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Article history: Andgya on the NW coast of Norway is a key site for understanding the Last Glacial Maximum (LGM) in
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svatnet. A total of 23 new dates and age-depth modelling suggests the lake has been ice-free since GI2
(<23.4 cal ka BP) and possibly GS3 (<26.7 cal ka BP). Pinus and Picea sedaDNA was found in all three cores
but at such low frequencies that it could not be distinguished from background contamination. LGM
samples have an exceptionally high organic matter content, with isotopic values indicating that carbon
and nitrogen derive from a marine source. Along with finds of bones of the little auk (Alle alle), this
indicates that the lake received guano from an adjacent bird colony. SedaDNA, 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
(sedaDNA, 8—9 °C), and Alchemilla alpina (macrofossil, 8—9 °C) were also recorded. The review of
>14.7 cal ka BP data recorded 94 vascular plant taxa, of which 38% have a northern limit in Shrub Tundra
or more southern vegetation zones. This unusual assemblage likely stems from a combination of prox-
imity 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 re-
cords 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.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

(Birks and Willis, 2008; Brochmann et al., 2003; Stewart and Lister,
2001; Tzedakis et al., 2013), despite the fact that phylogenetic data

Evidence for cryptic glacial-age refugia, or micro-refugia, in the strongly suggest they may have existed (Anderson et al., 2006;
northern hemisphere has long been sought but remains elusive Napier et al.,, 2020; Westergaard et al., 2019). It is likely that late-

* Corresponding author.

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
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et al.,, 2009). It remains highly controversial, however, whether tree
taxa grew within the maximum limits of the Scandinavian ice sheet
(Birks et al., 2005; Kullman, 2005), as is indicated by megafossils of
spruce and pine in the Scandinavian mountains (Kullman, 2002),
and sedimentary ancient DNA (sedaDNA) in lake sediments from a
glacial refugium at Andeya (Birks et al., 2012a; Parducci et al,,
2012a, 2012b). As all proxies for reconstructing past flora and
environmental conditions have some uncertainties, a multi-proxy
study may provide more robust conclusions. Environmental re-
constructions are often focused on temperature (Birks and Birks,
2014; Trondman et al., 2015), but temperature may interact with
other key drivers, such as nutrient cycling: high nutrient levels may
compensate for low temperature, as seen, for example, at high-
latitude bird cliffs (Gonzalez-Bergonzoni et al., 2017). Thus, esti-
mation of nutrient availability and trophic status may further
elucidate the environmental conditions in refugia and may be
critical for micro-refugia.

The northern Norwegian island of Andgya is a key locality for
understanding LGM environments (here defined as the 26-18 cal ka
BP interval) on the North Atlantic margin (Vorren, 1978), and it has
been extensively studied. Andaya is situated where the Norwegian
continental shelf is at its narrowest (under 10 km). Due to calving
into the deep ocean, there was no possibility of thick ice build-up,
and the area became deglaciated early (Hughes et al., 2016; Patton
et al.,, 2017). While higher elevations on northern parts of Andgya
remained ice-free throughout the LGM (Nesje et al., 2007), it is less
clear whether the lowland was continuously ice-free from ca. 26 ca.
ka BP (Alm, 1993; Vorren and Plassen, 2002; Vorren et al., 2013,
2015).

Palaeobotanical investigations have been carried out on three
lakes on the northern ice-free tip of Andeya (Fig. 1): Endletvatn
(Alm and Elverland, 2012; Elverland, 2012; Elverland and Alm,
2012; Parducci et al., 2012b; Vorren, 1978; Vorren and Alm, 1999;
Vorren et al., 2013), Nedre Aradsvatnet (Alm and Birks, 1991; Vorren
et al., 1988) and @vre Arasvatnet (Alm, 1993). The late-glacial
vegetation recorded as pollen and plant macrofossils, combined
with slow minerogenic sedimentation, has been assumed to typify
cold and dry polar desert conditions (sensu lato). There may,
however, have been interruptions: warmer periods when mean
July temperatures reached up to 10 °C, as indicated by features such
as high concentrations/accumulation rates of pollen and/or mac-
rofossils and the occasional presence of more thermophilous plant
taxa (Alm, 1993; Alm and Birks, 1991; Elverland and Alm, 2012;
Vorren, 1978). Recently, sedaDNA of pine and spruce of LGM age
was found (Parducci et al., 2012b). The discovery of conifer
sedaDNA 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.,
2012a; Parducci et al., 2012a, 2012b). The debate was further stirred
by Vorren et al. (2013) who, based on both new and re-interpreted
data, concluded that LGM mean July temperatures never exceeded
3 °C. This interpretation would preclude any tree growth during the
LGM on Andgya, but it is primarily based on the inference that the
combination of the dominant moss species Syntrichia ruralis and
Aulacomnium turgidum found as macrofossils represent Polar
Desert vegetation, and it contradicts previous palaeoecological in-
terpretations of past climatic conditions (Alm, 1993; Alm and Birks,
1991; Elverland and Alm, 2012; Parducci et al., 2012a, 2012b;
Vorren, 1978). It follows that the chronology, environmental con-
ditions and palaeocecology of N Andeya warrant further
clarification.

This study seeks to capitalize on recent advances in both the
methodology (laboratory procedures, bioinformatics pipeline) and
understanding of sedimentary ancient DNA to: 1) more precisely

date the ice-free period, 2) evaluate the pine and spruce sedaDNA
results from Parducci et al. (2012b) by investigating a second lake
on Andgya using improved methods; 3) assess the local LGM
palaeoenvironment 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 Andgya during the LGM.

2. Regional setting

At Andgya (Fig. 1), the proximity of the continental shelf to
abyssal depths (6.1 km from the coast to the top of the Andaya
Canyon; Laberg et al., 2000) limited the vertical extent of glaciers
during the Weichselian glaciation, and therefore the island was
deglaciated early compared with other sites along the western
seaboard (Vorren et al., 2015). This is in line with recent work on
continental glaciation that suggests that topography/trough ge-
ometry had an overriding effect on glacial extent and recession
rates (Small et al., 2018). The tip of Andgya is also crossed by ice-
marginal deposits which Vorren and Plassen (2002) associated
with the Egga I (before 24 cal ka BP) and Egga II (23-22.2 cal ka BP)
deposits at the shelf edge (Vorren et al., 2015).

Andgya’s northern tip is an important site for LGM palae-
oenvironmental studies because its lakes received sediment input
at this time. This study targets @vre Ardsvatnet (69°1522"N;
16°02’'03”E). The basin sits at 43 m a.s.l, a few meters above the
local LGM marine limit. The lake has inlets to the W and SW and an
outlet to the NE (Fig. 1). The July mean temperature is 11 °C, and the
February mean is —2.2 °C; average annual precipitation is 1060 mm
(Norwegian Metrological Institute; eKlima 2016; 1961—1990). The
lake covers 20.4 ha, similar to the areas of two adjacent lakes, Nedre
Ardasvatnet (20.6 ha, 34 m a.s.l.) and Endletvatn (28.6 ha, 35 ma.s.l.;
Fig. 1). The lake is surrounded by birch forest and mires and there is
planted spruce and pine, especially on the south-facing slope of
Store Arasen. The bedrock is entirely non-calcareous (amphibolites,
hornblende and mica-gneisses, Norwegian Geological Survey
Database), and the catchment size is 3.6 km?.

