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Abstract

For most of the Holocene the main driver of vegetation and environmental change in
Iceland was climate, although intermittent volcanic events had short term impacts. This
changed with the Norse colonisation in the late 9th century AD, from when land use
became a dominant force in terrestrial ecosystem development. This thesis presents a
regional vegetation and environmental reconstruction from Northwest Iceland, based on
data from three lake sediment cores and one peat core. The aim of the study was to
examine the sensitivity of the Icelandic terrestrial ecosystem to external forcing
mechanisms i.e. climate, tephra deposition and land use. The study sites form a transect
from the coast on northern Skagi peninsula, through the lowland to the highland margin.

The reconstructions reveal that vegetation changes were asynchronous between sites as a
result of their different environmental settings. Vegetation changes in the lowland were
primarily driven by climate. Based on pollen data the warmest periods of the Holocene
were c¢. 10,100-8700 and 8000-6000 cal. yr BP and the optimum period for Betula
pubescens woodland was c. 8000-6000 cal. yr BP. Cooling climate led to a woodland
decline after c. 6000 cal. yr BP.

Vegetation succession in the early Holocene was slower at the highland margin than in the
lowland. Open woodland developed c. 7800 cal. yr BP and persisted until c. 4200 cal. yr
BP. The woodland was probably at its ecological limit for most of that time. Human
settlement began to influence the environment at the highland margin c. 1000 cal. yr BP,
marked by changes in vegetation and increased environmental instability.

Birch woodland is not observed in the record from the coast, probably due to oceanic
influences. Dwarf shrub heath probably endured there throughout the Holocene.

Examination of the influence of the Hekla 4 tephra (c. 4200 cal. yr BP) on vegetation
revealed that the tephra had an impact on both relatively stable open woodland in the
lowland and open woodland under pressure at the highland margin. The vegetation
community at Bardalakjartjorn passed a tipping point at the time of the tephra fall and the
struggling woodland was replaced by a hardier ecosystem, dwarf shrub heath.






Utdrattur

Umhverfi islands hefur tekid miklum breytingum fra landnami. Fyrir landnam var loftslag
helsti &hrifapéattur grodur- og umhverfisbreytinga en einnig hofou eldgos skammvinn &hrif.
Til rannséknar i pessari ritgerd eru edli og astedur grodur- og umhverfisbreytinga i
Austur-Hunavatnssyslu & natima, badi i tima og rami. Saga umhverfisbreytinga er byggo &
greiningum frjokorna, ploéntuleifa og seteiginleika Gr premur stéduvétnum og einum
myrarkjarna. Rannsoknastadirnir mynda langsnid fra strandsveedi & Skaga upp ad
héalendisbrun.

Umbhverfisadsteedur & hverjum stad hofou mikil ahrif & grédurframvindu og var téluverdur
munur a grodurframvindu milli svaeda. Grodurfar & laglendi stjérnadist ad mestu af
loftslagi. Hlyjustu skeid ndtima voru fyrir um 10.100-8700 og 8000-6000 arum.
Birkiskogar nddu hamarksutbreidslu fyrir um 8000-6000 a&rum en tdk ad hnigna vegna
kolnandi loftslags fyrir um 6000 arum.

Grodurframvinda & fyrri hluta natima var hagari vid halendisbrin par sem birkikjarr eda
skogur myndadist fyrir um 7800 arum en birki var par nalegt vistfredilegum morkum
tegundarinnar. Birki hélt par velli par til fyrir um 4200 arum. Ahrif mannvistar verda
greinileg fyrir um 1000 arum en pau koma fram i breytingum & grédri og auknum
6stoougleika i umhverfinu.

Engin ummerki eru um birkikjarr eda skéga nyrst a Skaga, liklega vegna hafraenna ahrifa &
vaxtarskilyrdi birkis. Grodurfar par hefur liklega einkennst af lyngmoa allan natima.

Ahnrif gjoskulagsins Heklu 4, sem féll fyrir um 4200 arum & grédur voru skodud
sérstaklega. Gjoskufallio hafdi ahrif beadi i stédugu skoglendi & laglendi og opnu
skéglendi/kjarri vid halendisbran. Gjoskufallid dsamt koélnandi loftslagi gerdi pad ad
verkum ad grédur vido hélendisbrin breyttist varanlega Gr birkikjarri eda skoglendi i
fjalldrapamoa eftir gosid.
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1 Introduction

The late settlement of Iceland c. AD 870 allows scientists the unique opportunity to study
an island‘s Holocene environmental history in a setting completely unaffected by human
activities and herbivorous land mammals. Under these conditions the main driver of
vegetation and environmental change is climate, with intermittent influences from volcanic
events, mainly on short time scales (Caseldine et al., 2006; Eddudoéttir et al., 2015;
Edduddttir et al., 2016; Hallsdéttir, 1995; Wastl et al., 2001). The well-known timing of
Norse colonisation allows for an equally unique opportunity to research the impact of
people on a previously pristine landscape. Frequent volcanic eruptions also contribute an
important means of reconstructing past environments in Iceland. Abundant tephra layers
buried in lakes and soils facilitate correlations between research sites and detailed
tephrochronologies can aid in constructions of age models (e.g. Gudmundsdottir et al.,
2012; Oladdttir, 2009).

1.1 Holocene climate of Iceland

Lake sediments reveal relatively warm conditions during the Allerad interstadial (13,600-
13,000 cal. yr BP) in Northwest Iceland (Rundgren, 1995). After a glacial advance during
Younger Dryas (12,900-11,700 cal. yr BP), glaciers retreated rapidly (Larsen et al., 2012).
Reconstructions from lowland sites in North Iceland, based on pollen and chironomid data,
also depict relatively warm early Holocene conditions (Caseldine et al., 2006; Eddudottir et
al., 2015; Langdon et al., 2010). By c. 8700 cal. yr BP climate became cooler and more
unstable (Geirsdéttir et al., 2013; Larsen et al., 2012). This cooling preceded a short, cold
period recorded in marine sediments (Alley and Agustsdottir, 2005; Alley et al., 1997) and
Greenland ice-core records (Thomas et al., 2007) c¢. 8200 cal. yr BP. Warm conditions
resumed by c. 8000 cal. yr BP and lasted until c. 6000-5500 cal. yr BP (Caseldine et al.,
2006; Eddudottir et al., 2015; Geirsdottir et al., 2013; Larsen et al., 2012; Striberger et al.,
2012). This period is widely accepted as the warmest period of the Holocene, or the
Holocene Thermal Maximum (HTM) in Iceland. Although few quantitative temperature
reconstructions are available from Iceland, chironomid inferred July temperature (Ci-T)
reconstructions from North Iceland have revealed warmer conditions than today between c.
10,500 and 8500 cal. yr BP (Langdon et al., 2010). This suggests that environmental
development in North Iceland followed solar insolation during the early Holocene.

Cooling climate after c. 5500 cal. yr BP was followed by a shift towards increasingly
unstable environmental conditions c. 4400-4200 cal. yr BP with the onset of Neoglaciation
(Geirsdéttir et al., 2013; Larsen et al., 2012; Striberger et al., 2012). Relatively short
cooling episodes have been proposed at ¢. 2900, 1400 and 700 cal. yr BP (Geirsddttir et al.,
2009; Larsen et al., 2012). It should be noted that increased environmental instability c.
4200 cal. yr BP coincides with a large eruption of the Hekla volcano in South Iceland
which may have contributed to deteriorating environmental conditions along with cooling
climate. The cooling trend was interrupted by a short warm period (Medieval Warm
Period, MWP) between c. 1000 and 700 cal. yr BP, which was followed by intensified
cooling at the beginning of the Little Ice Age (LIA) c. 700 cal. yr BP (Geirsdéttir et al.,
2013; Larsen et al., 2011).



1.2 Holocene vegetation history of Iceland

Most paleoecological data for early Holocene vegetation development in Iceland are from
North Iceland (Bjorck et al., 1992; Caseldine et al., 2006; Eddudéttir et al., 2015, 2016;
Rundgren, 1995, 1998; Rundgren and Ingélfsson, 1999). The transition from fell-field
vegetation of recently deglaciated landscapes towards Juniperus communis dominated
communities between c. 10,100 and 9500 cal. yr BP occurred in response to early
Holocene warmth (Eddudottir et al., 2015; Hallsdéttir, 1995; Rundgren, 1998). The
subsequent spread of birch (Betula pubescens Ehrh.) during the early Holocene is seen in
pollen data from North and Northwest Iceland (Caseldine et al., 2006; Eddudéttir et al.,
2015; Hallsdéttir, 1995). Woodland development was probably a result of increasingly
stable environmental conditions as expanding vegetation cover trapped aeolian material
and tephra left behind by retreating glaciers (Larsen et al., 2012; Striberger et al., 2012)
and large eruptions of the Grimsvétn volcanic system (Jennings et al., 2014).

Birch woodlands of the mid Holocene are visible in pollen records from North Iceland
(Caseldine et al., 2006; Eddudottir et al., 2015; Hallsdoéttir, 1995). The highest known tree
lines of the Holocene date back to this period. Maximum birch distribution occurred
between c. 7600 and 6800 cal. yr BP in Trollaskagi peninsula (Wastl et al., 2001) and at
the highland margin between 7800 and 6500 cal. yr BP (Eddudéttir et al., 2016).
Woodlands declined after c. 6700 cal. yr BP and heaths and mires replaced previously
wooded areas (Caseldine et al., 2006; Eddudéttir et al., 2015, 2016; Hallsdottir, 1995;
Hallsdéttir and Caseldine, 2005). Several episodes of birch woodland expansion during
Neoglaciation have been identified, probably in response to short periods of ameliorating
climate (Erlendsson and Edwards, 2009; Hallsdéttir, 1995).

Human settlement had great consequences for Icelandic vegetation and environment.
Settlers began clearing woodland for haymaking and pastures, as well as for wood for fuel
and building material (Dugmore et al., 2005; Hallsdéttir, 1987; Vickers et al., 2011).
Human disturbance of ecosystems led to accelerated soil erosion as resilient woodland
habitats were replaced by grassland and heath (Dugmore et al., 2005, 2009; Gathorne-
Hardy et al., 2009; Gisladéttir et al., 2011; McGovern et al., 2007; Vickers et al., 2011).
The cumulative effects of cooling climate within the last few millennia, frequent volcanic
eruptions (Larsen and Eiriksson, 2008; Thordarson and Larsen, 2007) and the added stress
of human settlement have shaped a modern environment that is vastly different from the
woodlands of the mid Holocene (Caseldine et al., 2006; Eddudottir et al., 2015; Hallsdéttir,
1995; Hallsdéttir and Caseldine, 2005). The extensive erosion of sensitive volcanic soils
that began shortly after settlement remains a problem today (Arnalds, 2015; Arnalds et al.,
2001, 2016).

The effects of tephra fall from volcanic eruptions on vegetation and ecosystems in Iceland
are poorly understood. Great tephra falls from explosive eruptions have influenced the
environment and people's livelihood since humans first settled Iceland c¢. AD 870.
Eruptions such as the AD 1104 eruption of Hekla (Hekla 1104) (Larsen and Thorarinsson,
1977) and the Orafajokull eruption in Southeast Iceland in AD 1362 are believed to have
caused permanent abandonment of farms (Thorarinsson, 1958). Two of the largest
explosive eruptions of the Holocene originate from the Hekla volcanic system. The Hekla
3 (c. 3000 cal. yr BP; Dugmore et al., 1995) and Hekla 4 (c. 4200 cal. yr BP; Dugmore et
al., 1995) are estimated to have produced 12 km® and 9 km?® of freshly fallen tephra,
respectively (Larsen and Thorarinsson, 1977). These large eruptions probably had
extensive effects on ecosystems in Iceland.



1.3 Aims of the research

The principal aim of the PhD project is to reconstruct the development of vegetation in
Austur-Hunavatnsysla, Northwest Iceland, during the Holocene, utilising paleoecological
methods. Such an approach provides a suite of multi-proxy data that allows environmental
context and change (e.g. climate, land use and volcanism) to be discerned.

The specific aims of the study were:

1. To examine the relationship between climate and Holocene vegetation and
other environmental influences e.g. tephra fall in the lowland (Paper I).

2. To reconstruct Holocene vegetation changes at the highland margin, especially
the development of birch woodland in response to changing climate (Paper I1).

3. To examine whether birch woodlands were able to thrive in an oceanic climate
on northern Skagi peninsula (Chapters 2, 3 and 4).

4. To examine the effects of the Hekla 4 tephra (4200 cal. yr BP) on two
vegetation communities (Paper I11).

Well resolved Icelandic pollen records which span a greater part of Holocene are rare
(Caseldine et al., 2003; Hallsdéttir, 1995; Karlsdottir, 2014; Vasari and Vasari, 1990; Wastl
et al,, 2001) and many of the available studies only cover short periods within the
Holocene. A large body of work exists dealing with environmental changes around the time
of human settlement (Erlendsson, 2007; Erlendsson and Edwards, 2009; Erlendsson et al.,
2009; Gathorne-Hardy et al., 2009; Gisladottir et al., 2010; Hallsdottir, 1982, 1987;
Lawson et al., 2007; Vickers et al., 2011) and a few studies have examined the vegetation
and environment of the early Holocene (Caseldine et al., 2006; Rundgren, 1995, 1998;
Rundgren and Ingoélfsson, 1999). These studies are almost exclusively from lowland sites,
with two exceptions (Hallsdottir, 1982; Wastl et al., 2001) and therefore the central
highlands are largely uncharted territory. This study includes the first complete Holocene
vegetation reconstruction from the central highlands. Furthermore, it examines
environmental development along a gradient from the coast, through lowland, up to the
highland margin and offers one of the most comprehensive examination of Holocene
environmental change in Iceland to date.






