ca/Ti does not strongly reflect 

lake processes at this core depth, like Si/Ti seems to do. The most recent occurrence of a 

thermophilic species in the record was Arnica angustifola at ~770 cal. BP, indicating the 

beginning of the little ice age in Svalbard around 700-800 cal BP (Luoto et al. 2017) 

In general, the late Holocene sedaDNA records revealed a relatively species rich flora (presence 

of ~75% of all detected plant taxa), with persistence/reestablishment of taxa from the early 

Holocene record in addition to new taxa occurrences. This is in line with a similar study from 

western Spitsbergen that found almost all taxa from a Holocene sedaDNA record to persist after 

4200 cal. BP (Alsos et al. 2015). In the record from Jodavannet, only four taxa from earlier 

zones were absent in the youngest of the identified vegetation zones (Cystopteris fragilis, 

Huperzia arctica, Ranunculus hyperboreus and R. sceleratus).  

The transition to sandy sediments at c. 300 cal (low Al/Si). BP that prevailed for the remaining 

part of the piston core’s stratigraphy, suggests a historically broader distribution of the high-

arctic steppe vegetation that are common in the outskirts of Ringhorndalen today. In accordance 

to this were typical taxa for this vegetation type that do not currently exist in close proximity to 

the lake found in the sedaDNA record (Potentilla). Additionally, during the surveys of current 

vegetation, observations were made about the distinct ground cover on the southern side of 

Jodavannet, indicating early succession with a thin biological crust layer on top of a sandy 

substrate. 

Recent dispersal or relict survival? 
Ringhorndalen houses several unusual and thermophilous plant population seen in a local 

and/or high arctic context. A question raised by previous studies that I aimed to address was 

whether these remarkable plant populations are remnants from a Holocene warm period when 
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conditions in Svalbard were more favourable for plant growth (Eidesen et al. 2013; Elvebakk 

& Nilsen 2016) (Eidesen et al, unpublished)? Although none of the most remarkable species in 

question (Pinguicula alpina, Festuca ovina, Luzula spicate and Erigeron uniflorus) were 

confidently discovered in the vegetation reconstruction from Jodavannet, the results reflect 

local conditions that were warmer than present and establishment of highly thermophilic 

species (Empetrum nigrum and Arnica angustifolia) during the early Holocene (~9500 cal. BP). 

The occurrence of these species in the sedaDNA record indicates that their populations persisted 

locally during several cooler climate periods (~9000-8200 cal. BP and ~3300 cal. BP), by 

consistently reappearing in the record during the warmer periods around 5300 cal. BP 

(Huperzia arctica also present) and ~2000 cal. BP. The last appearance of Arnica in the 

sedaDNA record was at ~770 cal. BP, corresponding with the initiation of the little ice age in 

Svalbard around ~700-800 cal. BP (Luoto et al. 2017). Today Arnica and Empetrum have sparse 

occurrences in Ringhorndalen, and Huperzia is rare (Eidesen et al., unpublished), and none of 

them are likely to be found within the catchment area of Jodavannet. Their local range seems 

delimited to further into the valley where conditions are warmer and more sheltered. The overall 

pattern these highly thermophilic species display in the Holocene vegetation record indicates 

favourable climatic conditions that facilitated a broader local distribution range during the 

warmest times in the Holocene, and local persistence with reduced range during colder periods. 

These findings are in accordance with the hypothesis of Holocene survival in Ringhorndalen, 

but ongoing phylogenetic studies on selected species will give more answers to this question 

(Eidesen et al., unpublished).  