3. Material and methods
3.1. Field work

Lake @Qvre Arsdsvatnet was chosen because, in contrast to
Endletvatn, where conifer sedaDNA was previously detected (Par-
ducci et al., 2012), it is above the marine limit and therefore less
likely to have received driftwood. Fieldwork was conducted early in
March 2014 when the lake was covered by ice. A north-south
transect across the lake was test-cored using a Hiller sampler
(And5-And7 and And9, 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 distri-
bution and water depth, we surveyed the basin with Ground
Penetrating Radar (GPR). For this purpose, we used a Mald GPR
setup fitted with an unshielded 50 MHz antenna. The rough terrain
antenna was dragged behind a snow scooter at constant speed
(10 km/h) while traversing the lake in semi-regular grids. Following
acquisition, all data were processed in version 14 of the
RadExplorer software package with a set of prescribed band-pass
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 con-
ducted with a Geonor piston corer (110 mm diameter) and a
modified Nesje corer (110 mm; (Nesje, 1992; Paus et al., 2015). Only
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Fig.1. A: Map of northern Eurasia with LGM ice limits (white line) and trough-mouth fans (brown fields) after Hughes et al. (2016). The location of Andgya is highlighted with a red
dot. B: The northern part of the island Andeya with surrounding region (modified from norgeskart.no). Glacial stages (Vorren et al., 2015) discussed in the text are highlighted by
stippled and dashed lines. C: Close-up of Lake @vre Ardsvatnet and the surrounding lakes, as well as local moraines and coastal landforms (Vorren et al., 2015) discussed in the text.
Numbers mark previous investigations: 1) Alm, 1993; 2) Vorren et al. (1988); Alm and Birks (1991); 3) Vorren (1978); Vorren and Alm (1999); Alm and Elverland (2012); Elverland
(2012); Elverland and Alm (2012); Parducci et al. (2012b); Vorren et al. (2013); Vorren and Alm (1999). (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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Fig. 2. Bathymetry and sediment thickness map of Lake @vre Arasvatnet showing also
the test cores (And5-7, And9) and sediment cores (And-8, and-10 and And11).

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 plant macrofossils were
determined using Accelerator Mass Spectrometry at Poznan
Radiocarbon Laboratory (Poz; Table 1). The bulk of the dated ma-
terial consisted of bryophytes (moss stems), but seeds and leaf
fragments of vascular plants were included when available. Low
mass (< 0.2 mg) of many samples led to relatively large

uncertainties, but this was preferred to combining more material.
The values for 8'3C are given in Table 1 but are inaccurate due to
having been measured with the AMS, and the unusually low 3'3C
values reported for the smallest samples were related to the
extremely small amounts of carbon available for analysis. It is
notable that all the 3'3C values are under —19. If the samples were
contaminated with old C, or marine C, the values would be ex-
pected to be higher. The '“C ages were calibrated with OxCal 4.2
(Bronk Ramsey, 2009) using IntCal13 (Reimer et al., 2013), and 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 fitted on an Avaatech XRF core scanner (Fig. 3). Qualitative
element-geochemical analyses were carried out with the XRF core
scanner. The measurements were carried out at continuous 10-mm
steps. Instrument settings were 10 kV, 1000 pA, 10 s count time, and
no filter. Data processing was performed using WinAxil version
4.5.6. To minimize the influence of water and matrix effects
(Tjallingii et al., 2007; Weltje and Tjallingii, 2008), 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). Loss-on-ignition
(LOI) was analysed every 4 cm. About 10 g of sediment was dried
overnight at 105 °C, weighed, and then burned for 4 h at 550 °C. LOI
was calculated as the percent dry-weight loss after burning.

Thirty samples were selected from the And-11 core for 3'3C and
3'°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 decarbo-
nated in 5% HCI prior to analysis while a separate aliquot for ni-
trogen isotopes was run without 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 8'3C values calculated
to the VPDB scale using a within-run laboratory standard (BROC2)
calibrated against external standards NBS-19 and NBS-22. Replicate
analysis of well-mixed samples indicate an analytical precision of +
<0.1%o0 (1 SD). Percent C and N analyses were run at the same time,
and 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. 3'°N was
calculated to the 3!°N value of air using the internal BROC2 stan-
dard 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 soil samples, we
had poor results (as with other ancient samples). 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, the results were also poor. We
suspect that the main problem was the high organic content of the
lower part of core And-11 and all of And-8 and And-10, as we have
experienced similar problems with other highly organic sediments
(Clarke et al., 2018). The uppermost, less organic part of core And-11
yielded reasonable results in all three analyses. For the third
extraction, we used sterile plastic tools for taking 74 samples from
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Table 1
Radiocarbon dates. Weight of dated material is added when this is so low that it might influence the probability estimate.
Core Depth Lab # 14C BP (10) Cal. BP (2 o) Cal. BP (2 ) median 313C Material
And-11 848 cm Poz-72236 7320 + 50 8300-8010 8155 —33.2 Moss, plant mat., leaves (0.2 mg)
And-11 916 cm Poz-72235 9520 + 50 11090—10660 10875 -333 Moss, plant mat., leaves (0.2 mg)
And-11 968 cm Poz-77608 10120 + 120 12150—-11260 11705 -21.8 Moss (0.06 mg)
And-11 980 cm Poz-72234 10770 + 80 12800—12570 12685 —33.7 Moss, leaves (0.2 mg)
And-11 993 cm Poz-72233 10900 + 60 12930—-12690 12730 -30.0 Moss (Warnstorfia fluitans)
And-11 1020 cm Poz-72231 12530 + 80 15130—-14300 14715 -19.2 Moss, seeds
And-11 1052 cm Poz-72230 12750 + 90 15550—14830 15190 -20.7 Moss, seeds (0.2 mg)
And-11 1084 cm Poz-72229 13120 = 110 16070—15340 15705 —18.6 Moss, seeds, plant mat.
And-11 1096 cm Poz-77610 16670 + 150 20510—-19710 20110 -221 Moss, seeds (0.14 mg)
And-11 1100 cm Poz-104680 12880 + 190 16019—-14673 15346 -29.2 Moss stems (0.06 mg)
And-11 1112 cm Poz-104682 14180 + 250 17891-16501 17196 —44.1 Seed case (0.05 mg)
And-11 1128 cm Poz-72219 16610 + 110 20360—19710 20030 -26.9 Moss, seeds
And-11 1136 cm Poz-104683 19060 + 130 2336422579 22972 -37.3 Moss stems (0.18 mg)
And-11 1156 cm Poz-77611 17390 + 150 21450-20590 21020 —27.6 Moss, seeds (0.2 mg)
And-11 1160 cm Poz-104684 12120 + 500 13760-11110 12435 -37.3 Herb stem fragments (0.02 mg)
And-11 1181 cm Poz-77656 22410 + 120 27120-26330 26725 -253 Moss
And-8 1090 cm Poz-72215 12630 + 100 15310—14420 14865 -31.8 Moss, seeds (0.2 mg)
And-8 1122 cm Poz-77607 11930 + 180 14280—-13370 13825 -194 Moss, seeds (0.02 mg)
And-8 1134 cm Poz-72214 15840 + 200 19610—-18720 19165 —46.7 Moss, seeds, plant mat. (0.14 mg)
And-8 1182 cm Poz-72213 17840 + 230 22230—-20980 21605 -50.5 Moss, seeds (0.11 mg)
And-10 908 cm Poz-72217 16120 + 190 19940—18980 19460 —40.4 Moss, seeds (0.13 mg)
And-10 960 cm Poz-77606 16180 + 210 20040—-19000 19520 -19.3 Moss, seeds (0.06 mg)
And-10 1004 cm Poz-72216 16990 + 240 21150-19910 20530 -43.4 Moss, seeds (0.08 mg)

the three cores. We extracted sedaDNA using an adapted version of
Zimmermann et al. (2017), in which we downscaled the input
volume to ~0.3 g, substituted the Qiagen PowerMax kit for the
PowerSoil PowerLyzer kit, and incorporated a bead beating step
following Alsos et al. (2016). 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. Here we
only present data from the third extraction.