2 Methods

2.1 Study sites

The study sites are located in Austur-Hunavatnssysla, Northwest Iceland (Figure 2.1).
Kagadarholl (Papers | & I11; Figure 2.1) is located ~10 km southeast of HUnafl6i bay. The
site is a 4.5 ha paleolake that now supports a bog vegetation community (Icelandic: myrar).
Betula nana dominated dwarf-shrub heath, eroded gravelly hills and semi-improved
grassland surround the bog. Weather observations are available from a weather station,
Blénduos, about 10 km northwest of Kagadarho6ll (Figure 2.1; Table 2.1).
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Figure 2.1 Location of sampling sites and weather stations mentioned in the text.

Bardalakjartjorn (Papers Il & 111; Figure 2.1), is situated on the margins of Audkudluheidi
heath, on the northern fringe of the central highlands. The lake is about 10 ha in area.
Carex dominated wetland comprises the lake margin. The surrounding slopes are either
dominated by hummocky dwarf shrub heath of Betula nana, Calluna vulgaris and Salix
spp. or exposed, barren gravels. The closest weather station is Kolka, located at the



northern end of the Bl6ndulén reservoir (Figure 2.1; Table 2.1) about 20 km south of
Bardalekjartjorn.

Stora-Burfell (Figure 2.1; 65° 33.393'N, 20° 4.931'W, 140 m a.s.l.) is a drained wetland,
about 4 km south of the Kagadarhdll coring site. The former wetland is now utilised as
hayfields. The closest weather station is located at Blonduos (Figure 2.1; Table 2.1).

Bungutjorn (Figure 2.1; 66° 4.030'N, 20° 10.074'W, 100 m a.s.l) is located on northern
Skagi peninsula. The lake is about 7.4 ha in area. The lake is surrounded by eroded and
sparsely vegetated glacier deposits. The closest weather station, Hraun & Skaga, is located
about 6 km north of Bungutjorn (Figure 2.1; Table 2.1).

Table 2.1 Meteorological information from weather stations close to the study sites.

Bungutjérn Kagadarhdll/ Bardaleekjartjorn
Stéra-Burfell
Closest weather station Hraun & Skaga Blonduds Kolka
Period 1981-2011 1982-2013 1994 - 2014
Elevation 3mas.l. 8mas.l. 505 ma.s.l.
Mean tritherm temperature ~8.3°C ~9.3°C ~7.8°C
Mean July temperature ~8.8°C ~9.9°C ~8.8°C
Mean January temperature ~-0.8°C ~-1.4°C ~-4.4°C**
Mean annual precipitation ~543 mm ~456 mm* ~398 mm***

Unpublished data from the Icelandic Met Office.
*Mean rainfall 1982-2003.

**Data missing for 1994, 1996 and 2010.

***Data missing for 2003, 2004, 2008, 2010 and 2011.

2.2 Field methods and lithostratigraphy

The lake sediment cores were retrieved using a Livingstone piston corer and a Bolivia
adaptor fitted with 75 mm diameter polycarbonate tubes. The peat core was retrieved from
a soil section in a drainage ditch in the hayfields of the farm Stéra-Burfell. The lake
sediment cores were X-rayed before tubes were split in two halves. Magnetic susceptibility
(MS) was measured at contiguous 1 cm intervals with a Bartington MS2 meter and
Bartington MS2F probe (Dearing, 1994). Organic matter (OM, measured by loss on
ignition) and dry bulk density (DBD; g cm®) were measured at contiguous 1 cm intervals.
OM was measured by combusting 1.2 cm® of sediment at 550 °C for 5 hours (Bengtsson
and Enell, 1986). DBD was calculated by dividing the dry weight of a sample by the
volume of the undisturbed sample (Brady and Weil, 1996).

2.3 Laboratory methods

2.3.1 Dense-media separation

The traditional method of pollen extraction from sediments includes using hydrofluoric
acid (HF) to dissolve siliceous materials (Faegri et al., 1989). A powerful corrosive



chemical, HF is poisonous to humans if it comes into contact with skin or eyes, is ingested
or inhaled (Kirkpatrick et al., 1995). Although widely used, the HF method is not robust
enough to extract a sufficient amount of pollen from highly minerogenic sediments (Bjorck
et al., 1978). Dense-media separation is an alternative to HF that is effective for extracting
pollen grains from both minerogenic (Bjorck et al., 1978) and highly organic sediments
(Nakagawa et al., 1998).

Preparation of pollen samples for this study using the traditional HF method (Faegri et al.,
1989) yielded samples in which pollen grains were sparse, and were difficult and time
consuming to count. Therefore a protocol for dense-media separation for the preparation of
pollen samples was adapted from Bjorck et al. (1978) and Nakagawa et al. (1998). LST
Fastfloat (a sodium heteropolytungstate solution) with a density of 1.9 g cm™ is used in the
new protocol. Pollen grains float in the higher density liquid while other particles such as
tephra, clay and organic detritus sink.

To test the effectiveness and reliablility of the new method, eight sediment samples were
mixed and sub-sampled for preparation with both the traditional HF method and the dense-
media separation method. Initial tests of the dense-media separation method using a
standard size sample of 1 cm?® of lake sediments yielded very little material and therefore
the standard size of sub-samples was increased to 2 cm® The dense-media separation
method resulted in much cleaner samples than samples prepared using the traditional
method. Percentages and concentrations of pollen grains were comparable between the two
methods (Figure 2.2). The results also compare favourably with other studies comparing
the two methods (Bjorck et al., 1978; Campbell et al., 2016; Nakagawa et al., 1998). The
dense-media separation method therefore provides a safe and effective alternative to the
HF method. The result is cleaner samples, leading to quicker counting of pollen slides.
This increases the number of pollen samples that can be analysed, improving temporal
resolution of pollen data. The dense-media separation method was used in the preparation
of all pollen samples in this study.

2.3.2 Pollen and plant macrofossil analyses

Subsamples of 2 cm?® were collected for pollen analysis (Papers I, 11 & I11). Samples were
prepared using standard chemical methods aside from HF (Faegri et al., 1989; Moore et al.,
1991) and dense-media separation (Bjorck et al., 1978; Nakagawa et al., 1998). A
minimum of 300 indigenous terrestrial pollen grains were counted for each sample, except
for the three lowermost samples in the Kagadarholl core, where pollen concentrations were
low. Pollen grains and spores were identified according to Moore et al. (1991) and a pollen
type slide collection at the University of Iceland. Pollen categories and sums follow
Hallsdéttir (1987) and Caseldine et al. (2006). Pollen and spore taxonomy follows Bennett
(2016), with a few amendments to better reflect the Icelandic flora (Erlendsson, 2007).
Pollen diagrams were constructed using TILIA (version 1.7.16) and pollen zones (PZs),
based on terrestrial pollen assemblages, were calculated in in the TILIA program (Grimm,
2011) using CONISS (stratigraphically constrained cluster analysis by incremental sum of
squares).
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Principal Component Analysis (PCA) was performed on the dataset from Bardalakjartjorn
(Paper Il) and the datasets around the Hekla 4 tephra from Kagadarholl and
Bardalakjartjorn (Paper I11). The PCA analysis was performed on Hellinger transformed
data consisting of terrestrial pollen taxa with percentages >1 %. Ordination was performed
using the R package vegan (Oksanen et al., 2016).

Plant macrofossil samples were analysed at 5 cm contiguous intervals in the Kagadarholl
and Bardalekjartjorn cores (Paper | & IlI). The Bungutjérn core was sampled at
contiguous 5 cm. In the Stora-Burfell core 1 ¢cm thick slices were cut every 5 cm. Sample
volume varied between 25 and 55 ml and the volume of each sample was determined by
displacement in water. Samples were washed through a 125 um sieve and vascular plant
remains were picked out for identification. Identification was based upon a range of
literature (e.g. Berggren, 1969; Birks, 2007; Cappers et al., 2012; Katz et al., 1965) and
comparisons with reference material. Concentrations of plant macrofossils in 50 ml were
calculated. Macrofossil diagrams were constructed using the TILIA program (version
1.7.16; Grimm, 2011). Plant taxonomy follows Kristinsson (2010).

2.4 Tephra analysis

Tephra layers in all cores were identified visually and from changes in MS, DBD and OM.
In addition, X-ray images were used for the lake cores. All tephra samples were washed
through a 90 pm mesh sieve. Samples with mainly pristine volcanic glass shards were
mounted on slides, polished and carbon coated before analysis. Major element analyses
were performed using JEOL JXA-8230 electron probe microanalyser (EPMA) at the
University of Iceland. Analyses of volcanic glass for the Kagadarholl core were also
performed using a Hitachi TM3000 SEM equipped with a Bruker X-Flash silicon drift
detector using 15 kV beam voltage applied to a surface of 10 x 10 pm.

2.5 Radiocarbon dating

Only three of the nine macrofossil samples from the Kagadarhéll core initially sent for
radiocarbon dating contained enough material for dating. Therefore six additional samples
of aquatic plant remains and moss stems were radiocarbon dated (Paper 1). For the
Bardalekjartjorn core, eight samples of macrofossils were sent for radiocarbon dating
(Paper I1). As few plant macrofossils were found in the Bungutjérn core three bulk
sediment samples from the lowest part of the core were used for radiocarbon dating (Table
2.2). Two wood samples from the Stéra-Burfell peat core were used to date a dark-
coloured Katla layer (S) (Table 2.2; Paper 1) and two additional wood samples from the
core were sent for dating (Table 2.2). Radiocarbon dates were calibrated to years before
present (cal. yr BP) using IntCal13 (Reimer et al., 2013).

For the radiocarbon dating of lake sediments, aquatic plant macrofossils were preferred
over bulk sediments, as radiocarbon dates of bulk material from Icelandic lakes are prone
to errors and often do not correlate well with dated tephra layers (Caseldine et al., 2006).
The dates from the bulk samples from the Bungutjérn sediments were not in chronological
order (Table 2.2). Two samples above the 10,300 cal. yr BP Saksunarvatn tephra (194-218
cm depth) yielded ages that were older than the tephra (Table 2.2). The age increased



upwards in the core, with an age of 10,903 + 183 cal. yr BP at 187 cm depth and 11,166 +
66 cal. yr BP at 180 cm depth.

Erosion-derived soil organic carbon is a known problem in Icelandic sediments after
human settlement (cf. Gathorne-Hardy et al., 2009). Extensive soil erosion since the
settlement has increased movement of old organic material/carbon that is inevitably
deposited in lakes. This perhaps explains a discrepancy between the tephra-based
chronology and a post-settlement radiocarbon date from a terrestrial plant macrofossil from
the Bardalakjartjorn core (Paper I1). One pre-settlement plant macrofossil sample from
the Bardalzkjartjorn also deviated from the regional tephrochronology based on major
marker tephras in North Iceland (Eiriksson et al., 2000; Gudmundsdéttir et al., 2011a,
2011b, 2012; Larsen and Thorarinsson, 1977; Paper I1). Even before the escalation of soil
erosion following human settlement a reservoir effect perhaps existed in Icelandic lakes. A
potential source of reservoir effect in Iceland apart from old organic material is geothermal
activity. For example, geothermal activity creates a spatially variable, large reservoir effect
in Lake Myvatn in Northeast Iceland (e.g. Ascough et al., 2007). However, the study sites
in Austur-Hlnavatnssysla are not in the vicinity of known geothermal areas. Pre-settlement
soil erosion may therefore explain the old date from Bardalekjartjérn as well as the post-
Saksunarvatn dates from Bungutjorn.

A previous paleoecological reconstruction from Kagaodarhdll (see Paper I; Vasari, 1972,
1973; Vasari and Vasari, 1990) demonstrates the ambiguity of using radiocarbon dates
from bulk sediments. Problems with the radiocarbon chronology of this reconstruction
caused the misconception that Betula pubescens woodlands developed later in Austur-
Hunavatnssysla compared with other locations such as Skagafjérour and Eyjafjordur in
North Iceland (Caseldine et al., 2006; Hallsddttir, 1995). Paper | refutes this conception.

Table 2.2 Radiocarbon dated samples from the Bungutjorn core and Stéra-Burfell peat section.