Future prospects for the vegetation development in Ringhorndalen 

The Holocene vegetation in the catchment area of Jodavannet that resulted from the sedaDNA 

record reflected the climatic conditions at the time. Assuming anticipated future warming in 

Svalbard of at least 2°C (IPCC 2013; Monitoring 2012) and an expected increase in Arctic 

precipitation, mostly as rain (Bintanja & Andry 2017), this record contains climatic analogues 

that to some extent could be used to predict the species composition in the study area. Arctic 

ecosystems are expected to respond rapidly to warming, and the main change is expected to be 

in production and biomass rather than on biodiversity (Gajewski 2015), making the non-

quantitative method applied in this study unsuitable to predict change. Additionally, the 

reconstructed vegetation from sedaDNA records represents more than climate. The relatively 

young arctic biome has gone and is still going through a colonization process. The Svalbard 

flora is relatively small, even in an arctic context, indicating that the reason why species with 
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an arctic distribution that still do not exist in Svalbard is simply because they have not 

successfully expanded their range to the archipelago yet. Often is the establishment phase the 

limiting factor for successful colonization rather than the dispersal (Alsos et al. 2007). 

Stochastic dispersal events require some luck and the suitable dispersal mechanisms (Nathan et 

al. 2006; Nathan et al. 2008) Similarly, is Bombus absent in Svalbard, but presence in high 

Arctic Greenland shows that climate is not the limiting factor. Dispersal of effective insect 

pollinators to Svalbard could possibly ease the colonisation phase for species ‘waiting’ to 

establish (Eidesen et al. 2017). Thus, the response to future climate change cannot be interpreted 

directly from the vegetation record, but must be seen as a recolonization process that, especially 

in early stages, reflects the accumulation of species resulting from random long-distance 

dispersal, stochastic events, dispersal- and reproduction mode.  

False positives? 

The plant taxa reflected in the sedaDNA record must be interpreted with caution, because false 

positives can occur from degraded DNA and PCR/sequencing errors (Ficetola et al. 2016). The 

conservative options applied during the bioinformatic filtering process (i.e. 100 % match with 

reference sequences, minimum 10 reads per PCR repeat and two PCR repeats in samples for 

unique sequences, and minimum 100 PCR reads per taxa), combined with good knowledge 

about current plant species occurrences in the area and the Svalbard flora, enabled me to infer 

confident patterns of Holocene vegetational change in the catchment area. There was however, 

two assigned taxa that had to be assessed more carefully than others in order to falsify or accept 

them as probable sequences.  

Ranunculus sceleratus is not previously described for Svalbard, and this result should be 

interpreted cautiously. However, the result seems plausible with presence in two subsequent 

samples and six PCR repeats in total (4 repeats for one sample; Table 3), and no likely 

explanation regarding false taxonomical assignation of the sequences found with BLAST. 

Several registrations of species new to Svalbard have been made in Ringhorndalen previously, 

making it easier to imagine that more uncommon arctic species have existed in the area.  

Juniperus is a less realistic result, with relatively low read counts (162) in two PCR repeats in 

only one sample (Table 3). The sequence occurred in a relatively modern sample, which I 

consider unlikely for a taxon with its current distribution range in the low Arctic. A plausible 

explanation is that Juniperus is a false positive result, which is known to commonly occur with 

high-throughput sequencing (Ficetola et al. 2016). Alsos et al. (2018) found a posterior 
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probability of 6 – 33 % for a false positive to be present in DNA records from the studied lake 

sediments in northern Norway and identified probable sources of error to be drop contamination 

from adjacent samples during PCR or sequencing errors caused by small variations (e.g. 1 base 

pair) between true and false sequences. For the Juniperus sequence from Jodavannet, 

contamination is a very likely explanation because the samples were processed and sequenced 

in the same facilities and using the same equipment as samples from northern Norway. 