During this study, the dedicated ancient DNA laboratory of the
Tromse museum was moved twice between buildings and all re-
agents were replaced; the three runs exhibited different back-
ground contamination levels. We did detect pine (Pinus) and spruce
(Picea) in all three runs, both in samples and in negative controls,
but there were inconsistencies within samples.

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), and 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 pools were converted into 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. Sequencing was on an Illumina HiSeq
2000 platform (2 x 150 bp, mid-output mode, dual indexing) at the
Genomics Support Centre Tromsg (UiT).

All next-generation sequence data were aligned, filtered and
trimmed using the OBITools software package (Boyer et al., 2016)
using similar criteria as 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 they: 1) were identified to 100% in either
reference set; 2) were present in at least 3 PCR replicates from the
same sample (hereafter referred to as PCR repeats); and 3) had at
least 10 reads across the entire dataset. 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
at Tromsg Museum, as well as taxa identified above family level
(Supplementary Table S1). In our final step of filtering, we
compared the frequency of sequences in PCR repeats in all 76
samples to the 10 negative controls. There is no clear way to set the
cut-off (Alsos et al., 2018; Sjogren et al., 2017), so we chose a con-
servative value, keeping only sequences that had an overall fre-
quency of PCR repeats in samples at least twice as high as in that in
negative controls. We present the data semi-quantitatively as the
proportion of PCR repeats, excluding replicates that had no DNA.

3.5. Pollen and macrofossils

Pollen analysis was attempted on 19 samples from the And-11
core in the depth range 910—1182 cm. Residual material from
sedaDNA extraction 1 was used. As we resampled the core for
sedaDNA extraction 3, minor stratigraphic differences between
pollen and sedaDNA samples are possible. Every second or third
level analysed for sedaDNA in extraction 3 corresponds to a pollen
sample, except 1038 cm, which was only analysed for pollen. Pollen
samples (1 cm?) were prepared (Palaeoecological laboratory, Uni-
versity of Southampton) using conventional methods (Berglund
and Ralska-Jasiewiczowa, 1986) and mounted in silicon oil.
Counting was undertaken by CL and AP. Identifications were based
on Faegriand Iversen (1989) and Moore et al. (1991), in combination
with reference collections of modern material. In the two upper-
most levels (910, 918 cm), the dryland pollen sums were 260 and
134; otherwise pollen sums were <100 grains, and often very low.
In four samples the pollen sum was <10. However, we retained
them to prevent imposing false negatives and because two of the
records contained pine pollen which is a theoretical source of pine
DNA.

Macrofossils were collected from 44 levels from core And-11
across the depth range 884—1181 cm. Slices ~2-cm thick were
sampled every 8 cm (from half the core width, ca. 50 ml volume),
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Fig. 3. Correlations between core And-11 (main core) and the shorter cores, And-8 and And-10. The alignment is based on lithological correlation and LOI The dates given are
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and thus often between samples for sedaDNA/pollen. If necessary,
the samples were soaked in 10% sodium hydroxide (NaOH) to
disperse organic material and/or sodium pyrophosphate (NagP207 *
10H,0) to disaggregate clay particles. The macrofossils were

retrieved by gently sieving the sample using a 250-pm mesh. The
herbarium and the macrofossil reference collection at Tromsg
Museum were used to aid identification.
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3.6. sedaDNA, pollen and macrofossil data analyses

Initial diagrams were plotted in R studio version 1.2.5 using the
rioja, vegan and ggplot2 packages. We explored zonation for three
proxies using constrained incremental sum of squares (CONISS) as
implemented in ggplot2 version 3.2.1. Final diagrams were con-
structed using Tilia v.2.6.1 (https://www.tiliait.com/).

3.7. Review of botanical records and reconstruction of minimum
July temperature

We used an indicator-species approach to estimating minimum
July temperature based on a compilation of all published palaeo-
records of taxa from Andgya for the period 26.7—14.7 cal ka BP.
The northern limits of vascular plants and vegetation types are
closely linked to summer temperature (Karlsen and Elvebakk,
2003; Karlsen et al., 2005), and the Arctic is divided into biocli-
matic 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 palaeo-records were not
determined to species level, the northernmost potential species in
that taxon was used. Some taxa only identified to a higher taxo-
nomic 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 typi-
cally low (Lamb and Edwards, 1988). Thus, a rare taxon has a low
chance of occurring in palaeo records, whereas frequent species are
more likely to be recorded (Schenk et al., 2020). Alternative (1)
represents a conservative (cold) estimate of the minimum tem-
perature (results given in Supplementary Table S2), whereas
alternative (2) represents a mid-range estimate (results in main
text) equivalent to “common northern distribution limit” (Schenk
et al., 2020). Second, choice of the northernmost potential species
in a group causes a strong bias towards more northerly, colder
zones. For example, Puccinellia and Ranunculus occur in the polar
desert zone although the majority of species in these genera do not

Table 2

reach the High Arctic (Elven et al., 2011); this classification in turn
biases both alternatives towards colder environments.

4. Results

4.1. Bathymetry, chronology, lithostratigraphy and geochemical
analysis

The updated bathymetry of lake @vre Ardsen (Fig. 2) shows an
irregular basin morphology with thick sediments across the
shallow centre of the lake, and thin sediments in the deepest part.
Given that the deepest sediments occur in a generally shallow area
(an inversion of normal sedimentation pattern), it is unlikely that
sediments have been deposited by erosion and more likely that
either there has been erosional incision or that this has resulted
from ice in the lake and a coarse boulder-dominated moraine.
Whether a moraine or not, the 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.

Three new cores were taken and the most complete core (And-
11, Fig. 3) is divided into 5 units, labelled U1 to U5, based on li-
thology (Table 2). The basal unit is a silty-sandy diamicton capped
by a thin sand unit (U1), as is typical for basal sediments. Above this
are laminated gyttjas (U2 olive green, U3a rusty brown, and U3b
olive green), which are markedly different from typical glacial clays
expected for this period. Then follows a unit of light olive grey to
white laminated silts (U4a), a moss layer (U4b), and then above
olive brown to dark olive brown gyttjas (U5a and U5b). The unit
U4a (olive grey to white with laminated silts) is unusual, but it is
not a simple carbonate as shown by no acid reaction (discussed
further below). The moss layer above it is of Warnstorfia fluitans
(U4b, 985—995 cm) is also interesting as this suggests erosion into
the lake of the surface or the edge of an acidic mire. From the
stratigraphy there is a clear hiatus at between U2 and U3a
(1089 cm), and two other potential hiatuses at 1178 cm (in And11
but not And8), and possibly 995 cm (Fig. 3). The most parsimonious
correlation based on the dates, LOI and the lithology is that the
shorter core And-8 covers only part of U1-U3, while And-10 covers

Lithological descriptions and modelled median age ranges. And-8 date in brackets inferred from And-11. Bacon dates in brackets extrapolated (1178 extrapolated

from 1089 to 1156 using weighted mean).