Sample Depth “Cdate Error  §%C Calibrated age ~ Weight ~ Material

(cm) (yr BP) 1o (%0) 20 error (mg)
Bungutjorn
ETH-66140 180 9727 33 -13.1 11,231-11,100 0.65 Bulk sediment
ETH-66141 187 9552 36 -15.5 11,085-10,720 0.99 Bulk sediment
ETH-66142 226 9579 34 -13.2 11,100-10,750 1 Bulk sediment

Stora-Burfell

SUERC-47865 67 6104 30 -29.2 7156-6888 25 Wood, Betula sp.
SUERC-47869 142 7988 30 -25.0* 8998-8725 25 Wood, unspecified
*Assumed

2.6 Core chronologies
Age-depth models for the Kagadarhdll (Paper I) and Bardalzkjartjérn (Paper 11) cores

were constructed on the basis of tephra layers and radiocarbon dated plant macrofossils. A
smoothed spline age-depth model for the Stéra-Burfell core (Figure 2.3) was constructed
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using the Hekla 4 (4200 cal. yr BP; Dugmore et al., 1995), HUN (5530 cal. yr BP;
Edduddttir et al., 2016), Hekla O (6060 cal. yr BP; Gudmundsdottir et al., 2011b) and
Katla S (6600 cal. yr BP; Eddudéttir et al., 2015) tephra layers and two radiocarbon dates
(Table 2.2). A linear age-depth model for the Bungutjoérn core (Figure 2.3) was constructed
using the Hekla 3 (3000 cal. yr BP; Dugmore et al., 1995), Hekla 4 (Dugmore et al., 1995),
Katla S (Eddudéttir et al., 2015) and Saksunarvatn (10,300 cal. yr BP; Rasmussen et al.,
2006) tephra layers. All age-depth models were constructed using the R package Clam
(Blaauw, 2010). Ages are given in calibrated years before present (with present assigned to
AD 1950).
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Figure 2.3 Age-depth models for a) the Stora-Burfell peat core and b) the Bungutjérn sediment
core. Green symbols represent previously dated tephra layers and blue symbols indicate
radiocarbon dates. The black line shows the best fit of the models, the grey area represents the 95
% confidence interval. Horizontal grey lines show tephra layers 2 cm or thicker.
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3 Results

3.1 Kagadarhall (Paper I)

The pollen assemblage at Kagadarhdll from c¢. 11,000 cal. yr BP is characterised by
relatively high abundance of Poaceae and pioneer taxa such as Oxyria digyna and
Arenaria-type. The total pollen accumulation rate (PAR) is very low (<100 grains cm2
yr1) in the earliest part of the record. After c. 10,800 cal. yr BP Empetrum nigrum pollen
peaks, and Cyperaceae and Salix pollen increase from c. 10,600 cal. yr BP. MS and DBD
are high in the earliest part of the record but decrease after ¢. 10,600 cal. yr BP. The DBD
decreases from ~0.45 to 0.20 g cm™ and the OM increases from ~9 % to 24 %. The
Saksunarvatn tephra, c. 10,300 cal. yr BP (Rasmussen et al., 2006) is marked by ~0 % OM
and a steep increase in MS and DBD. Minerogenic inputs decline again above the tephra
layer and recover to previous levels ¢. 100 years after the tephra was deposited, as seen
from decreasing MS and DBD. Juniperus communis pollen appear by c. 10,200 cal. yr BP
and increase to >30 % and >700 grains cm 2 yr* by 10,100 cal. yr BP. A peak in
Juniperus communis PAR of 1000-3000 grains cm™2 yr ! is recorded between c. 9800 and
9200 cal. yr BP. Betula PAR increases to a peak of >1000 grains cm2 yr ! between c.
9600 and 9400 cal. yr BP. Betula pubescens catkin scales and fruits are recorded
continuously from c. 9300 cal. yr BP. Total terrestrial PAR reaches its highest levels in the
core between c. 9500 and 9300 cal. yr BP, with values of ~4500-6100 grains cm™2 yr 2,
mainly due to an increase in Juniperus communis pollen. The total PAR decreases after c.
9200 cal. yr BP mainly due to a drop in the Juniperus communis PAR. After c. 8700 cal. yr
BP Betula percentages decrease to ~25-30 %, the Betula PAR drops to ~160-260 grains
cm2 yr'! and the total PAR is extremely low (~350 grains cm™2 yr 1), Betula pubescens
macrofossils establish a continuous presence from c. 8200 cal. yr BP. By c¢. 7900 cal. yr BP
Betula pollen percentages reach c. 80 % and the Betula PAR is between ~1500 and 2000
grains cm2 yr %, The Betula PAR declines gradually after c. 6000 cal. yr BP and remains
<1000 grains cm 2 yr* after 4200 cal. yr BP. Sorbus aucuparia pollen appear for the first time
in the record c¢. 6000 cal. yr BP. Variations in OM, MS and DBD increase during this period,
especially after ¢. 4000 cal. yr BP, with DBD ~0.12-0.18 g cm 2 and OM ~30-38 %.

3.2 Bardalakjartjorn (Paper II)

The period c. 10,300-8000 cal. yr BP is characterised by relatively high percentages of
Cyperaceae (~20-40 %) and Betula (>25 %). Betula nana fruits, leaves and catkin scales
are continuously recorded, with occasional occurrences of Betula pubescens fruits. Mean
Betula pollen diameters measure about 18 pum within this zone. The total carbon (%TC) is
initially low, between ~1 and 8 % and increases to ~20 % by c. 8000 cal. yr BP. Betula
pollen increase to ~55-69 % of total land pollen between c. 8000 and 6700 cal. yr BP and
the Betula PAR increases to >500 grains cm™ yr* by c. 7400 cal. yr BP and climbs to
>900 grains cm? yr! between c. 7000 and 6700 cal. yr BP. Betula pollen diameters
increase to ~21 pum c. 7800 cal. yr BP. The Betula PAR decreases to <500 grains cm™ yr?
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after c. 6500 cal. yr BP and to <250 grains cm yr* after c. 6300 cal. yr BP. There is a shift
to lower C/N ratios of ~15 by c. 7600 cal. yr BP. Betula pollen percentages are ~46-56 %
between c. 6700-4200 cal. yr BP, while the PAR decreases to <500 grains cm yr! after c.
6500 cal. yr BP. Cyperaceae pollen increase to >20 % after c. 5300 cal. yr BP. C/N ratios
shift to higher values (>15.5) by c. 5400 cal. yr BP. Betula pollen percentages decrease to
40 % above the Hekla 4 tephra layer (c. 4200 cal. yr BP; Dugmore et al., 1995) and range
between ~30 and 38 % from 3300 to 1000 cal. yr BP. Cyperaceae pollen increase to ~50 %
by c¢. 2500 cal. yr BP. Betula pollen decrease to <25 % by c. 700 cal. yr BP and Betula
pollen grain diameters decrease to ~20 um. Betula nana macrofossils appear c. 4000 cal. yr
BP. Sporormiella-type spores (dung fungi) are recorded c. 700 cal. yr BP. DBD increases
to values above 0.33 g cm™ ¢. 1000 cal. yr BP and a similar trend is reflected in the MS
record.

3.3 Bungutjorn

The earliest plant macrofossils recorded in the Bungutjorn core between c¢. 10,500 and
10,300 cal. yr BP are remains of Empetrum nigrum, Salix herbacea, and fruits of
Ranunculus confervoides (Figure 3.1). MS values are stable, DBD is ~0.23-0.26 g cm™ and
OM ~11-13 %. Above the Saksunarvatn tephra Empetrum nigrum remains are most
prominent in the macrofossil record. Other macrofossils are Salix spp. (including S.
herbacea and S. phylicifolia), Alchemilla spp. fruits and various Carex fruits, Luzula and
Juncus seeds and Ranunculus confervoides fruits. MS values increase above the tephra and
OM increases from ~3 % immediately above the tephra to ~11 % by c. 10,000 cal. yr BP.
Betula nana macrofossils appear in the record c. 8200 cal. yr BP. Organic matter is highest
in the core between c¢. 7000 and 5000 cal. yr BP. Macrofossils from herbs such as Carex
spp. and Alchemilla spp. disappear after c¢. 6000 cal. yr BP, while macrofossils of
Empetrum nigrum, Betula nana and Salix spp. are present until the end of the record. Only
two Betula pubescens macrofossils are recorded during the Holocene, a catkin scale c.
7400 cal. yr BP and a fruit ¢. 4500 cal. yr BP. MS begins to increase after c. 6600 cal. yr
BP, while DBD begins to increase after c. 4200 cal. yr BP from ~0.2 to 0.3 g cm®. MS
values increase again c. 2000 cal. yr BP and DBD increases to ~0.5 g cm™. The DBD
begins to decrease c. 1000 cal. yr BP. OM is extremely low (~6-8 %) between ¢. 2000 and
1000 cal. yr BP, but increases towards the end of the record (Figure 3.1).

3.4 Stora-Burfell

The oldest plant macrofossils recorded in the Stéra-Burfell core (Figure 3.2) are Carex
nigra fruits, Sphagnum leaves and Selaginella selaginoides megaspores between c. 8900
and 8600 cal. yr BP. A Betula fruit with characteristics intermediate between Betula nana
and Betula pubescens is first recorded c. 8500 cal. yr BP and macrofossils with
intermediate morphologies are recorded until ¢. 6000 cal. yr BP. Betula nana macrofossils
appear in the record c. 8300 cal. yr BP. Betula pubescens macrofossils are recorded from c.
7600 to 5800 cal. yr BP. Sphagnum leaves almost disappear from the record after 7100 cal.
yr BP. Although high between c. 8900 and 8600 cal. yr BP, MS and DBD are relatively
low and stable throughout the record, with peaks corresponding to tephra layers (Figure
3.2). A high number of leaves of Calliergonella cuspidata moss are recorded directly
under the Hekla 4 tephra.
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3.5 Dating new (and old) tephra markers

Two new potential tephra markers for North Iceland were identified in cores used for this
study, one from the Katla volcanic system (Paper I) and one of unknown origin (Paper
I1). Additionally, a new date for the Hekla 5 tephra was obtained (Paper I11).

A dark tephra layer (Katla S; Paper 1) was observed in numerous peat sequences and in
three lake cores in Austur-Hinavatnssysla, between the Hekla O (6060 cal. yr BP;
Gudmundsdottir et al., 2011b) and Hekla 5 tephra layers (7055 cal. yr BP; Thorarinsson,
1971). The tephra layer forms a distinct, dark, and relatively coarse grained stratum in
organic sequences. The geochemical fingerprint is that of the Katla volcanic system
(Figure 3.3). The tephra layer was dated using a Betula sp. twig and one Salix sp. twig
situated directly below the tephra in a peat sequence from Stéra-Barfell (Figure 2.1). The
two analyses provide a mean date of 6592 + 78 cal. yr BP (Paper I).

A second previously undated tephra layer (HUN; Paper I1) was found between the Hekla
4 (Dugmore et al., 1995) and Hekla O tephra layers (Gudmundsdottir et al., 2011b) in two
peat sections and two lake cores. The geochemical fingerprint is of unknown origin (Figure
3.3). Two samples of wood in direct contact with the tephra were taken from a peat section
at Nedri Myrar (Figure 2.1). Both samples yielded the same calibrated age of 5530 + 59
cal. yr BP.

a) b)

"] # Neori Myrar
@ Stora-Birfell
il Kagadarholl
W Hekla reference samples

55
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Figure 3.3 Glass analysis of new tephra markers for Austur-Hunavatnssysla. HUN tephra a)
plotted on reference a field for Hekla (Boygle, 1995; Dugmore and Newton, 1997; Dugmore and
Newton, 1992; Dugmore and Newton, 1995; Dugmore et al., 1992; Gudmundsdéttir et al., 2011b;
Hall and Pilcher, 2002; Larsen et al., 1999; Lawson et al., 2007; Pilcher et al., 2005; Pilcher and
Hall, 1996; Pilcher et al., 1995; Pilcher et al., 1996; Streeter and Dugmore, 2014; Swindles, 2006;
Wastegard et al., 2001; Zillén et al., 2002) and Katla S tephra b) plotted on reference a field for
Katla (Boygle, 1995; Streeter and Dugmore, 2014).

The Hekla 5 tephra layer was dated by Thorarinsson (1971) to 7055 * 255 cal. yr BP (20
error for calibrated dates). In an attempt to improve the accuracy of the date,
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Rhytidiadelphus squarrosus mosses in direct contact with the tephra were collected from
Trjavidarlaekur in pjorsardalur valley, about 14 km NW of the Hekla volcano in South
Iceland (Paper Il). The mosses extracted from the moss-tephra boundary below the tephra
layer were well preserved. Radiocarbon dating yielded a calibrated age of 7063 + 102 cal.
yr BP.
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4 Discussion

4.1 Holocene vegetation and environment in
Northwest Iceland

4.1.1 Early Holocene

The earliest vegetation record from Iceland is from Skagi peninsula and extends back to c.
13,200 cal. yr BP. The record shows that dwarf shrub heath had already developed there
during the Allergd interstadial, but was replaced by grasses and fell-field herbs (Rundgren,
1995) during the Younger Dryas glacier advance (c. 13.000-11,500 cal. yr BP; Ingdlfsson
et al., 2010). Salix and Empetrum nigrum dwarf shrub heath recovered after ¢. 10,700 cal.
yr BP (Rundgren, 1995). This is supported by the Bungutjorn record which begins c.
10,600 cal. yr BP (Figure 3.1), where the earliest macrofossils are remains of Empetrum
nigrum which grows in various habitats, including rocky surfaces (Kristinsson, 2010), and
Salix herbacea which is associated with colonisation of nutrient poor soils in front of
retreating glaciers (Beerling, 1998). The low MS and DBD in the Bungutjorn core during
the early Holocene reflect a relatively stable environment around Bungutjorn (Figure 3.1),
a result of a long continuous period of vegetation development in the area beginning during
the Allergd interstadial (Rundgren and Ingdlfsson, 1999).

The Kagadarholl record begins c. 11,000 cal. yr BP (Paper 1), after the ice sheet of the
Younger Dryas stadial retreated (Norddahl et al., 2008). Environmental conditions were
extremely unstable during the early Holocene, based on high MS and DBD values. The
earliest pollen assemblage was dominated by grasses, herbs and pioneer taxa such as
Oxyria digyna. The harsh, sparsely vegetated environment is reflected in extremely low
PARs. After c. 10,800 cal. yr BP dwarf shrub heath began to develop with an increase in
Empetrum nigrum pollen and a subsequent increase in Salix pollen by c. 10,600 cal. yr BP.
The change towards dwarf shrub heath led to increasing vegetation cover and increased
environmental stability, reflected in decreasing DBD and MS values by c¢. 10,500 cal. yr
BP (Paper I).