 

Conclusion 

The Holocene vegetation reconstructed from sedaDNA for the catchment area of a high-Arctic 

lake in Ringhorndalen, Svalbard, clearly showed patterns of variation in terms of species 

assemblages, species richness, and ecological niche preferences. The identified patterns were 

corresponding to geochemical proxies reflecting variations in glacial melting, erosion and 

weathering regimes, changes in grain-size of allochthonous material and biological productivity 

within the lake. The marked shifts between warmer and colder temperature regimes reflected 

in the two local records combined, were in accordance with main climatic shifts on Svalbard 

identified by previous studies. These were a cooling event at ~8900 cal. BP and subsequent 

warming around 8000 cal. BP (Mangerud & Svendsen 2018). Then followed another marked 

temperature rise ~5300 (Luoto et al. 2017), before cooling at ~3300 cal. BP (Røthe et al. 2015; 

Luoto et al. 2017). The final main climatic shifts detected in this record were a marked 

temperature increase ~2000, and finally a cooling period at about 770 cal. BP, assumingly the 

onset of the little ice age (Luoto et al. 2017). 

The early Holocene had a relatively species rich flora, with dominant species typical for moist 

habitats, possibly due to the main dispersal routes to Svalbard from Siberian rivers. The number 

of taxa recorded decreased drastically during the first cooling event (~8900 cal. BP), but 

increased gradually towards ~2000 cal. BP, reflecting the variable dispersal mechanisms and 

time needed for postglacial re-colonization of different Arctic species. Thermophilic species 

like Arnica angustifolia, Empetrum nigrum and Huperzia arctica occurred sporadically 

throughout the record from ~8000 cal. BP to ~770 cal. BP, suggesting that they had broader 

local distribution ranges extending into the catchment area of the lake during the Holocene 

warm periods. This finding supports the hypothesis that isolated populations of unusually 

thermophilic plant species found in Ringhorndalen today, are relicts from a warmer more 

widespread distribution during warmer periods in the Holocene. 
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Appendix 
 
Table B: Settings for age-depth modelling of piston and surface core with Bacon 2.2. 

Function Piston core setting Surface core setting 
#d.min 
#d.max 
#thick 
#d.by 
#depths.file 
#slump 
#acc.mean 
#acc.shape 
#mem.mean 
#mem.strength 
#hiatus.depths 
#hiatus.mean 
#hiatus.shape 
#BCAD 
#cc 
0 #postbomb 
#cc1 
#cc2 
#cc3 
#cc4 
#unit 
#normal 
#t.a 
#t.b 
#d.R 
#d.STD 
#prob 

8 
185.5 
5 
1 
1 
NA 
50 
1.5 
0.7 
4 
NA 
1000 
1  
0 
1 
0 
IntCal13 
Marine13 
SHCal13  
ConstCal  
cm  
0 
3 
4  
0  
0  
0.95 

2.5  
27 
2 
1 
1 
NA 
0.1 
1.5 
0.7 
4 
NA 
1000 
1 
0 
1 
0 
IntCal13 
Marine13 
SHCal13 
ConstCal 
cm 
0 
3 
4 
0 
0 
0.95 

 

 
Figure B: Output graphs from Bacon: (left) stability of the model in terms of MCMC iterations; 
(middle) prior (green line) and posterior (filled grey) distribution of accumulation mean; and 
(right) prior (green line) and posterior (filled grey) distribution of memory properties. The 
relatively stationary and unstructured adjacent iterations indicate a good model-run. 
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Figure B: Dendrogram from constrained hierarchical clustering of scaled and centred ITRAX-
data corresponding to sample depths for sedaDNA samples. 
 

Figure C: Dendrogram from constrained hierarchical clustering of PCR repeats per sample 
from aDNA data. The clusters are based on sample depths (cm; x-axis) and constrained by 
sample order. The branch-split indicates the distance (y-axis) between the clusters at the point 
they were separated in the cluster analysis.  
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Figure D: Graphical display of broken stick model with the observed reduction in within-group sums 
of squares (y-axis) plotted in black and the broken stick distribution in red. Five significant stratigraphic 
zones are interpreted by comparing the dispersion of the constrained hierarchical classification to the 
dispersion obtained from a broken stick model (from the point on the x-axis where the reduction in 
variance exceeds the proportion expected from the broken stick model). Because this particular zone 
accounts for more variance than would have been expected if the dataset consisted of randomly arranged 
samples, it can be considered significant (Bennett, 1996). 
 