Depth (cm) Bacon k cal. BP Unit Description

And-11

842-912 8.11-10.64 Usb Dark olive brown gyttja

913-979 10.68—12.60 U5a Olive brown silty gyttja

980—-984 12.62—-12.71 U4c Dark brown silty gyttja

985—995 12.73—12.99 U4b Moss layer (Warnstorfia fluitans).

996—-1017 13.04—14.18 U4a Bands of light olive grey to white silt. Lower boundary sharp

1018-1051 14.24-15.15 u3b Laminated olive green gyttja. Lower boundary gradual.

1052—1089 15.17—16.18 U3a Laminated rusty brown gyttja. Lower boundary sharp
Hiatus (ca. 1 k years)

1090—-1178 17.23-23.25 u2 Laminated olive green gyttja. Lower boundary sharp

1179-1181* 23.31-23.45 U1 Silty-sandy diamicton. Sand layer at top (1 cm thick)

And-8

1084—1093 14.7—-14.9 U3b Laminated olive green gyttja. Lower boundary gradual.

1093-1130 14.9-(15.8) U3a Laminated rusty brown gyttja. Lower boundary sharp
Hiatus ?

1130-1188 19.0-21.9 u2 Laminated olive green gyttja

1188—-1191 21.9-22.1 u1/u2 Brown clay/gyttja

1191-1198 22.1-? Ul Silty diamicton, including pebbles

And-10

900—-954 19.4-20.0 ] Coarse detritus gyttja

954—-998 20.0-20.5 u2 Laminated gyttja

998—-1010 20.5—-20.6 u2 Laminated silty gyttja

1010-1016 20.6- ? U1 Silt
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only U2 (Fig. 3). Unless otherwise stated, the results are coherent
for the three cores.

The 23 'C dates, which are all on identified plant macrofossils,
range from ca. 8 cal ka BP to 26.7 cal ka BP (Table 1). Several of the
dates acquired from small (<0.2 mg) samples have stratigraphically
inverted ages (too old: Poz-77610; or anomalously young: Poz-
104684). Although the small sample quantities affected the date
precision there is no correlation between date precision and age
(correlation coefficient 0.35) suggesting age is not a causative fac-
tor. We constructed an age-depth model for And-11 with and
without specifying the upper two hiatuses (the lowest hiatus had
only one date below making modelling impossible). When
modelling the hiatus at 1089 cm depth in Bacon, 88% of the dates
fell within the 95% range of the model, compared to 75% of the
dates without the hiatus. The hiatus is estimated to cover the
period ca. 17.2—16.2 cal ka BP. 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 cal ka BP. The addition of another hiatus at 995 cm was
found not to improve or significantly alter the model. Thus, the
model including a single hiatus at 1089 cm was preferred (Fig. 4).
The modelled basal range and median were similar for the models,
both with one hiatus (21,880-26,780, median 23,446 cal ka BP) and
without (21,828-26,732, median 23,366 yr BP). However, there are
good reasons to assume that the basal date (Poz-77656, median
26.7 cal ka BP) is accurate as it is in accordance with two bulk dates
obtained by Alm (1993; T-8029A and T-8029B: 27,068-25,282 cal yr
BP and 26,069-25,541 cal yr BP (at 20)). Our date on moss suggests
that, contrary to Vorren et al.’s (2015) opinion, Alm’s pre-22.0 cal ka
BP dates cannot be dismissed just because they were bulk dates
based on gyttja samples. This strongly suggests that a lake existed
and the basin was (partially) deglaciated in the later part of GS-3,
from ca. 26.7 cal ka BP; the oldest sediments, however, have been
disturbed.

Below the stratigraphically identified and modelled hiatus at
1089 cm, we see a scatter of dates based on moss fragments. This
may be related to local reworking. Local reworking would still
require a local terrestrial source, which implies a lack of glacial
cover somewhere in the basin at an early date. The scattered ages,
basal bathymetry, sediment depths and stratigraphic disturbance
could indicate that the basin was partially covered by glacial ice
from the cirque above it or possibly a palsa during GS3-GS2
(27.5—17.2 cal ka BP), both of which are possible given the location
of the site adjacent to the postulated ice marginal limits (Vorren
et al., 2015). However, on balance we accept the U1 and U2 dates
as reflecting largely ice free conditions through the last of the
Weichselian glacial expansions (MIS3-2) on three principal
grounds:

1. All except three samples used terrestrial vascular plant frag-
ments (mostly seeds) and mosses. The mosses dated were all
terrestrial or Warnstorfia fluitans which although semi-aquatic
(mires) is not submerged and takes up C from the atmosphere
on acidic mires. Thus the mosses will not have a hard-water
error and cannot have skewed the radiocarbon ages.

2. Due to the geology (entirely non-calcareous - amphibolites,
hornblende and mica-gneisses) the lake is acidic and the high
33C in the gyttja is not due to carbonate but due to micro-
particulate guano (apatite and digestive derivatives/urea/
lipids; see below), so the lake water would not have been high in
calcium bicarbonate.

3. The dates agree with cosmogenic exposure dates, three of which
are from the bird cliff (Store £Arasen), 270 m from the edge of the
lake. These are 37 ka BP, 37 ka BP and 45 ka BP, and slightly
further way (1.57 km) at Murdalen, 54 ka BP (Nesje et al., 2007).

Dates are also in line with the whole reconstruction of the
Andgya - Skanland glacial transect by Nesje et al. (2007).

Taken together, all these dates and the glacial reconstructions
suggest that the north tip of Andgya was not ice-covered during the
last glacial advance of the Weichselian.

Geochemical analyses (C, N, 3'°N, 3!3C and XRF) were carried out
on the And-11 core (Fig. 5); LOI measurements were performed on
all three cores (Fig. 3). The most striking feature is the exceptionally
high organic content in these MIS2 sediments from ca. 23.2 cal ka
BP onwards. The geochemical analyses reveal four trends (Fig. 5).
First, the organic content and associated elements (LOI, C%, N%, C/N,
313¢, 8N, S, Cl and Ca) reach high values in units U2 and U3 .
Second, all values, with exception of C/N and §'3C, show a distinct
drop in the lower half of U3, i.e., U3a: LOI 60—70%, (Figs. 3 and 5),
and C ~50%, (Fig. 5), but organic content values remain unusually
high for MIS2 sediments. Third, S, Cl and Ca co-vary with the LOI
and C%, with the exception of an increase in Ca in unit U5b and a
contrasting trend 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 fourth 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 U5. This likely signifies erosion of base-depleted soils
(Boyle, 2007). Low LOI, and high K, Ti and Fe in U3—U4, indicate
mineral soil depletion, suggesting temperatures above 0 °C, at least
seasonally, and some soil formation and erosion.

The unusually high 8'3C (—16 to —11) and 3'°N (18—22) values in
units U2 and U3b (Fig. 6) indicate that the organic material is
derived from a high trophic level. 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).
Almost certainly, much of organic material is derived from sea-bird
faeces (guano) and associated algal production, a suggestion orig-
inally made by Alm (1993). The C/N ratio is interpreted as reflecting
preservation of this organic matter with moderately high N, prior to
the Late Glacial and early Holocene.