4.1.2 Saksunarvatn tephra

The environment was widely affected by the deposition of the Saksunarvatn tephra,
probably a result of series of eruptions originating from the Grimsv6tn volcanic system
(Jennings et al., 2014; Larsen and Eiriksson, 2008). The effects of the tephra on vegetation
at Kagadarholl lasted for c. 100 years (Paper I). A similar response period is seen in other
records from North Iceland (Caseldine et al., 2006; Rundgren, 1998). The following
millennium was characterised by environmental instability, reflected in relatively high and
fluctuating MS and DBD values (Paper 1). Increased instability is seen in the Bungutjorn
record as well where MS and DBD are higher than before the Saksunarvatn tephra until c.
9000 cal. yr BP (Figure 3.1).
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The Bardalakjartjorn record at the highland margin begins above the Saksunarvatn tephra.
The pollen record shows that Betula nana dwarf shrub heath established at the highland
margin after the Saksunarvatn tephra fell. After the tephra was deposited the pollen
assemblage shows indications of aeolian activity influencing the vegetation community.
The composition of the pollen and macrofossil assemblages may suggest that dwarf shrubs
were already growing in the highlands before the Saksunarvatn tephra and that vegetation
survived both the deposition and subsequent aeolian reworking of the tephra (Paper I1).

4.1.3 Juniperus communis and early birch woodland

At Kagadarholl, high PAR values (1000-3000 grains cm yrt) for Juniperus communis
from c. 10,100 to c. 9000 cal. yr BP suggest that a taller growth form of the species, rather
than the prostrate shrubs found in Iceland today, grew around the lake (Birks, 1973). This
may serve as indication of warm climate in Iceland during the early Holocene as tall
Juniperus communis plants require higher temperatures than the lower growing shrubs
(Kolstrup, 1980). A similar peak in Juniperus communis is seen in other records from
North Iceland (Caseldine et al., 2006; Hallsdottir, 1995; Rundgren, 1998). This is in
agreement with chironomid inferred July temperature (Ci-T) reconstructions from North
Iceland that have suggested warmer conditions than today between c. 10,500 and 8500 cal.
yr BP (Langdon et al., 2010). This suggests that environmental development in North
Iceland followed solar insolation closely during the early Holocene (Paper I). Betula
pubescens woodland replaced the Juniperus communis scrub near Kagadarhéll c. 9300 cal.
yr BP, indicated by a decrease in Juniperus communis pollen, a relative increase in Betula
pollen and a high concentration of Betula pubescens macrofossils. The development of
woodlands led to more stable environmental conditions in the lowland, evidenced by
decreasing MS and DBD (Paper I).

While woodland began to form in the lowland Betula nana dwarf shrub heath was the
dominant vegetation community at the highland margin. Conditions at Bardalaekjartjérn
became progressively more stable after c. 9100 cal. yr BP, with decreasing MS and DBD
(Paper I1). During this period the macrofossil record from Bungutjérn was dominated by
Empetrum nigrum, Salix herbacea, S. phylicifolia and Alchemilla spp., indicating a
relatively stable dwarf shrub heath near the lake (Figure 3.1).

4.1.4 Cooling climate and reduced woodland

Increased instability is recorded at the highland margin ¢. 8900 cal. yr BP with increasing
DBD and MS values (Paper II). This is followed by a decrease in the Betula PAR at
Kagadarholl from values of ~1000 grains cm™ yr ¢. 9100 cal. yr BP to <200 grains cm™
yr by c. 8700 cal. yr BP. A decrease in total land PAR is also detected in a record from
Skagafjoérdur, North Iceland (Hallsdéttir, 1995). The decrease in PARS probably represents
a decrease in pollen production, in particular that of Betula pollen and this may have been
caused by low spring and summer temperatures. This coincides with a cool period
observed in other records from West Iceland and the central highlands (Geirsdéttir et al.,
2013; Larsen et al., 2012). (Paper I). A comparable change in the pollen assemblage is not
seen in the Bardalekjartjorn record where dwarf shrub heath, a hardier ecosystem than
birch woodland was established (Paper I1). The woodland at Kagadarholl began to recover
after c. 8200 cal. yr BP (Paper 1).
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The Stdra-Burfell record begins ¢. 9000 cal. yr BP and is initially characterised by
relatively high influx of minerogenic material indicated by high MS and DBD.
Macrofossils are first recorded c. 8600 cal. yr BP and leaves of Sphagnum moss and fruits
of wetland sedges Carex nigra and Carex rostrata indicate the development of wetland
(Figure 3.2). Hybridisation between Betula nana and Betula pubescens is evident from
Icelandic pollen records from the early Holocene (Eddudéttir et al., 2015, 2016;
Karlsdottir, 2014; Karlsdottir et al., 2009, 2012) and this is confirmed by the presence of
macrofossils with morphologies intermediate between Betula nana and Betula pubescens
from c. 8500 cal. yr BP. Betula nana macrofossils appear later in the record, around c.
8300 cal. yr BP (Figure 3.2).

4.1.5 Birch woodland maximum

The woodland at Kagadarhdll recovered and reached its peak c. 7900 cal. yr BP with a
relative increase in Betula pollen to >80 % and Betula PAR >1500 grains cm™ yr (Paper
1). Birch woodland formed later at Bardalaekjartjorn, where the increase in relative
abundance of Betula pollen and a transition to larger Betula pollen diameters around c.
7800 cal. yr BP signal a shift from Betula nana to Betula pubescens. Formation of Betula
pubescens woodland is indicated by an increase in Betula PAR to >500 grains cm? yr!
between 7400 and 6500 cal. yr BP, peaking to values of >900 grains cm yr'! between c.
7000-6700 cal. yr BP (Paper 1l1). The Betula pubescens woodland maximum at
Bardalakjartjérn coincides with a similar peak at 400-450 m a.s.l. on Tréllaskagi peninsula
(Wastl et al., 2001).

After c. 7100 cal. yr BP Sphagnum leaves almost disappear from the Stéra-Burfell wetland,
perhaps indicating drier conditions. Betula pubescens fruits are recorded in the peat from c.
7600 to 5800 cal. yr BP, indicating that Betula pubescens plants may have been able to
grow in the wetland, at least in its drier parts (Figure 3.2). Continued hybridisation
between Betula nana and Betula pubescens is evidenced by macrofossils with
morphologies intermediate between the two species recorded until c. 6000 cal. yr BP.

Betula nana macrofossils are recorded at Bungutjorn after c¢. 8200 cal. yr BP. This
indicates a change towards a Betula nana-Empetrum nigrum dwarf shrub heath on Skagi
peninsula as woodlands developed further inland (Figure 3.1). Betula pubescens woodland
probably did not colonise the area near Bungutjérn during the Holocene, even though
tritherm temperatures on Skagi peninsula today are higher (Table 2.1) than the tritherm
temperture threshold of 7.9°C for the 2 m treeline in Iceland (Wd6ll, 2008). Proximity to the
ocean is a possible explanation, as oceanity and chloride content in groundwater can
influence the location of treelines in Iceland (W6ll, 2008). There is evidence that oceanity
influenced the chemistry of wetland soils on the western side of Skagi peninsula during the
Holocene (Mdckel, 2016). The oceanic contribution to soils in Skagi peninsula could
therefore have prevented the development of woodlands even though summer temperatures
may have been sufficiently high (Table 2.1).

4.1.6 Woodland decline
The decline of the woodland near Bardalekjartjorn began after c. 6700 cal. yr BP,

indicated by a decrease in the Betula PAR from >900 to ~500 grains cm yr'! by c. 6500
cal. yr BP. Extremely low Betula PAR of <250 grains cm? yr! recorded at
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Baroalakjartjorn after c. 6300 cal. yr BP should indicate that woodland had retreated from
the site (Hicks, 2001). However, an increase in Betula pollen grain diameters indicates
continued presence of Betula pubescens and no Betula nana macrofossils are recorded
before c. 4000 cal. yr BP. This suggests that Betula pubescens was still the dominant
Betula species in the area around Bardalakjartjorn (Paper 11). The extremely low Betula
PAR is probably a result of suppressed pollen production of Betula pubescens as the
species was growing at, or near, its ecological limit (Birks and Bjune, 2010; Kuoppamaa et
al., 2009). Low Betula PARs in woodlands have previously been noted in Icelandic pollen
records (Erlendsson and Edwards, 2009).

The woodland at Kagadarholl began to decline after c. 6000 cal. yr BP and was in slow
decline until the end of the record c. 2800 cal. yr BP. This is indicated by a decrease in
Betula PAR from >1500 to ~1000 grains cm™ yr at ¢. 6000 cal. yr BP and to <1000 grains
cm? yr! by c. 4200 cal. yr BP. During this period there is evidence of increased
hybridisation between Betula nana and Betula pubescens in the form of an increase in non-
triporate Betula pollen (Karlsdottir, 2014), as Betula nana encroached on the Betula
pubescens woodland (Paper I).

Very few macrofossils are recorded at Stéra-Burfell after c. 5800 cal. yr BP, except for a
large number of leaves of the moss Calliergonella cuspidata that were found directly
beneath the Hekla 4 tephra. This could suggest a return to wetter conditions. An increase in
minerogenic material deposited in the wetland is seen from an increase in DBD c. 5700
cal. yr BP and MS c. 5600 cal. yr BP (Figure 3.2). The Stéra-Burfell record ends at the
Hekla 4 tephra (4200 cal. yr BP; Dugmore et al., 1995)

The environment around Bungutjérn was characterised by Empetrum nigrum-Betula nana
dwarf shrub heath at the time of woodland decline further inland. Very few macrofossils of
herbs species are recorded after c. 6300 cal. yr BP. Increased environmental instability is
reflected in fluctuations in MS above the Katla S tephra layer deposited c. 6600 cal. yr BP.
Elevated MS values between c. 6300 and 4200 cal. yr BP (Figure 3.1) probably represent
increasingly unstable environmental conditions in response to cooling climate.

4.1.7 The Hekla 4 tephra

The Hekla 4 tephra (4200 cal. yr BP; Dugmore et al., 1995) caused changes in the
vegetation community at Kagadarh6ll (Paper I11). The pollen assemblage immediately
after the tephra is markedly different from that before, indicated by an increase in Betula
pollen and the disappearance of herb pollen. This may indicate burial of the understory of
the woodland by thick tephra deposits. This is similar to the effects of 12-15 c¢cm thick
tephra deposits from the 1980 eruption of Mount St. Helens which destroyed virtually all
herbaceous plants (Antos and Zobel, 2005; Zobel and Antos, 2007). Thick tephra deposits
can also hinder regrowth of plants, even creating a crust which buried plants cannot
penetrate (Mack, 1987). Conversely, the new substratum created by a tephra layer can
present opportunities for pioneer plants to colonise the new surface, which can lead to
changed species composition (Antos and Zobel, 2005). Betula PAR of ~800-900 grains
cm? yr! and Betula pollen diameters ~22 + 2 um both before and after the eruption,
suggest that although the understory was buried the birch population was not affected by
the tephra fall. Herb pollen taxa reappear in the record after a minimum period of 50 years
after the eruption and this probably represents the recovery of the understory vegetation.
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Overall, the stable woodland at lake Kagadarholl was able to recover relatively quickly to a
state similar to that before the eruption despite burial of understory vegetation.

The Hekla 4 tephra is a major boundary between vegetation communities in the
Bardalakjartjorn record (Paper 111). The most noticeable change above the tephra is the
decrease in Betula pollen percentages and PAR, accompanied by a wider range of Betula
pollen diameters and an increase in pollen grains with diameters of 17 and 18 pum, more
likely derived from Betula nana (Méakeld, 1996). Betula nana macrofossils appear in the
macrofossil record at the same time. Conditions probably became more difficult for Betula
pubescens as a consequence of the tephra because the species was already under stress
before the eruption. Further indication of a change from open birch woodland to dwarf
shrub heath is an increase in the pollen of dwarf shrubs Empetrum nigrum and Vaccinium-
type after c. 4200 cal yr BP. Indeed, woodland did not return to the vicinity of
Bardalakjartjorn following the deposition of the Hekla 4 tephra. The tephra fell during a
time of irreversible cooling c. 4200 cal. yr BP identified in several lake records (Blair et
al., 2015; Geirsdottir et al., 2013; Larsen et al., 2012). Cold climate can affect the recovery
of ecosystems and prevent a return to a previous state following tephra fall (Arnalds, 2013)
and the combination of cooling climate and the effects of the tephra fall may have
facilitated the vegetation changes seen at Bardalekjartjérn. An ecosystem already under
stress due to cooling climate gave way to more resilient dwarf shrub heath after the tephra
fell at Bardalaekjartjorn.

Vegetation cover and structure are important factors in stabilising tephra deposits and the
capacity of vegetation to trap tephra increases with height (Arnalds, 2013; Cutler et al.,
2016). About 4200 cal. yr BP, at the time of the Hekla 4 eruption, the Icelandic lowlands
were probably covered by woodlands and mires (Edduddttir et al., 2015; Hallsdottir, 1995;
Hallsdéttir and Caseldine, 2005) while open woodland, wetlands and dwarf shrub heath
covered the highlands (Eddudéttir et al., 2016; Wastl et al., 2001). Stable environments
such as these would have been able to entrap a large proportion (Arnalds, 2015; Cutler et
al., 2016) of the tephra that fell during the eruption (Larsen and Thorarinsson, 1977).
Today, around 42 % of Iceland is classified as desert and only 1.2 % is covered by natural
birch woodlands (Gisladéttir et al., 2014). When tephra is deposited on barren or scarcely
vegetated surfaces it is readily redistributed (Arnalds et al., 2013; Cutler et al., 2016) and
deposits of only a few centimetres thickness can have negative environmental impacts
(Arnalds et al., 2013). The results underscore the importance of vegetation cover in the
event of heavy tephra fall.