Table B: Summary of number of PCR repeats from aDNA taxa present in the detected 
stratigraphic zones Z1-Z5. 

Zone Z1 Z2 Z3  Z4 Z5 
Sample Depth 185-172 cm 171-156 cm 155-140 cm 139-90 cm 79-2 cm 
Cal. age BP 
Calamagrostis 
neglecta/purpurascens 

0 0 0 0 6 

Arnica angustifolia 0 2 0 1 1 
Asteraceae 2 0 0 0 12 
Bistorta vivipara 2 0 33 31 74 
Brassicaceae 0 0 2 0 0 
Braya glabella 0 0 0 0 17 
Cardamine bellidifolia 0 0 0 0 14 
Carex sp. 2 0 4 1 48 
Cassiope tetragona 0 0 0 12 90 
Cerastium 1 0 0 1 13 
Cochlearia groenlandica 1 0 0 0 6 
Draba 4 1 0 2 30 
Dryas octopetala 1 0 0 46 72 
Empetrum nigrum 0 3 12 15 1 
Equisetum arvense 12 4 4 2 4 
Equisetum 
variegatum/scirpoides 

0 1 4 4 4 

Festuca sp. 0 2 0 2 58 
Huperzia arctica 0 0 0 3 0 
Juncus biglumis 2 0 0 0 19 
Juniperus 0 0 0 0 2 
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Luzula sp. 0 0 0 0 34 
Oxyria digyna 0 2 2 10 58 
Papaver sp. 11 0 0 0 24 
Pedicularis 0 0 0 4 14 
Poeae 1 0 0 0 15 
Poinae 0 0 0 0 19 
Cystopteris fragilis 8 0 0 1 0 
Potentilla sp. 6 0 2 0 74 
Ranunculus hyperboreus 3 0 0 0 0 
Ranunculus sceleratus 6 0 0 0 0 
Minuartia rubella 1 0 0 0 4 
Sagina nivalis/caespitosa 1 0 0 0 8 
Saliceae 0 0 19 44 76 
Saxifraga cer/riv/hyp 6 0 0 3 76 
Saxifraga sp. 26 7 7 15 70 
Saxifraga cespitosa 4 1 1 1 3 
Saxifraga oppositifolia 18 6 6 21 74 
Micranthes hier/tenu/niv 2 0 2 2 31 
Silene acaulis 0 0 2 3 12 
Stellaria longipes 0 0 0 0 17 
Number of  vascular taxa 22 10 14 22 35 
% vascular taxa 55,0 25,0 35,0 55,0 87,5 
Andreaea nivalis 0 0 0 0 2 
Timmia norvegica/austriaca 0 0 1 0 8 

Bryum pallens 1 0 0 0 8 
Polytrichaceae 6 0 0 12 25 
Pottiaceae 2 0 0 0 0 
Bartramiaceae 0 0 0 0 9 
Bryum 4 4 0 5 30 
Bryaceae 1 0 1 0 14 
Dicranaceae 0 0 0 0 6 
Distichium 
capillaceum/inclinatum 

2 1 0 0 9 

Hypnales 41 1 10 3 16 
Encalypta 
rhaptocarpa/streptocarpa 

1 0 0 0 4 

Number of bryophyte taxa 8 3 3 3 11 

% bryophyte taxa 66,7 25,0 25,0 25,0 91,7 
Closterium baillyanum 0 10 0 1 21 
Cosmarium botrytis 1 8 2 9 51 
Nannochloropsis granulata 3 36 49 4 2 

Neglectella solitaria 0 5 0 0 0 
Staurastrum punctulatum 0 0 0 0 3 

Total algae taxa 2 4 2 3 4 
% algae taxa 40 80 40 60 80 
Number of total taxa 32 17 19 28 50 
% taxa overall 47,8 25,4 28,4 41,8 74,6 



  