4.2. 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 initial 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 match-
ing pine (Pinus) were found. Pinus1 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 the filtering pipeline: spruce
(Picea, one repeat in each of three negative controls from sampling
and extraction), and one repeat of each of Betula, Pinus1, 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 Pinus1 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
and 8. All taxa were found in core And-11. Cores And-8 and And-
10 each contained eight taxa (Supplementary Table S4). The ma-
jority of the taxa were identified to a taxonomic level that allowed
classification according to bioclimatic zones (Supplementary
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Fig. 4. Age-depth model for core And-11 from @vre Ardsvatnet, Andgya, Norway. The calibrated 14C age ranges are shown in blue. The red lines show the statistically best model
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Table S5).

Taxonomic diversity was generally low in samples older than
12.7 cal ka 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 alterni-
florum, Poaceae, and algae (Nannochloropsis spp.) (all > 90,000
reads). However, a more conservative estimate of DNA quantity is
the number of PCR replicates, and here Nannochloropsis gaditana
and Nannochloropsis sp. were by far the most dominant with 307
and 301 replicates, respectively, compared to 41 of Caltha palustris,
40 Myriophyllum alterniflorum, 39 Poaceae, and 37 PCR replicates of
Betula.

4.3. Pollen record

In total, 60 pollen and spore types were identified in 19 samples
(Supplementary Table S6) No pollen or spores were found in the
basal diamicton; four samples in the basal zone (>14.2 cal ka BP)
were essentially barren with dry-land pollen sums <5. The three
youngest samples yielded >100 grains of pollen and spores. All total
dry-land pollen spore concentration values were below 4000 grains
per cm?® except the two youngest, which had values of 8000 and
12,500 grains cm®. Less than 5 taxa (including ferns and fern allies)
occurred in the lower zone, but up to 29 taxa occur in samples in
the youngest zone. Most frequent grains/spores were Pteropsida
(monolete spores, total count 496), Poaceae (303), Betula-tree type
(mainly in Holocene samples, 165), and Gymnocarpium dryopteris

(also in Holocene samples, 120). The only consistent and relatively
abundant pollen taxon prior to 14.2 cal ka BP was Poaceae. There
was a clear increase in taxon richness from oldest to youngest
sediments, whereas except for the two youngest samples, there
was no clear pattern in concentration (Supplementary Table S6). In
total, 46 of the 60 pollen and spore types could be classified to
bioclimatic zones (Supplementary Table S5; Supplementary Fig. S1.

4.4. Macrofossil 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 youngest samples. Bryophytes were found in
all samples (typically <50 fragments) and insect remains in most
samples (typically >1000). Other abundant macrofossils 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 to Salix and
Saxifraga around 14.2 cal ka BP, and subsequently to Betula and
aquatics from 10.5 cal ka BP onwards (Supplementary Fig. S2).

4.5. Combined vegetation zones

The CONISS analyses suggested five periods for each of sedaDNA,



10 I.G. Alsos et al. / Quaternary Science Reviews 239 (2020) 106364
t'rtlﬂo'og'ca' 1 U2 S U3 U4 Usa  USb
~ N o © N~
Age S S s ¥ o9 = o
(cal. ka BP) T T AT B ABG | |
80 N
O |
cw 407 m
0 |
N % 4 m
2 7]
15 -
CIN 10 mw/
5 _
15N 20 ]
10 ]
-10 —
13Q 20 //‘A_\ﬁ

Og‘mw‘““‘wﬁww

S/sum 071 7
0.04 —
Cl/sum e
0 —
Ca/sum E
01 —
K/ sum 0 ]
Tilsum -
0.8
Fe/sum 0.6 N
04 —
0.4
Si/sum o
0
‘ T T T T ‘ T T T T ‘ T T T
1200 1150 1100

1050

1000 950

Depth (cm)

Fig. 5. Sediment properties of the core And-11 from @vre Ardsvatnet, Andeya, Norway. Lithostratigraphic units U1-U5 are marked. The data are shown on a depth scale, with the
age shown for unit boundaries. Selected elements of XRF analyses are shown as a ratio with Ti except Ti which is shown as ratio to the sum of all elements. Values above the mean

are shown in black. The dates given are median cal. ka BP.

pollen and macrofossils, but zone boundaries differed in age/depth
(Supplementary Fig. S3). The only boundary identified in all three
proxies, and also in the lithology, was at ca. 1018 cm depth (14.2 cal
ka BP, range 13.9—14.6 cal ka BP). This is close to what is generally
seen as the end of GS-2.1a (14.7 cal ka 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 cal ka BP, there is a
step-wise zonation with first a boundary in macrofossils around
12.8, pollen at 10.8 and 10.6, and then sedaDNA at 9.6 cal ka BP
(Fig. 7). 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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4.6. Zone 1: 24.0—14.2 cal ka BP (1182-1018 cm)

Taxon numbers per sample are low for all proxies (sedaDNA 1—4,
pollen 1—4, and macrofossils 2—6; Fig. 7). Of taxa present, most
frequent are Poaceae, Papaver and Brassicaceae. Poaceae is a
consistent taxon in all three proxies with relatively high concen-
trations of pollen and macrofossils. Papaver is recorded mostly as
macrofossils (Fig. 7), occurring in all samples with up to 11 seeds
per sample (Supplementary Table S7). Poaceae and Papaver are also
present in And-8 and And-10 (Supplementary Tables S4). Brassi-
caceae (Draba type) occurs in ~50% of pollen and macrofossil
samples, whereas the one sedaDNA record was filtered out (see
above and Supplementary Table S4). While ubiquitous as macro-
fossils, sedaDNA of bryophytes were not found in this zone. This

1

may be due to “swamping” of the sedaDNA by algae (Nanno-
chloropsis sp., N. gaditana, and for one sample in And-8 also
N. granulata).

Other forbs present as sedaDNA are Apiaceae (most likely An-
gelica archangelica), found in all three cores (few PCR repeats) and
Potamogeton cf. grammineus/alpinus. Also present as single records
are Aster sect. Aster (pollen), Potentilla (pollen), and cf. Alchemilla
alpina (macrofossil; Fig. 7, Supplementary Tables S4, S6, and S7). Of
the woody taxa, Pinus sedaDNA occurs in three And-11 samples
(Fig. 8) and in one and two samples in And-8 and And-10, respec-
tively (Supplementary Table S4). It was also found as single grains
in each of two pollen samples (Supplementary Table S6), but not
the same ones as the sedaDNA (Fig. 7). Salix occurs in a single
sedaDNA sample (And-10, Supplementary Table S4) and as a single
pollen grain (Fig. 7) but not as macrofossils (Supplementary
Table S7). Other woody taxa recorded were Betula-tree type (sin-
gle grain), Quercus (single grain in two samples), and Sorbus
sedaDNA samples (one sample at about 14.4 cal ka BP).

Insect fragments occur in all except the lowermost samples,
increasing in abundance from around 15.5 cal ka BP. From ca.
15.0 cal ka BP, Daphnia ephippia rapidly become abundant (Fig. 7).
Although generally eurythermal, most Daphnia species require a
minimum water temperature of 10 °C (Clare, 2018). A bone
attributed to little auk (Alle alle) was found at 1178 cm in And-8 (ca.
22.2—21.0 cal ka BP), and a similar bird bone was found at 1004 cm
in And-10. The number of Nannochloropsis repeats drops between
16.2 and 15.2 cal ka BP, which is also when the sediments show a
drop in LOI, C and N isotopes (Figs. 5 and 6).