4.1.8 Late Holocene and human settlement

Environmental instability began c. 6600 cal. yr BP at Skagi peninsula, higher MS values
indicate an increase in minerogenic material deposited in Bungutjérn. Higher DBD is
observed following the Hekla 4 tephra c. 4200 cal. yr BP. Both MS and DBD values
increase further c. 2000 cal. yr BP, accompanied by a drop in OM (Figure 3.1). The same
trend of higher MS values c¢. 2000 cal. yr BP is seen in a peat core from Torfdalsmyri on
the western side of Skagi peninsula and in a peat core from Tindar, midway between
Kagadarholl and Stoéra-Burfell (Mockel, 2016). These records all suggest increased
instability in the lowland of Austur-Hlnavatnssysla beginning ¢. 2000 cal. yr BP and the
decrease in OM in Bungutjorn suggests that lake productivity decreased as well, probably
in response to cooling climate (Larsen et al., 2011, 2012; Striberger et al., 2012).
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After c. 4200 cal. yr BP the vegetation community at Bardalaekjartjorn was characterised
by Betula nana dwarf shrub heath, with scattered Betula pubescens trees. There is evidence
of increased instability after c. 4200 cal. yr BP as MS and DBD increase (Paper I1).
Greater instability is also reflected in increased MS measured in a peat core from
Hrafnabjorg about 7 km west of Bardalekjartjorn at ~300 m a.s.l. (Mdckel, 2016).
However, the pollen assemblage at Bardalaekjartjérn suggests that the vegetation
community was relatively stable from c. 4200 cal. yr BP until about 1000 cal. yr BP, when
human activities began to influence vegetation. The introduction of an additional driver of
environmental change led to increased environmental instability, reflected in increasing
MS and DBD, as well as the disappearance of ligneous species such as Juniperus
communis and Betula pubescens from the highland margin (Paper I11).
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5 Conclusions

The vegetation and environment in Austur-HUnavatnssysla, Northwest Iceland, have
undergone great changes during the last 11,000 years; from the inhospitable fell-fields in
the wake of the Younger Dryas ice sheet, to the birch woodlands of the mid Holocene, and
finally the unstable environment created by human activities during the past 1000 years.
The study shows that:

1. Climate has been the primary driver of vegetation changes in the lowland for
most of the Holocene, with the warmest periods between 10,100-8700 cal. yr
BP and 8000-6000 cal. yr BP. Vegetation development in the lowland was
interrupted by the Saksunarvatn tephra and environmental conditions were
relatively unstable for a millennium following the deposition of this tephra.
Juniperus communis shrubs or trees were the dominant feature of the vegetation
during the warm early Holocene. Birch woodland developed in the lowland by
¢. 9300 cal. yr BP, with an optimum period between c. 8000 and 6000 cal. yr
BP. The woodland was in decline after ¢. 6000 cal. yr BP due to cooling
climate.

2. The Bardalekjartjorn record is the first complete Holocene vegetation
reconstruction representing the central highlands and gives an insight into a
relatively stable environment for a large part of the Holocene and a glimpse of
the catastrophic impact human settlement had on the sensitive environment of
the Icelandic highlands. Vegetation development was slower at the highland
margin than in the lowland. Dwarf shrub heath was replaced by birch woodland
c. 7800 cal. yr BP. The woodland persisted until c. 4200 cal. yr BP, although
low Betula PAR suggest that the woodland was at its ecological limit for most
of that time, with the exception of a brief warm period between c. 7400 and
6500 cal. yr BP. Dwarf shrub heath replaced the open woodland after c. 4200
cal. yr BP, following the Hekla 4 eruption in response to cooling climate and
the impact of the tephra fall. Human settlement began to influence the
environment at the highland margin c. 1000 cal. yr BP, reflected in changes in
the vegetation assemblage and landscape stability.

3. No evidence of birch woodland was found in the Bungutjérn record from Skagi
peninsula. The macrofossil evidence suggests that the lake was surrounded by
Empetrum nigrum dominated dwarf shrub heath for the entire Holocene. The
absence of birch is probably due to proximity to the ocean influencing growth
conditions.

4. The Hekla 4 tephra had an impact on both stable open woodland at Kagadarholl
and open woodland under stress at Bardaleekjartjorn. Although the woodland at
Kagadarholl recovered after a minimum period of 50 years, the vegetation
community at Bardalekjartjorn passed a tipping point and the struggling
woodland was replaced by a hardier, more resilient ecosystem.

The multi-site, multi-proxy approach adopted in this study has delivered a clear regional
picture of the environmental changes in Austur-HUnavatnssysla (Figure 5.1) where
vegetation changes were asynchronous between sites as a result of their different
environmental settings.
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Figure 5.1 Vegetation changes recorded at all four sites.

The study shows the advantages of combining plant macrofossil analysis and pollen
analysis for more robust vegetation reconstructions of both regional and local vegetation
changes. These proxies combined with lithological proxies for organic and inorganic
matter deposition provide ample material for environmental reconstructions. With the large
amount of tephra markers stored in sediments and soils, Iceland offers the unique
opportunity to combine paleoenvironmental records. Vegetation reconstructions from
small lakes, high resolution geochemical analysis of sediments from larger basins, and
paleosols can form the basis for robust environmental reconstructions. Such integrated
approaches to paleoecological reconstructions could be the key to understanding the
complex interplay of climate and volcanism at important turning points in Iceland’s
environmental history e.g. cooling episodes coinciding with large volcanic eruptions.

The environmental reconstructions presented in this thesis have improved the
understanding of the responses of the Icelandic environment to external forcing
mechanisms as climate, tephra fall and human activities. The Bardalakjartjérn record is the
first Holocene vegetation reconstruction from the central highlands and shows that the
highland environment, at least at the highland margin was relatively resilient to cooling
climate until human settlement. This study underscores, once again, the immense
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environmental impact that humans have had on the Icelandic environment. Although
relying on traditional methods for vegetation reconstructions this study presents the first
full Holocene records of pre-settlement PARs. Betula PAR in particular provides
additional information about vegetation changes and may even be a more accurate measure
of features such as the state of birch woodlands. To improve the understanding of the
extent of the impact climate change, tephra deposition and land use have on terrestrial
ecosystems, vegetation reconstructions are essential. The knowledge garnered within this
thesis provides an important base for further studies of Holocene environmental changes in
Iceland.
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Abstract

Long- and short-term climate variations in the North Atlantic have been of sufficient magnitude to leave a discernible mark on the history of vegetation and
landscape stability in Iceland during the Holocene. A reconstruction of early- and mid-Holocene vegetation around Lake Kagadarholl, Northwest Iceland,
examines how climate fluctuations have affected the terrestrial ecosystem. A thorough reconstruction has been made using pollen and plant macrofossil
analyses combined with proxies for organic and inorganic matter. The record shows the development from a period of pioneer vegetation towards a
woodland ecosystem. The deposition of the Saksunarvatn tephra at c. 10,300 cal. yr BP caused a 100-year period of instability, followed by a gradual trend of
stabilization over several centuries while material left behind by retreating glaciers and tephra was being contained by expanding and developing vegetation.
Early-Holocene warmth is indicated by high pollen production of juniperus communis around the lake by c. 10,100 cal. yr BP and birch woodland being
established around the lake by ¢. 9200 cal. yr BP, much earlier than previously believed for this locale. Cooling climate between c. 8700 and 8200 cal. yr BP
halted woodland development, with reduced plant reproduction likely caused by cold spring and summer temperatures. Woodlands became re-established
from ¢. 7900 cal. yr BP before entering a decline from c. 6000 cal. yr BP, with harsher environmental conditions apparent after ¢. 4200 cal. yr BP. The
Kagadarhdll record compares favourably with other palaeoclimatic data from the North Atlantic, demonstrating the potential of pollen and macrofossil data

for reconstructions of environmental change in Iceland and as an indicator of climate variability in the North Atlantic during the Holocene.
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Introduction

In order to gain a better understanding of the potential effects of
changing climate in the North Atlantic, an array of palacocnviron-
mental reconstructions in key locations in the region is necessary.
Tceland offers an excellent opportunity for the study of the effect
of Holocene climate variability in the North Atlantic on terrestrial
environments because of its location near atmospheric and oce-
anic boundaries. Prior to the Norse settlement in the late 9th cen-
tury, Tceland was free of mammal herbivores, and terrestrial
ccosystem developments were therefore dictated mainly by fluc-
tuations in climate and, on shorter time scales, volcanism. Holo-
cene climate variability around Iecland has been widely studied
using marine sediments (e.g. Andresen et al., 2005, 2013; Casta-
fieda ct al., 2004; Eynaud ct al., 2004; Giraudcau ct al., 2004;
Jennings et al., 2011; Justwan et al., 2008; Knudsen et al., 2004,
2008; Ran ct al., 2006, 2008; Roussc ct al., 2006) and a clcarer
picture of the pre-settlement history of the Icelandic terrestrial
Holocene environment (c.g. Caseldine et al., 2003, 2006; Halls-
dottir, 1995; Wastl et al., 2001) and Holocene glacial activity
(Geirsdottir et al., 2009, 2013; Larsen et al., 2012; Striberger
et al., 2012) is emerging.

The link between changes in North Atlantic ocean circulation,
climate and the terrestrial environment in Iceland is reflected in

historical records of sea-ice extent and its consequences for agri-
culture and human survival during the past centuries (Ogilvie,
1984; Ogilvie and Jonsdottir, 2000; Ogilvie and Jonsson, 2001).
The apparent sensitivity of the terrestrial ecosystem in Iceland
provides ideal conditions for the study of Holocene climate vari-
ability in the region.

The natural climax vegetation in Iceland is downy birch
(Betula pubescens Ehrh.), whose growth and distribution corre-
lates with temperature (Jonsson, 2005; Woll, 2008). The modern
day Betula pubescens distribution limit in Iceland is located
between 260 and 500 m a.s.l. and the tree line (for 2m high trees)
between 60 and 410m a.s.l. The distribution limit is correlated
with a summer tritherm temperature (mean of the three warmest
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Figure |. Maps showing the Kagadarholl coring site: (a) a map of Iceland showing the location of the Kagadarhdll site and other Holocene
records mentioned in the text. Site | Efstadalsvatn (Caseldine et al., 2003), sites 2 and 3 in Skagi peninsula (Bjorck et al., 1992; Rundgren,

1998), site 4 Vatnskotsvatn (Hallsdottir, 1995), sites 5 and é (Wastl et al.,2001), sites 7 and 8 Tréllaskagi peninsula (Caseldine et al., 2006), site 9
bistilfioréur (Karlsdéttir, 2014), site 10 Lake Légurinn (Striberger et al,, 2012), site 11 Hvitarvatn (Geirsdéttir et al,, 2013; Larsen et al., 2012),
site 12 Haukadalsvatn (Geirsdéttir et al., 2013) and (b) location of Kagadarhll, weather stations mentioned in the text and peat core (BUR) at

Stéra-Burfell.

summer months, June, July, August) of 7.2°C inland and the 2m
tree line with 7.9°C (W61, 2008). Evidence for the highest known
tree lines of the Holocene date back to ¢. 7600-6800 cal. yr BP
and arce located between 400 and 450 m a.s.1. in Tréllaskagi penin-
sula, North Tceland (Wastl et al., 2001; Figure 1a). At this time,
mcan July temperatures at sea level at Trollaskagi may have been
up to 3°C higher than the mean 19611990 July temperature
(Cascldine ct al., 2006). This suggests that records of Betula
pubescens in sediments in Iceland may serve as a thermometer,
with increased occurrence of the taxon at higher clevations during
periods of higher summer temperatures and with regressions dur-
ing periods with colder summers. Reconstructions of Holocene
forest dynamics before the Norse settlement may therefore pro-
vide important information about climate and environmental
change in an environment free of anthropogenic interference, for
example, woodland clearance, grazing livestock and so on.

Most of the existing Icelandic palynological datascts come
from studies that have been conducted on peat cores (see Halls-
dottir, 1995; Hallsdottir and Cascldine, 2005), while only a few
studies of lake sediments are available (Bjorck et al., 1992; Casel-
dine ct al., 2003, 2006; Erlendsson, 2007; Gathorne-Hardy ct al.,
2009; Hallsdéttir, 1995; Rundgren, 1995, 1998; Vasari, 1972,
1973; Vasari and Vasari, 1990). Instcad of providing a long-term
trajectory of climate-driven Holocene vegetation change, most
studics have focused on shorter periods within the Holocene, such
as the transition from the Late Glacial into the early Holocene and
early plant colonization (Bjorck et al., 1992; Rundgren, 1995,
1998; Rundgren and Ingélfsson, 1999), establishing the timing of
the Holocene Thermal Maximum (HTM) (Caseldine et al., 2006)
and the environmental impact of human settlement after AD 870
(e.g. Erlendsson, 2007; Erlendsson and Edwards, 2009; Gath-
orne-Hardy ct al., 2009; Gisladottir ct al., 2010, 2011; Lawson
etal., 2007; Vickers et al., 2011). The analysis of plant macrofos-
sils has not been widely applied for vegetation reconstructions in
Iceland. Only five published studies have combined pollen analy-
sis and plant macrofossil analysis as complementary methods
(Erlendsson et al., 2012; Rundgren, 1998; Vasari and Vasari,
1990; Vickers ct al., 2011; Wastl ct al., 2001), despite the impor-
tance of plant macrofossils for the interpretation of pollen data
(Birks and Birks, 2000). Tn addition, studies of modern processes
in front of retreating glaciers in Iceland, such as primary plant
succession and soil formation (Marteinsdottir et al., 2007;

Persson, 1964; Vilmundardottir et al., 2014, 2015), as well as
studies of the effects of acolian sediment deposition on vegetation
(Gisladottir et al., 2005; Vilmundardéttir et al., 2009) are now
available for comparison with palaeoecological data.