4.7. Zone 2 sedaDNA, pollen and macrofossils 14.2—8.2 cal ka BP
(1018- 850 cm)

Pinus is scattered in the sedaDNA and pollen records, sometimes
present in the same samples (Fig. 8a). Salix macrofossils appear
from around 14.2 cal ka BP, followed by Salix pollen and sedaDNA
(Fig. 8a). There are no samples analysed for pollen and macrofossils
in the youngest sediments, but Salix remains frequent in the
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sedaDNA record. Poaceae is present as sedaDNA and pollen, but it
almost disappears as a macrofossil (only single seeds in two sam-
ples after 14.2 cal ka BP). Papaver and Brassicaceae (Draba type)
almost disappear, but new forbs appear, e.g. Artemisia, Oxyria,
Ranuculus glacialis (all as pollen), and Saxifraga spp. (pollen and
macrofossils) (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. Except for pine, no

boreal species are recorded until 13.2 cal ka BP, suggesting an arctic
tundra until then.

From around 13.2 cal ka BP, the pollen spectra include a few
boreal forbs, such as Rumex and Ranuculus acris, and Artemisia is
still present (common in low-arctic tundra but pollen potentially
extra-regional, 1—4 grains per sample, Table S6) possibly suggesting
an increase in temperature. In three samples dating to 12.9—12.7 cal
ka BP there is a short-lived appearance of several sedaDNA bryo-
phyte taxa, reflected also in higher abundance of bryophyte mac-
rofossils (Fig. 8c) and a bryophyte band in the lithology (U4b;
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Fig. 3). Just above that, in U4a, there is a mixture of cold-adapted
species such as Potentilla, Oxyria, and Saxifraga and boreal species
such as Rumex, Chenopodium and Galium.

Soon after, at around 12.0 cal ka BP, Apiaceae re-appears along
with new taxa that have distributions north to the Low Arctic
Tundra Zone: Thalictrum, Caryophyllaceae (Arenaria type), Betula
nana and Gentianella. These changes suggest a transition to Low
Arctic Tundra Zone or Shrub Tundra Zone, although we note that
dwarf shrubs do not appear until around 11.5 cal ka BP (scattered
pollen) and are more common from 10.8 cal ka BP. Nannochloropsis
taxa show a clear drop from 14.2 cal ka BP, with only scattered
occurrences subsequently, whereas Chara oospores occur in every
macrofossil sample from 12.2 cal ka BP upwards, suggesting
increasing water temperatures and some leaching of minerals from
the bedrock.

The onset of the Holocene (11.7 cal ka BP, green line in Fig. 8) is
not very pronounced in the record as only a few new taxa occur
(e.g. Valeriana, Sedum, scattered ferns) and diversity is still low in all
three proxies. The largest increase in number of taxa is at around
10.8—10.6 cal ka BP with a sudden jump from around 20 to 28—29
taxa in the pollen record, from 3 to 4 to 13—18 taxa in the sedaDNA
record, and from 1 to 2 to 5—6 taxa in the macrofossil record
(Supplementary Tables S4, S6-S7). Betula becomes common in all
three proxies, with pollen attributed to Betula tree type and mac-
rofossils identified as B. pubescens.. At the same time, Filipendula
ulmaria appears in all three proxies, and ferns are abundant. The
assemblage suggests a tall-herb birch forest. Aquatic floristic di-
versity increases with the appearance of Caltha palustris, Isoetes,
Menyanthes trifoliata, Myriophyllum alterniflorum, Potamogeton
spp., Sparganium and Subularia aquatica (Fig. 8c). Pinus is found
scattered in both pollen and sedaDNA, with the highest concen-
tration around 12.1 to 10.0 cal ka BP (Fig. 8a). Picea is also found in a
total of 7 of the 23 sedaDNA samples in the period after 14.2 cal ka
BP (Supplementary Table S4), but note that we suspect records of
Picea to be false positives.

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

In total, 94 vascular plant taxa have been recorded from pollen
(77 taxa), macrofossil (19) and aDNA (9) studies (Supplementary
Table S2, S8). A megafossil of Betula pubescens was recorded from
nearby Stavdalen (ca. 20.4 cal ka BP, Kullman, 2006) . The most
abundant taxa, both in this and previous studies, are Poaceae,
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. While over one
third of recorded taxa have a northern limit in Shrub Tundra Zone
(July temperatures 10—12 °C) or more southern zones, the majority
of these are found only as occasional pollen types that may derive
from long-distance transport. A few of these, however, occur as
macrofossils and/or in sedaDNA (Table 3, Supplementary Table S2)
and are likely to have grown in-situ.

Further taxa identified during the LGM and early late glacial
include caddisflies and chironomids (23.5 cal ka BP, @vre Ara-
svatnet, (Solem and Alm, 1994), Nedre £rsdvatn — mainly 16.9 cal
ka BP onwards (Alm and Willassen, 1993) and Endletvatn,
22—14.7 cal ka BP (Elverland and Alm, 2012), and the beetle Dier-
nerella filum (ca. 18-17 and 15.5 cal ka 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 Andgya (Solem and
Alm, 1994). Dienerella is cosmopolitan genus, 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 cal ka BP (Alm and
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Table 3

Thermophilous and other selected taxa of MIS2 age. July temperature of the bioclimatic zone where the taxon is found as frequent (Temp.1) or rare/scattered (Temp.2) today.
*Indirectly dated to the period 21.4—20.1 ka cal. BP by Vorren et al. (2013). Uncertain temperatures due to uncertain taxon identifications are in brackets.

Taxa Date Temp.1 Temp2 Type Site Reference

Andgya thermomer 1, ca. 24—23 ka cal. BP (IS2, Andeya interstadial)

Sphagnum leaves ca. 25 8-9 macrofossil @vre Arasvatnet Alm (1993), unpub. data
Rumex acetosa 232 >12 10-12 macrofossil Nedre /Arasvatnet Alm and Birks (1991)
Saxifraga cespitosa 23.2 1-3 1-3 macrofossil Nedre Arasvatnet Alm and Birks (1991)
Andgya thermomer 2, ca. 22—20 ka cal. BP (LGM)

Chrysosplenium 22.0 6-7 4-5 macrofossil Nedre /rasvatnet Alm and Birks (1991)
Pinus 220 (>12) (10-12) sedaDNA Endletvatn Parducci et al. (2012a, b)
Brya-type (B. linearis) <21.8 (8) (6—7) macrofossil Endletvatn Elverland and Alm (2012)
Apiaceae <21.8 8-9 8-9 sedaDNA @vre Arasvatnet Present

Apioideae (Apiaceae) <21.8 8-9 8—9 sedaDNA Endletvatn Parducci et al. (2012a, b)
Sphagnum papillosum ca. 21 8 macrofossil Endletvatn Vorren (1978)

Mustela erminea ca. 20.8* 3 vertebrae Endletevatn Fjellberg (1978)

Betula pubescens 204 10-12 10-12 megafossil Stavedalen Kullman (2006)

Urtica dioica 19.8 >12 10-12 macrofossil Endletvatn Parducci et al. (2012a, b)
Andeya thermomer 3, ca. 19—18 ka cal. BP (LGM)

Pinus 19.2 (>12) (10-12) sedaDNA Endletvatn Parducci et al. (2012a, b)
Sphagnum papillosum ca. 18 8 macrofossil Endletvatn Vorren (1978)

Picea abies 17.7 (>12) (10-12) sedaDNA Endletvatn Parducci et al. (2012a, b)
Andeya thermomer 4, ca. 15 Kka cal. BP (pre-Belling warming)

Sphagnum papillosum ca. 15 macrofossil Endletvatn Vorren (1978)

S. cf. platyphyllum ca. 15 macrofossil Endletvatn Vorren (1978)
Scorpidium scorpioides ca. 15 3 macrofossil Endletvatn Vorren (1978)

cf. Alchemilla alpina 149 (8-9) (8-9) macrofossil @vre Arasvatnet Present

Elverland, 2012), eider duck (Somateria sp.) ca. 17.3 cal ka BP
(Vorren et al., 1988), and stoat (Mustela erminea) ca. 20.1-21.4 cal ka
BP (Endletvatn, (Fjellberg, 1978), re-dated by (Vorren et al., 2013).