This paper presents the history of early- and mid-Holocene
vegetation development in Austur-Hunavatnssysla, Northwest
Tceland. Using pollen, plant macrofossils and proxies of organic
and inorganic matter, we cxamine links between climate and
environmental change, especially whether long- and short-term
changes in climate have been of sufficient magnitude to leave
discernible signals in records of vegetation and landscape stability
in the Northwest lowlands of Iceland. The data presented derive
from a lake sediment core from a lowland site near the farm
Kagadarholl (Figurc la) where present day climate conditions
are appropriate for birch growth, although birch is absent from the
region today as a result of human activities. The core covers the
period from ¢. 11,000 to 2800 cal. yr BP.

Site description

Kagadarholl palacolake (KAGA; 65°35'16" N, 20°07'58" W,
114m a.s.l.) is located south of Hunafloi Bay about 10km south-
east of the village Blonduds in Austur-Hunavatnssysla County,
Northwest Iceland (Figure 1b). Today, the site is a bog but outlines
of the palaeolake are visible in aerial photographs, indicating
a size of about 4.5ha. The bog vegetation is dominated by
Cyperaceac spp., especially Eriphorum angustifolium. The herb
Cardamine nymanii is common, as are the dwarf shrubs Betula
nana, Salix phylicifolia and Salix lanata. At present the site is
surrounded by farmland consisting of hayfields, Bewia nana—
dominated dwarf-shrub heath and croded gravelly hills. Observa-
tions from weather stations are available from Blonduds (from
the years 1961 to 1965 and 1981 to 1990; Figurc 1b) and from
Hjaltabakki at 2.3km distance from Blonduoés (from 1967 to
1981; Figure 1b). The combined mean 1961-1990 trithcrm summer
temperature from both stations is ¢. 8.7°C, the mean July tempera-
ture is ¢. 9.4°C and the mean January temperature is ¢. —2.5°C. The
mean annual precipitation is ¢. 458 mm per year (Icelandic Met
Office, 2014). At present, there is no record of natural birch wood-
land in Austur-Hanavatnssysla County, despite the fact that the
mean minimum tritherm temperature is well above the tempera-
ture limit for tree growth in Iccland (Jonsson, 2005; Woll, 2008).
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The vegetation in the area, as elsewhere in Iceland, has been influ-
enced by human activities since the settlement ¢. AD 870 because
of woodcutting and grazing (Gudbergsson, 1996).

It is important to note that a palacoecological reconstruction
has previously been performed using sediments from the same
lake (Vasari, 1972, 1973; Vasari and Vasari, 1990; the lake is
wrongly referred to therein as Hafratjérn, which is the name of
another small lake nearby). The previous study is plagued by
issues with the chronology of the core. For example, samples
taken for radiocarbon dating close to a tephra layer identified as
Hekla 3 yielded an age more than 1000 '“C years too old. Also,
the radiocarbon ages, dated in two batches in 1967 and 1973, are
not in chronological order. It is therefore likely that the radiocar-
bon ages from the entire core are too ambiguous to draw conclu-
sions about the timing of birch immigration or other patterns of
Holocene vegetation change in the area. The results by Vasari
(1972, 1973) and Vasari and Vasari (1990) have, perhaps as a con-
sequence of unreliable age control, been used as evidence for a
delay in the arrival of birch in Austur-Hnavatnssysla compared
with locations such as Skagafjorour and Eyjafjordur, further ecast
in North Iceland (Figure la; Caseldine et al., 2006; Hallsdottir,
1995). The reason for selecting the same location for this study is
that it provides an ideal baseline for the study of birch woodland
dynamics in the area, as it potentially represents one of the best
areas in the region with regard to the optimum conditions required
for the development of Betula pubescens woodland.

Methods
Field methods and stratigraphy

Four series of overlapping sediment cores were retrieved from near
the centre of the palacolake using a Livingstone piston corer with a
Bolivia adaptor fitted with 75 mm diameter polycarbonate tubes.
The sediments retrieved range from peat at the top of the core to
silty gyttja, with minerogenic sediments at the bottom of the core.

A single depth profile was constructed by overlapping the
main sequence of cores (KAGA4) with two other sequences
(KAGAT and KAGA3) to ensure continuity in the sediment col-
umn and to avoid potentially disturbed sediments at the top of the
core segments. This was done by matching tephra layers, patterns
in magnetic susceptibility (MS) and stratigraphic changes
observed in the overlapping cores (see supplementary material,
available online). The resulting sequence was 679cm long. The
cores were x-rayed for identification of tephra layers. MS mea-
surements were performed on the split core segments at 1cm
intervals using a Bartington MS2 meter and Bartington MS2F
probe (Dearing, 1994). Organic matter (OM; by loss on ignition)
and dry bulk density (DBD) were measured at [ cm contiguous
intervals. OM was measured by subjecting 1.2 c¢cm? of sample to
550°C for 5h (Bengtsson and Enell, 1986) and DBD by dividing
the dry weight of a sample with the volume of the wet sample
(Brady and Weil, 1996). The sediments analysed for this study are
undisturbed lake sediments from 130cm depth (10 cm above the
Hekla 3 tephra layer; Dugmore et al., 1995) to the bottom of the
core. Sediments higher in the core sequence were not analysed
because of potential reworking as the lake depth decreased and
peat formation began.

Pollen and macrofossil analysis

Subsamples for pollen analysis (2cm?) were collected at 4-8cm
intervals between 133 and 675cm depth in the core. Pollen sam-
ples were prepared using standard chemical methods of 10% HCI,
10% NaOH and acctolysis (Faegri and Iversen, 1989; Moore et al.,
1991), as well as heavy-liquid separation (Bjorck et al., 1978;
Nakagawa ct al., 1998) using LST Fastfloat (a sodium heteropoly-
tungstate solution) to remove minerals, tephra shards and organic

debris. Two tablets containing spores of Lycopodium clavatum
were added to each sample (batch number 1031; Stockmarr, 1971)
to enable calculations of concentrations of pollen and spores in the
samples, and to calculate pollen accumulation rates (PARs; grains
em2yr ). The prepared samples were mounted on glass micro-
scope slides in silicone oil of 12,500 ¢St viscosity.

A minimum of 300 indigenous terrestrial pollen grains were
counted for each sample, except for the three lowermost samples
where pollen concentrations were extremely low. Identification of
pollen grains and spores was based on Moore et al. (1991) and a
pollen-type slide collection at the University of Iceland. Pollen
categories and sums followed Hallsdéttir (1987) and Caseldine
etal. (2006). Pollen and spore taxonomy followed Bennett (2007),
with a few amendments to better reflect the TIcelandic flora
(Erlendsson, 2007). Percentages of fungal spores were based on
the combined terrestrial pollen sum and sum of fungal spores. A
record was made of non-triporate Berula pollen, high percentages
of which are indicative of hybridization between Betula nana and
Betula pubescens (Karlsdéttir et al., 2008). Identification of
spores from coprophilous fungi relied on Van Geel et al. (2003).

The sediments were analysed for plant macrofossils at con-
tiguous Scm intervals between 350 and 600cm to establish the
timing of Betula pubescens colonization of the area. Between 130
and 350 cm, and 600 and 675 cm, samples were analysed at every
other 5 cm interval. Sample volume varied between 35 and 50 mL,
depending on the material available. The volume of each sample
was determined by displacement in water. The samples were
washed through a 125 pm sieve, and vascular plant remains were
picked out for identification. Identification was based on various
references (e.g. Berggren, 1969; Birks, 2007; Cappers et al.,
2012; Katz et al., 1965). Comparisons with reference material
were made when possible. Concentrations of macrofossils in
50mL were calculated. Betula pubescens Ehrh. (downy birch)
and the subspecies Betula pubescens Ehrh. ssp. tortuosa (moun-
tain birch) grow in Iceland. They are discussed herein as Betula
pubescens (sensu lato), as the morphological variations in Icelan-
dic birches are large and morphologies of the two may overlap
(Anamthawat-Jonsson and Thorsson, 2003; Thoérsson et al.,
2001). Otherwise, plant taxonomy follows Kristinsson (2010).
Pollen and macrofossil diagrams were constructed using TILIA
(version 1.7.16) (Grimm, 2011). Pollen assemblages were divided
into pollen zones (PZ) with the aid of CONISS.

Core chronology

The chronology for the core (Figure 2) was constructed using a
combination of tephrochronology and radiocarbon dating. Tephra
layers were identified visually when thick enough and finer layers
identified by using x-ray images, spikes in MS and dips in OM
measurements. Samples were taken from all suspected tephra lay-
ers found in the sediments and washed through a 90 um sieve.
After inspection in a stereomicroscope, the samples judged to
consist of primarily pristine volcanic glass shards were mounted
on slides, ground, polished and carbon coated. Geochemical anal-
yses of volcanic glass were performed using Hitachi TM3000
SEM equipped with Bruker X-Flash silicon drift detector, using
15kV beam voltage applied to a surface of 10 x 10 um. Analyses
were recorded with Bruker Espirit analysis software.

The tephrochronology of North Iceland suffers from a lack of
dated tephra layers between the Hekla 5 tephra (7050 cal. yr BP;
Thorarinsson, 1971) and the Saksunarvatn tephra (10,300 cal. yr
BP; Rasmussen et al., 2006). This part of the core (362-620cm)
was systematically sampled every centimetre for macrofossils for
dating. A total of nine macrofossil samples were sent for radiocar-
bon dating (Figure 2, Table 1). Only three samples of terrestrial
macrofossils yielded enough material for dating. Because of the
scarcity of terrestrial plant macrofossils in the core, six additional
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samples of aquatic plant remains (Potamogeton fruits and leaf
fragments) were picked for dating (Table 1), as well as a sample
of moss stems from mincrogenic material in the lowest part of the
core. The decision to opt for aquatic macrofossils over bulk sedi-
ment is based on the fact that radiocarbon dates of bulk material
from Icelandic lakes are prone to errors and often do not correlate
well with dated tephra layers (Cascldine ct al., 2006). The reason
for this discrepancy is probably crosion-derived soil organic car-
bon (cf. Gathorne-Hardy et al., 2009). Lakes in [celand are devoid
of inorganic carbon, and the lake is remote from geothermal activ-
ity, thus free of issues concerning these factors (e.g. Ascough
ctal., 2007; Axford ct al., 2007). The radiocarbon dates were cali-
brated to calendar years BP using IntCall3 (Reimer et al., 2013)
in OxCal version 4.2.2 (Bronk Ramsey and Lee, 2013). A smooth-
spline model (Figure 2) was constructed in R using the package
Clam (Blaauw, 2010).

The age depth model for the core (Figure 2) is based on the
previously dated tephra layers (Appendix 1) Hekla 3 (3000 cal. yr
BP), Hekla 4 (4200 cal, yr BP; Dugmore et al., 1995), Hekla O

Hekla 3

Hekla 4

Hekla O
S

400 300
1

Depta (cm)

500
!

Saksunarvain

700

T T T
8000 6000
Cal. years BP

4000

Figure 2. Age—depth model for the Lake Kaga&arhdll core.
Horizontal lines indicate depths of tephra layers included in the age-depth
model.

Table I. Radiocarbon dates from the Lake Kagadarhdll core.

(6060 cal. yr BP; Gudmundsdéttir ctal., 2011), Hekla 5 (7050 cal.
yr BP; Thorarinsson, 1971) and Saksunarvatn (10,300 cal. yr BP;
Rasmusscn ct al., 2006). The above tephra layers, except for the
Hekla-O tephra, have a long and extensive record in North Tce-
land and the North Iceland Shelf and serve as regional marker
horizons (Gudmundsdottir ct al., 2012, and references therein).
One tephra layer not previously reported is used in the age depth
model (S-layer; Table 1; Appendix 1). We have observed this
tephra layer in numerous peat sequences in Austur-Hunavatns-
sysla and in three lake cores. Located between the Hekla-O tephra
(Gudmundsdottir et al., 2011) and the Hekla 5 tephra (Thorarins-
son, 1971), this layer forms a distinet, dark and relatively coarse-
grained stratum in organic sequences in the area. Its geochemical
fingerprint is that ot the Katla volcanic system (Appendix 1), One
Betula spp. twig and one Salix spp. twig situated in direct contact
with the tephra were extracted for radiocarbon dating from a peat
sequence at the farm Stora-Barfell (Figure 1b; core BUR), about
4.5km from Kagadarholl. The results of the two analyses provide
dates of 66796529 and 6661-6501 cal. yr BP (Table 1), and
these are fitted into the age—depth model for KAGA where the
tephra was identified at 319 320 cm depth. The time frame of the
Saksunarvatn tephra has not yet been established nor whether it is
the product of several eruptions (Jennings et al., 2014). The layer
is therefore handled as a single event in the age—depth model.

In addition to the dated tephra layers. six of the nine radio-
carbon dates analysed complete the age depth model. Two radio-
carbon dates were rejected on the basis that they were too old. A
Salix leaf fragment trom right above the Saksunarvatn layer at
618cm depth yielded an age of 10,425+ 131 cal. yr BP, thus
older than the tephra upon which it rests. A sample of Potamoge-
ton leaf fragments from 430 cm depth gave an age that was (oo
old and implies a sedimentation rate too high, considering no
changes are seen in sediment characteristics based on the MS and
DBD data. The third excluded '“C date, derived from a terrestrial
macrofossil sample at 461 cm depth, yielded very little material
for dating and was analyscd as gas. Because of the large margin
of crror on the calibrated date, a sample of Potamogeton lcaf
fragments from the same depth was used in the age—depth model
instead as it falls within the error of the terrestrial macrofossil
sample, and is in sequence with other samples based on Potamo-
geton macrofossils between 461 em and the Saksunarvatn tephra.
Ages are given in calibrated years before present (cal. yr BP;
with present assigned to AD 1950).