5. Discussion
5.1. The LGM and glaciation of Andeya

Our new date >26 cal ka BP strongly supports the interpretation
that the northern tip of Andgya including @vre Ardsvannet was ice-
free from ca. 26 cal ka BP. The earliest period of sedimentation,
corresponding to the later part of GS-3, is disturbed, probably due
to ice and the lake’s location at the glacial margin. This finding
aligns with three cosmogenic dates from the adjacent ridge, Store
£rasen (105 m a.s.l, 36—45 cal ka BP, Nesje et al., 2007, Fig. 1).
Vorren et al. (2013) cite the cosmogenic data; they argue that the
possibility of non-erosive, cold-based glacial ice cannot be
excluded. However, our new data indicate an open lake surrounded
by vegetation with a nearby bird cliff. Vorren et al. (2013) also re-
gard the earlier pre-20 cal ka BP dates of Alm (1993) as possibly
reflecting reworking. Given our new radiocarbon dates, seven of
which pre-date 20 cal ka BP and all of which are based on macro-
fossils, reworking also seems unlikely. The complex bathymetry
combined with disturbance of the basal sediments in @vre Ara-
svatnet prior to 16 cal ka 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).
A very similar pattern of scattered early dates has been observed
further north at Hammerfest (Birks et al., 2012b). Our dates
constrain the ice at the LGM on the northern tip of Andeya to a brief
period after the Alesund Interstadial (38-35 cal ka BP; (Mangerud
et al, 1981) to 26 cal ka BP. Alternatively, as suggested by
(Mangerud, 2003), an unglaciated refugium that included Rgyken
and adjacent peaks on northern Andeya persisted throughout the
last glacial cycle.

This also has implications for the local glacial sequence. Either
the outermost Egga I moraine is earlier than ca. 26 cal ka BP, as
originally argued by Vorren and Plassen (2002), or 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.l. and cannot be linked to an
outer moraine further to the south, due to the presence of the
Andgya 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 Ardsvatnet (Fig. 1). It therefore appears
that during the LGM, a very small area of Andgya, including @vre
Ardsvatnet, was an ice-free area 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 mountains.

Given the finds in the Sunnmere caves of little auk, other sea-
birds, fox and reindeer (Larsen et al., 1987), the data now available
suggest that periodically an ice-free corridor existed along the
outer islands of Norway, with most areas being overrun during the
LGM after 26 cal ka BP, except a small part of northern Andgya. Both
the proximity of the continental shelf edge, and our data suggest
that a large sea bird population was present; this was possibly
favoured by a local polynya, as has been suggested for an apparent
MIS 2 ice-free area off Svalbard (van der Bilt and Lane, 2019).

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

As in the study of nearby lake Endletvatn (Parducci et al., 2012b),
we recorded DNA of pine and spruce. For the conifer DNA in End-
letvatn, local growth was suggested, but alternative sources such as
driftwood, reworked older material, DNA leaching, or a pollen
origin were also discussed (Birks et al., 2012a; Parducci et al., 2012a,
2012b). Later studies indicate that DNA leaching is not a problem
(Clarke et al., 2019; Sjogren et al., 2017). This is supported by the
@vre Arasvatnet data, where virtually none of the many taxa
observed in Holocene levels (Fig. 8) was recorded in samples older
than 14.2 cal ka BP (Fig. 7). Similarly, pollen is an unlikely source of
chloroplast sedaDNA (Niemeyer et al., 2017; Parducci et al., 2017;
Sjogren et al., 2017), but there is less empirical evidence showing
this for gymnosperms, which have paternally inherited chloro-
plasts. As only a few pine pollen grains were found, and these
occurred in sedaDNA samples in which no pine pollen was identi-
fied, pollen is not a likely source of pine and spruce DNA. The
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likelihood of driftwood is low at @vre Ardsvatnet, as it sits above
the local marine limit. Furthermore, if driftwood were a source of
sedaDNA, we would expect to see a higher frequency of conifer DNA
around 20.5 cal ka BP, when the nearby Endletvatn was trans-
gressed by sea for a short period (Vorren et al., 1988, 2013). In line
with previous interpretation (Alm, 1993), our new dates and
palaeo-record do not indicate any signs of reworked pre-LGM
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.

Previously, contamination was not thought to be a source of the
sedaDNA because the result had been repeated in two sediment
cores and three independent laboratories (Parducci et al., 2012a,
2012b). Methodology has advanced, and we have improved all
parts of the methodology (extraction protocol, negative controls at
all steps, running eight rather than one PCR, unique tagging to
minimize tag jumps, sequencing, and bioinformatics). Neverthe-
less, for low-frequency sequences, it is often impossible to distin-
guish between true and false positives (Alsos et al., 2018; Ficetola
et al, 2015; Zinger et al, 2019). When comparing modern
sedaDNA with local vegetation, a trade-off exists between retaining
the true positive (i.e., true, according to the vegetation surveys) and
removal of the false positives. In a recent such study, 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 as independent proxies are needed for their
identification. In other studies, scattered sedaDNA records have
been confirmed by macrofossils, for example, Arabis alpina in
Svalbard (Alsos et al., 2016). We tried authentication of ancient DNA
via ancient damage patterns, but shotgun sequencing of two sam-
ples from Lake @vre Ardsvatnet did not identify sufficient pine and
spruce for ancient DNA damage pattern analysis (Lammers et al.,
2020).

Pine and spruce DNA are especially challenging, as they, like
common food plants, can potentially be part of background
contamination, due to the presence of wood or paper labels where
the reagents are produced (Boessenkool et al., 2014; Clarke et al.,
2018). In our laboratory at Tromsg Museum, 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 during the same period as this study. Thus, the
frequency of pine (3.3%) is marginally above the range of back-
ground contamination in our lab, whereas the frequency of spruce
(3.1%) in the three @vre Ardsvannet samples is within that range. It
is possible that even low frequencies of conifer DNA may represent
true positives. Recently identified sedaDNA in samples from the
Polar Urals (ca. 21.0 and 18.0 cal ka BP; (Clarke et al., 2019) aligns
with finds of two Picea abies stomata dated to ca. 20.4 and 18.8 cal
ka BP (Anne Bjune pers. comm. 2019). Nevertheless, as the pine and
spruce DNA record of @vre Arasvatn were not confirmed by inde-
pendent proxies, and as they are within or only marginally above
the background contamination, we cannot conclude anything
about local presence.

As for the spruce DNA record dated to 10.3—6.3 cal ka BP at Lake
Rundtjgrna, about 700 km further south (Parducci et al., 2012b), no
new samples have been analysed from that region. As that study
was focused on sediments that were considerably younger and
closer in age to finds of megafossils in that region, there is currently
no strong reason to reject the Rundtjgrna spruce record.