Lab code Depth (cm) '*Cdate Error 3"C  Average Range (cal.yr BP)  Weight (mg) Material
Calendar age 20 error
ETH-56125 385 7003 36 -20.6 7841195 79367746 083 Potamogeton leaf fragments
ETH-56126 401 7170 35 -35.0 798953 8041-7936 0.34 Empetrum nigrum and Betula pubes-
cens remains
ETH-56127 430 8128 37 -16.8 9120+ 123 9242-8997 1.00 Potamogeton leaf fragments
ETH-56135 461 8209 38 =-19.1 92159+ 128 9286-9031 0.94 Potamogeton |eaf fragments
ETH-56128" 461 8132 8% -30.8 9086+315 9401-8771 N/A Miscellaneous Betula pubescens
macrofossils
ETH-56129 524 8695 38 -11.7 9655+ 109 9764-9546 0.99 Potamogeton fruits and leaf fragments
ETH-56130 583 8997 39 =11 10,092+ 150  10,242-9942 1.00 Potamogeton fruits and leaf fragments
SUERC-47862 618 9258 35 =255 10425%131  10,556-10,294 1.00 Safix sp. leaf fragment
SUERC-45702 677 9695 30 -29.1 11,048+158 11,206-10,890 4.50 Moss stems
SUERC-47863 320 5814 30 -27.8 6604+75 66796529 32.40 Twig, Salix sp.
SUERC-47864¢ 320 5788 30 -308 6581180 66616501 18.70 Twig, Betula sp.

Measured directly from CO, gas.
bAssumed.
Dared from peat section BUR.
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Results

PZ [ (c. 11,000-10,600 cal.yr BP; 680—-650cm)

[nitially, the pollen assemblage (Figure 3) is characterized by a
relatively high percentage of Poaceae (grass family) and pioneer
taxa such as Oxyria digvna and Arenaria-type, and herbs such as
Potentilla-type and Ranunculus acris—type. Occasional occur-
rences of Dryas octopetala and Sedum-type pollen are recorded in
the lowest samples. Betwla pollen percentages are relatively high
in the two lowest samples. By ¢. 10,800 cal. yr BP, there is a peak
in Empetrum nigrum pollen. Vaccinium-type pollen are found in
small numbers from ¢. 10,700 cal. yr BP, as well occasional as
Calluna vulgaris pollen. PARs (grains cm 2yr 1) (Figure 4) are
very low, with a total PAR of less than 100 grains em 2yr ! during
this period. Exotic pollen from Pinus and Alnus are recorded in the
lowest samples. Spores tfrom the coprophilous (dung-loving) fungi
Sporormiella-type and Sordaria-type are found within this PZ
(Figure 3). The few terrestrial macrofossils found (Empetrum
nigrum, Juncus spp.. Luzula spp., Lycopodium annotinum and
Selaginella seluginoides) (Figure 5) compare well with the pollen
assemblages. MS values are high within the zone, and DBD values
decrease from ¢. 1.5 to 0.45 gem™ at the top of the zone accompa-
nicd by low OM pereentages between e. 0.5% at the bottom of the
zone, increasing to ¢. 9% at the top of the zone (Figure 6).

PZ 2 (10,600-10,200 cal. yr BP; 650-600cm)

Cyperaceae and Sa/ix pollen increase in both relative and absolute
numbers by ¢. 10,600 cal. yr BP (Figures 3 and 4). Although
Empetrum nigrum pollen decreases after ¢. 10,600 cal. yr BP
(Figure 3), the macrofossil record supports its continued presence
with seeds and leaves (Figure 5). Pollen from pioneer herb taxa
identitied in PZ 1, Oxyria digyna, Arenaria-type, Potentilla-type
and Ranunculus acris—type, decrease within this zone. There is a
progressive decline in minerogenic content, apparent via decercas-
ing MS valucs and lower DBD from ¢. 0.45 to 0.20 gem . This is
accompanied by an increase in OM deposition trom ¢. 9% to 24%
(Figure 6). A single Betula nana leaf is found at ¢. 10,500 cal. yr
BP (Figure 5), and Betula pollen values are at ¢. 1-2% for this
period (Figurce 3).

The environment is disrupted by the deposition of the Saksu-
narvatn tephra, dated to ¢. 10,300 cal. yr BP (Rasmussen et al.,
2006). The layer is marked by OM percentages close to zero and
a steep increasce in MS and DBD (Figure 6). The pollen assem-
blage immediately above the layer (617 cm) shows an increase in
Poaccac, a relative deerease in Empetrum nigrum and Cyperaceac
and some decrease in Sa/ix pollen compared with the assemblages
below the layer, Further above the tephra layer (609 cm), the pol-
len assemblage recovers to values similar to before its deposition,
characterized by Cyperaceac, Empetrum nigrum, Salix and Erica-
les (Figures 3 and 4). A comparable assemblage is reflected in the
macrofossil record with remains of Empetrum nigrum, Salix,
Selaginella selaginoides and Carex (Figure 5). Fungal spores of
Sporormiella-type and Sordaria-type occur regularly (Figure 3).
Mincrogenic inputs decline to pre-Saksunarvatn levels after ¢.
100 years according to the MS and DBD records (Figure 6).

PZ 3a (c. 10,200-9200 cal.yr BP; 600-470cm)

Juniperus communis pollen appear in the record by ¢. 10,200 cal. yr
BP and quickly increase to »30% and PARs > 700 grains cm 2 yr !
by 10,100 cal. yr BP. Betula pollen increase rapidly to ¢. 20 30%
by ¢. 10,000 cal. yr BP, an increase in Betula PAR from 14 grains
cm~2yr! at the beginning of the zone to a peak of >1000 grains
cm2yr! between ¢, 9600 and 9400 cal. yr BP. Juniperus communis
pollen increase to a peak of ¢. 40-60% between ¢. 9600 and 9200
cal. yr BP, with PARs of 1330 3070 grains cm 2yr ! (Figures 3
and 6). As these taxa become more abundant in the record, values

of dwarf shrubs decrease, with a steady decrease in Empetrum
nigrum pollen, especially after ¢. 9900 cal. yr BP, while Salix pol-
len remain at about 5 10% (Figure 3). This shift is also reflected
in the macrofossil record where Beiulu nana fruits and catkin
scales are relatively abundant in an otherwise limited record, and
occasional Empetrum nigrum and Salix macrofossils are still
found. One Juniperus communis macrofossil is recorded, a needle
deposited at the same time as the peak in Juniperus communis
PAR at ¢, 9300 cal. yr BP (Figure 5). One Bewda pubescens fruit
is found at ¢. 9600 cal. yr BP, but Befula pubescens catkin scales
and fruits sustain a continuous record from ¢. 9300 cal. yr BP
(Figures 5 and 6). Additionally, degraded Betula fruits that could
not be identified to species level were found afier ¢. 9600 cal. yr
BP (Figure 5). Sporormiella-type and Sordaria-type spores
decrease and almost disappear after ¢. 9000 cal. yr BP. Potamoge-
ton pollen are very abundant within this zone but decrease
abruptly at ¢. 9600 cal. yr BP (Figure 3) when Potamogeton
natans fruits, that are abundant in the lower half of the zone, dis-
appear. Potamogeton perfoliatus fruits are found in the record
after ¢. 9500 cal. yr BP (Figure 5). Large fluctuations in MS and
DBD values occur during this period. Spikes in MS occur between
9800 and 9300 cal. yr BP, accompanied by {luctuations in DBD
between 0.17 and 0.34 gcm™ with sand lenses observed in the
sediments between 9700 and 9500 cal. yr BP (Figure 6). Total
terrestrial PAR reaches its highest levels in the core within PZ 3a,
with values of 4500-6100 grains ecm 2yr ' between ¢. 9500 and
9300 cal. yr BP. The main contributor to the increasc in total PAR
is Juniperus communis. The proportion of non-triporate Beiulu
pollen during this period ranges between 2% and 9% (Figure 6).

PZ 3b (c. 9200-8700 cal.yr BP; 470-436 cm)

Betulu pollen percentages are >30% after ¢. 9200 cal. yr BP (Fig-
ure 3). This is accompanied by a decrease in Juniperus communis
pollen (Figures 3 and 4). The total PAR values decrease mainly
because of a drop in Juniperus communis PAR from 1460 grains
cm 2yr ! at the bottom of the zone to 350 grains cm 2yr ' at the
top. Betula PAR values measure between 600 and 1000 grains
em2yr~! within this zone (Figures 4 and 6). PARs of Poaceae,
Cyperaceae, Empetrum nigrum and herbs such as Thalictrum
alpinum and Galium decrease (Figure 4). Lricales pollen disap-
pear within this zonc. Betula pubescens macrofossils are recorded
continuously during this period (Figures 5 and 6). MS and DBD
values are much lower and less variable than betore, with DBD
between (.13 and 0.19 gem™ accompanied by elevated OM val-
ucs between 29% and 43% (Figure 6).

PZ 3c (c. 8700-8200 cal. yr BP; 436-408 cm)

At ¢. 8700 cal. yr BP, Betula percentages drop to ¢. 25 30%
(Figure 3), accompanied by Bew/a PAR drop to between ¢. 160
and 260 grains cm2yr~! (Figures 4 and 6), Herbaceous taxa, such
as Poaccac and Cyperacceac, increase (Figure 4). The decrease in
Betula pollen spans about 500 ycars, over which period Betula
pubescens macrofossils almost disappear from the record. Only a
few macrofossils of Empetrum nigrum and Selaginella selaginoi-
des are recorded during this period (Figure 5). The total PAR is
extremely low, at levels similar to the carly Holocene (Figure 6).
OM deposition is relatively high at ¢. 34 48%. An unidentified
tephra layer is seen in the MS, OM and DBD records at ¢. 8550
cal. yr BP (Figure 6), otherwise values for MS and DBD remain
relatively stable within this zone, and DBD values decrease
upwards from ¢. 0.12 to 0.14 before ¢. 8400 cal. yr BP and ¢. 0.08
10 0.10 gem™ between ¢. 8400 and 8200 cal. yr BP.

PZ 4a (c. 8200-6000 cal.yr BP; 408-290cm)

Betula pubescens macrofossils establish a continuous presence
from ¢. 8200 cal. yr BP and by ¢. 7900 cal. yr BP Befula pollen
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percentages reach ¢. 80% (Figure 3), with PAR values between ¢.
1500 and 2000 grains ¢cm 2yr ! (Figurcs 4 and 6). As Betula pol-
len inerease, Juniperus communis pollen become less abundant.
There is also a relative decrease in herbaceous taxa such as
Cyperaceae, Poaceae, Thalictrum alpinum and Galium (Figures 3
and 4). The presence of Befula pubescens is confirmed by the
occurrences of its macrofossils throughout this period (Figures 5
and 6). Values of MS and DBD remain low and stable (apart from
where tephra layers are present in the sediment) with DBD
between ¢. 0.11 and 0,14 gem™, OM values are relatively high,
between ¢. 34% and 55% (Figure 6).

PZ 4b (c. 6000-3000 cal.yr BP; 290—130cm)

Gradually declining Betula PAR valucs fall below 1500 ecm 2 yr !
after ¢. 6000 cal. yr BP (Figures 4 and 6). This decline is not seen
clearly in the pollen percentages, where there is only a slight drop
in Betula at ¢. 6400 cal. yr BP when values become more variable
than in PZ 4a (Figurcs 3 and 6). Betula pubescens macrofossils
are found within this zone although in smaller numbers than in PZ
3a (Figure 5). Sorbus aucuparia pollen appear for the first time in
the record around 6000 cal. yr BP (Figure 3).

Jariations in OM, MS and DBD increase during this period.
After the deposition of the Hekla 4 tephra layer at ¢. 4200 cal. yr
BP (Dugmore et al., 1995), DBD is about 0.12 0.18 gcm™ and
OM is ¢. 30-38% after ¢. 4000 cal. yr BP (Figure 6). Befula PAR
decreases to less than 1000 grains cm~2yr! after 4200 cal. yr BP
(Figures 4 and 6). Percentages of non-triporate pollen increase
steadily from ¢. 7300 cal. yr BP, reaching the highest values in the
record of 6-10% after ¢. 4200 cal. yr BP (Figure 6).

Holocene vegetation and climate
dynamics at Lake Kagadarhall

Early plant succession in a recently deglaciated

environment

The Kagadarholl record extends back to ¢. 11,000 cal. yr BP. The
pollen assemblages in the lowermost samples represent denuded,
recently deglaciated landscape (Figure 3). Pollen from the pioneer
taxon Oxvria digyna is prominent in the early assemblage. Pollen
from plants that grow on gravel flats (Kristinsson, 2010) arc found
in the assemblages, for example, Ranunculus acris type (which
may originate from Ranunculus glacialis), as well as Dryas
ociopetala. Potentifla-type pollen that likely represent Sibbaldia
procumbens, a plant typical of areas with heavy snow cover, are
also prominent in the carly assemblages. Arenaria-type and
Sedum-type pollen likely represent taxa such as Arenaria norveg-
ica, Sedum acre and Sedum annuum which have been found on
moraines in front of the retreating glacier Skaftafellsjolkull in
Southeast Iceland (Persson, 1964). Low local pollen production
from the sparse vegetation is evident from the low total PAR dur-
ing the pioneer vegetation phase (Figure 6). The pollen record
indicates rapid vegetation changes around Lake Kagadarholl dur-
ing the earliest part of the Holocene. By ¢. 10,800 cal. yr BP, there
is a short-term shift towards Lmpetrum nigrum—dominated vegeta-
tion (Figure 3) with a transition to dwarf-shrub heath at ¢. 10,600
cal. yr BP, as values for Sufix and Cyperaceae pollen increase (Fig-
ures 3 and 4) and Calluna vulgaris pollen appear (Figure 3).
Although it is difficult to infer vegetation cover from pollen data,
the pollen assemblages compare favourably with present flora on
moraines in front of Skaftafellsjokull, Southeast Iceland, where
Empetrum nigrum and Calluna vulgaris dwart shrubs with inter-
spersed Salix lanata and Salix phylicifolia shrubs are prominent.
Today, these species, along with mosses, account for . 61% veg-
ctation cover on 65-year-old moraines, and ¢. 67% on 120-year-
old moraines (Vilmundardottir et al., 2015). Therefore, vegetation

around Lake Kagadarholl may have reached ¢. 60% cover by c.
10,300 cal. yr BP. Dwarf shrubs and herbaccous vegetation (pre-
dominantly Cyperaceae) around Lake Kagadarholl is similar to
other vegetation reconstructions pre-dating the Saksunarvatn
tephra at Trollaskagi peninsula (Caseldine et al., 2006) and Skagi
peninsula (Rundgren, 1998), North Iccland.