5.3. The LGM and late glacial environment: a productivity hotspot?

The stable §'3C/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. Little auk bones were found
within the enriched sediments and also at Endletvatn (ca. 20-15 cal
ka BP, Elverland and Alm, 2012), along with bones of eider duck
(Somateria sp.) at ca. 17.3 cal ka BP (Vorren et al., 1988). The pres-
ence 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 cal ka 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 3'°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 cal ka BP.) and unit
U3b (15.1—14.2 cal ka BP) at @vre Arasvatnet. The Andeya data
strongly suggest presence of a substantial sea-bird colony, and it is
likely the lake and its surroundings were heavily manured.
Furthermore, the bryophyte Syntrichia ruralis prefers alkaline sub-
strates and high nitrogen (Vorren et al, 2013, http://www.
arcticatlas.org). It has been estimated that marine-derived nutri-
ents from little auk colonies underpin more than 85% of terrestrial
and aquatic biomass in affected areas (Gonzdlez-Bergonzoni et al.,
2017). Such an increase in nutrient input would also greatly in-
crease 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 sedaDNA, pollen and macrofossil record for the period
24—14.2 cal ka BP is relatively species-poor and dominated by very
few taxa (Poaceae, Brassicaceae, and Papaver). Neither fossil pollen
assemblages nor modern plant communities provide close ana-
logues. 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 Hedenas, 1995; Birks,
1991; Hyvarinen, 1970). In our records, the high abundance of
Papaver probably reflects a lack of competition (Modin, 2016)
combined with the availability of favourable habitats, such as screes
and gravel bed channels. In the modern Arctic, high values of
Brassicaceae pollen are found in association with bird-manured
soils (Rozema et al, 2006; van der Knaap, 1988). Given
convincing evidence of a bird colony, bird—manured arctic vege-
tation, combined with disturbed ground habitats in other parts of
the catchment, maybe the best descriptor to the LGM vegetation on
Andaya.

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., 1988, 2013), are not
pronounced in the current record (Fig. 7). The lack of signal may
relate to the unusual situation of the lake. The high percentages of
algal sedaDNA likely masked DNA of terrestrial taxa, as has been
inferred from modern studies (Alsos et al., 2018). Pollen abundance
in many LGM records was so low that extended counting would
have yielded little information; pollen is extremely diluted by the
high lacustrine productivity, and this problem applies to macro-
fossil counts also.

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 cal ka 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
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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) where it is
frequent (Elven et al., 2011). The occurrence of Apiaceae is within
the Andgya thermomer 2 (22—20 cal ka BP; Table 3), concurrent
with the Endletvatn sedaDNA record (Parducci et al., 2012b), and
within the period of high nitrogen and carbon isotope values
(Figs. 5 and 6). This interval provides the strongest evidence of
climate amelioration: the occurrence of several macrofossils with
thermal limit at around 8 °C (Elverland and Alm, 2012; Kullman,
2006; Vorren, 1978) plus 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 to
14.2 cal ka BP. We note that these are species that are either com-
mon beneath bird cliffs (e.g. Alchemilla alpina, Angelica arch-
angelica) and/or easily dispersed by birds (Potamogeton, Sorbus
aucuparia). They occur in lithological unit U3b, which is rich in
nitrogen and carbon (Figs. 4 and 5). Both Sorbus aucuparia and
Potamogeton are common north to the boreal zone (>12 °C) and
have scattered occurrence in Shrub Tundra (10—12 °C). For this
period, Vorren (1978) inferred an oceanic climate with a temper-
ature above 10° based on macrofossils of Sphagnum papillosum and
pollen of Apiaceae and cf. Melampyrium, an observation he later
disregarded as likely contamination or reworked material (Vorren
et al., 2013). A cold period ca 16.6—17.5 cal ka BP, in which Vorren
et al. (2013) recorded high frequencies of the arctic/alpine bryo-
phyte Aulacomnium turgidum, 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 sedaDNA. Overall, our data and review of previous
records strongly suggest at least short periods with July tempera-
tures up to 10 °C.

High nutrient input from birds may compensate for low tem-
peratures (Gonzalez-Bergonzoni et al., 2017). In addition, the
southeast-facing slope of Store Arasen, 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.

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 the current
treeline (Bougnounou et al., 2018). Recent studies have shown that
nutrient availability interacts with temperature to enhance Picea
glauca growth at the treeline in Alaska (Sullivan, 2016) and at a
micro-scale to favour germination (Sullivan and Sveinbjornsson,
2010). Thus, 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 and growth, at least during the warmest
phases of LGM. Therefore, the environmental conditions based on
all available evidence do not exclude local growth of Picea and
Pinus, at least during short warm phases, whereas in situ survival
during the entire LGM seems unlikely (except potentially as seeds
in frozen ground).

5.4. Enrichment of the flora from 14.2 cal ka BP

A change in flora around 14.2 cal ka BP, with an increase in taxa
such asOxyria, has also been observed in records from the neigh-
bouring lakes (Vorren, 1978; Vorren et al., 1988; Alm and Birks,
1991) and is associated with a change from high arctic to middle
or low arctic condition (Alm, 1993 and references therein).

We observed only a minor change at the onset of the Holocene
(11.7 cal ka BP), whereas the flora indicates major warming from
10.8-10.6 cal ka BP. While @vre Ardsen and neighbouring lakes have
been intensively studied for the Full and Late Glacial period, they
barely include the Holocene, and sample sizes/age-depth models
are poor for the transition period. Also, the nearby lake Lusvatn to
the south has contaminated sediments at the transition to Holo-
cene (Aarnes et al., 2012; Birks et al., 2014). Nevertheless, the
chemostratigraphc data of lake Endletvatnet indicate that the ma-
jor transition was at 10.5 cal ka BP (Vorren and Alm, 1999), corre-
sponding to our transition for U5a to U5b at 10.6 cal ka BP. Also,
available records indicate a transition to birch forest with tall forbs
and ferns (Vorren, 1978; Alm, 1993; Birks et al., 2014). Further, a
more detailed record from Nedre Arasvatnet (Vorren et al., 2009)
also shows a low-arctic environment prior to 11 cal ka BP, and
establishment of Betula pubescence-Filipendula forest between
10420 and 10250 cal BP. The sedaDNA record is especially rich in
aquatic macrophytes and spore plants, including taxa not recorded
in previous pollen or macrofossil records. Moreover, while some
taxa appear at about the same time in all proxies e.g. Filipendula and
Potamogeton, we note that they suggest slightly different first
arrival times for some key taxa such as Salix, Betula and Vaccinium,
emphasising the advantage of using several proxies for past species
distribution.

5.5. Glacial survival of plant taxa on Andeya

The presence of a Papaver seed in the lowermost sampled dia-
micton (ca. 26.7 cal ka 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 sur-
vival 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.

6. Conclusions

New records from three cores in @vre Ardsvatnet confirm that
northern Andgya was ice-free from at least 23.4 cal ka BP and
probably earlier (26.7 cal ka BP), as previously suggested by Alm
(1993). Local conditions were ideal for populations of cliff-nesting
seabirds. This is reflected in the @vre Ardsvatnet 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
conditions (July mean up to 8—9 °C) and possibly Shrub Tundra
conditions (July mean 10—12 °C) in the period 24—14.2 cal ka 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
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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 can provide
no firm evidence for this. It is clear that in northern Andgya a
combination of proximity to warm oceanic water, coastal nunataks
and a sea-bird colony produced an environmental ‘hotspot’ and
micro-refugia, at the edge of the Eurasian Ice sheet. This hotspot 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, ecolog-
ical range changes and human-aided plant dispersal.
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