Specific plants may serve as temperature indicators during the
earliest period of the Holocene. Indicator species found in the
early-Holocene record at Lake Kagadarholl such as Selaginefla
selaginoides and Calluna vulgaris grow at a minimum July tem-
perature of 7°C and Empetrum nigrum at 7.7°C (Kolstrup, 1979,
1980). Therefore, relatively warm summers in the arca around the
lake during the early Holocene may be proposed. This is in accor-
dance with generally warm ocean conditions seen in various sedi-
ment data from the North [celand Shelf where optimum thermal
conditions were recorded from ¢. 10,000 cal. yr BP (c.g. Androws
and Giraudcau, 2003; Castaficda ct al., 2004; Justwan ct al., 2008;
Knudsen et al., 2004; Rousse et al, 2006). Farly-Holocene
warmth is also reflected in chironomid-inferred mean July tem-
perature (CI-T) at Trollaskagi peninsula where July temperatures
had likely reached 7°C before the deposition of the Saksunarvatn
tephra (Caseldine et al., 2006). This may, however, be an underes-
timate of actual mean July temperatures at Trollaskagi, as late
arrival of thermophilous chironomid species during the early
Holocene may skew the assemblages, and therefore the tempera-
ture reconstruction (Axford et al., 2007; Cascldine et al., 2003).

Impact of tephra deposition and aeolian processes

on the terrestrial environment during the early

Holocene

High fluxes of material transported by acolian processes follow-
ing deglaciation and tephra deposition from the Saksunarvatn
event may have influenced the vegetation succession around Lake
Kagadarholl as temperatures rose. The frequent recording of the
Saksunarvatn tephra, often at great thickness (=10c¢m) in Iecland
(e.g. Caseldine et al., 2003, 2006; Larsen et al., 2012; Striberger
et al., 2012; Stotter et al., 1999; Wastl et al., 2001}, allows for the
inference that it affected landscape stability and perhaps vegeta-
tion succession. Abrasion by wind erosion as well as burial by
acolian material may cause severe damage to vegetation (Gis-
ladottir et al., 2005). The pollen assemblage 3cm above the
Saksunarvatn tephra indicates burial by material of thickness in
excess of 10cm. PARs and percentages of Empetrum nigrum and
Cyperaceae decrease following the event, and these taxa have
been shown (o have an inverse relationship with sand thickness
(Vilmundardattir et al., 2009). Meanwhile the increase in Poaceae
(Figure 4) may represent an increase in the species Festuca rich-
ardsonii which has a positive relationship with sand burial, with
an increasc in the taxon with sand thickness in excess of 10em
(Vilmundardottir et al., 2009). Higher above (11 cm) the Saksuna-
rvatn tephra layer, the pollen assemblages regain similarities
to those before its deposition, probably representing the re-
establishment of a dwarf shrub dominated environment. The rela-
tively fast recovery of vegetation to pre-deposition levels within
about 100 years is in accordance with previous results from Skagi
peninsula (Rundgren, 1998) and Tréllaskagi peninsula (Caseldine
et al., 2006) where deposition of the Saksunarvatn tephra did not
have a radical or permanent impact on vegetation development
(Figure 1a). A gradual trend of stabilization over several centurics
followed, with material left behind by retreating glaciers (Larsen
etal., 2012; Striberger et al., 2012) and residual tephra being con-
tained by expanding and developing vegetation.

The recording of spores from the coprophilous fungi
Sporormiella-type and Sordaria-type (Figurcs 3 and 4) is of
some interest. Coprophilous fungi are more or less reliant
upon herbivores for spore germination (e.g. Cugny et al., 2010).
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Given the absence of mammal herbivores in pre-settlement
Tceland, the presence of these spores may indicate the migration
of birds into the post-glacial landscapes of Iceland. Sporormi-
ella spp. and Sordaria spp. have been found on modern rock
ptarmigan (Lagopus muta) facces and that of other bird species
in Iceland (Hallgrimsson and Eyjolfsdoéttir, 2004).

Environmental instability, local increase in Juniperus
communis and regional expansion of Betula
pubescens

Change from open fell-field and tundra vegetation towards taller,
morc layered shrub vegetation occurs with a shift towards Junipe-
rus communis—Betula nana—Salix shrub heath at ¢. 10,100 cal. yr
BP. Between 9600 and 9200 cal. yr BP, there is a pronounced
Juniperus communis pollen peak, with PARs up to 3070 grains
cm 2yr ! (Figures 3, 4 and 6). The near absence of Juniperus
communis macrofossils from the record is not unexpected and
is probably because of the combination of lack of inflow into
the lake and the relatively high weight of needles and cones
preventing transport to the coring site, which is at a distance of
>100m from the shore (cf. Birks and Bjune, 2010; Dicffenbacher-
Krall, 2007).

A Juniperus communis phase similar to the one at Lake
Kagadarholl can be seen at other sites in North (Caseldine et al.,
2006; Hallsdottir, 1995; Rundgren, 1998) and Northwest (Cascl-
dine et al., 2003) Iceland (Figure la). Although Juniperus com-
munis produces large quantitics of pollen, they arc poorly
represented in sediments and even low percentages of pollen are
commonly inferred to represent a strong presence of the plant in
the vicinity of sampling locations (Huntley and Birks, 1983;
Schofield et al., 2007). High percentages and PARs such as those
recorded after ¢. 10,100 cal. yr BP at Lake Kagadarholl can only
be produced by an upright growth form of dense Juniperus com-
munis scrub (Birks, 1973). Taller growth form of Juniperus com-
munis indicates relatively high mean July temperature, perhaps
above 10°C (Kolstrup, 1980). The presence of Myriophyllum
alterniflorum in the pollen record (Figures 3 and 4) also indicates
relatively high mean July temperatures, as high as ¢. 10°C (Kol-
strup, 1980). The peak in Juniperus communis coincides with a
shift from Potamogeton natans to Potamogeton perfoliatus (Fig-
ure 5) which requires relatively warm lake conditions during
summers (Kristinsson, 2010). The high total PAR values, because
of the substantial deposition of Betula and Juniperus communis
pollen, may indicate an optimum period for pollen production for
both taxa (Figure 6). This may be an indication of warm Holocene
conditions in Iceland already by c. 10,100 cal. yr BP. Warm sum-
mers during the early Holocene at Lake Kagadarholl are in accor-
dance with recorded warm conditions during the early Holocene
in the ocean north of Iceland (e.g. Castafieda et al., 2004; Justwan
et al., 2008; Knudsen et al., 2004; Rousse et al., 2006), and oxy-
gen isotope values from the Renland ice-core record show a
period of low 3'80 values at this time (Vinther et al., 2009; Figure
6). This trend follows maximum solar insolation during the early
Holocene (Berger and Loutre, 1991; Figure 6). Glaciers in the
Icelandic highlands were probably smaller than today during the
early Holocene. Larsen et al. (2012) have argued that Langjokull
in the western highland was smaller than today when the Saksu-
narvatn tephra was deposited and Eyjabakkajokull in the eastern
highlands had retreated behind its current position by 9300 cal. yr
BP (Striberger et al., 2012). This is in agreement with chirono-
mid-inferred mean July temperatures from Eyjafjérour, which
also indicate that early-Holocene temperatures may have been
warmer than today (Langdon et al., 2010).

The environment was still relatively unstable, indicated by the
high minerogenic input to the lake seen in the OM, MS and DBD
data (Figure 6). Juniperus communis is highly competitive in

disturbed environs and on nutrient poor soils (Garcia et al., 2000),
but the species’ intolerance to shade (Thomas et al., 2007a) would
have put it at a disadvantage as taller birch trees formed an
increasingly closed canopy. The apparent delayed arrival of Bet-
ula pubescens to Lake Kagadarholl despite rising temperatures is
likely because of limiting factors such as soil properties, or dis-
tance from seed source. Well-drained sandy soils may have given
drought-tolerant Juniperus communis (Thomas et al., 2007a) an
advantage over drought-intolerant Betula pubescens (Atkinson,
1992). The succession from Juniperus communis to Betula pube-
scens is similar to that scen in Europe during the Late Glacial,
where the spread of Betula pubescens may have been hindered by
factors other than temperature, such as soil moisture (Birks and
Birks, 2014; Mortensen et al., 2014).

In the absence of Icelandic PAR references, the Betula PAR
values may be compared with published modern Betula PAR val-
ues from Scandinavia. Befula PARs of >500 grains cm=2yr~' from
¢. 10,000 cal. yr BP at Lake Kagadarholl might be interpreted as
sparse presence of Betula pubescens around the lake, with Betula
PAR of >1000grains cm=2yr~' indicating open forest (Hicks,
2001) established between ¢. 9550 and 9400 cal. yr BP (Figures 4
and 6). However, only one Betula pubescens fruit was found at c.
9550 cal. yr BP (Figure 6), while only Betula nana catkin scales
were found (Figure 5). Further Betula fruits were found between
¢. 9600 and 9300 cal. yr BP, but these were too degraded to be
identified to species level. As birch fruits are prominent in mod-
ern sediments from sites where birch trees are located (Jackson
and Booth, 2007), the lack of macrofossils concurrent with the
high Betula PARs may represent a regional increase in Betula
pubescens around 10,000 cal. yr BP and a sporadic occurrence
close to the lake until ¢. 9300 cal. yr BP. High occurrence of non-
triporate pollen in the sediment provides further evidence for the
presence of tree birch in the region. Non-triporate Betula pollen
are recorded in modern individuals of both Betula nana and Bet-
ula pubescens in Tceland. On average, 2.4% of pollen produced
by individuals of Betula nana pollen are non-triporate and 0.7%
in individuals of Betula pubescens. A much higher number,
12.2%, of non-triporate pollen grains occur in hybrid individuals
of the two species (Karlsdottir et al., 2008). High proportion of
non-triporate pollen therefore indicates the presence of hybrids
and, in turn, the presence of both parent species in the region. The
proportion of non-triporate pollen during this period ranges
between 2% and 9% (Figure 6), which indicates hybridization
already taking place during the early Holocene, similar to what
has been observed in other early-Holocene pollen records from
Tceland (Karlsdottir, 2014; Karlsdottir et al., 2009, 2012).

Establishment of birch woodland around Lake
Kagadarhdll

The first unambiguous evidence for the existence of Betula pube-
scens around the lake is seen at ¢. 9300 cal. yr BP, when macro-
fossils from the species are present continuously over several
centuries (Figures 5 and 6). Further development towards Betula
pubescens woodland is depicted in the pollen record from c. 9200
cal. yr BP, when Betula pollen percentages reach above 30%.
Between 9100 and 8800 cal. yr BP, Betula pollen account for c.
45% of land pollen with PARs of 640 up to 1100 grains cm 2yr !
(Figure 3). A simultaneous decrease in Juniperus communis may
reflect increased competition with Betula pubescens as Juniperus
communis is intolerant of shade (Thomas et al., 2007a). The
change towards a closed canopy and woodland ecosystem is also
seen from the large decrease in pollen deposition from dwarf
shrubs, graminoids and other herbs (Figure 4). Stabilization of the
environment coincident with woodland development is reflected
in lower and more stable MS values and a rise in OM deposition
within the lake (Figure 6). The increase in Betula pubescens in the
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record between ¢, 9300 and 8700 cal. yr BP is indicative of rela-
tively high summer temperatures. This period coincides with a
peak in mean July CI-T at Trollaskagi peninsula between ¢. 9500
and 9000 cal. yr BP (Caseldine et al., 2006). Within this
period, Betuta PAR reaches >1000 grains cm=2yr~! at Kagadarholl
(Figures 4 and 6), which may indicate open forest according to
the Scandinavian model (ITicks, 2001). This initial phasc of birch
woodland encroachment around the lake lasted for about 500 years.

Terrestrial ecosystem response to cooling at c. 8700
cal. yr BP

At about 8700 cal. yr BP, there is a rapid drop in Beiul/a PAR to
values of <270 grains cm 2yr ! (Figures 4 and 6). The low PARs
indicate a decline in birch pollen deposition to values below the
limit of birch presence at (¢. 250 grains cm 2yr '; ¢f. Scppi and
Hicks, 2006). The proportional increase in Poaceae may indicate
expansion of grassland at the same time. The decrease in total
PAR (Figure 6) and scarcity of macrofossils deposited (Figure 5)
indicate a drop in both pollen and sced production, not only by
Betula pubescens but also other plants growing around Lake
Kagadarholl between ¢. 8700 and 8200 cal. yr BP. This likely rep-
resents lower spring and summer temperatures, with tritherm tem-
peratures below 7.2°C (cf. W6ll, 2008). This is in accordance
with a period of gradual cooling of mean July CI-T temperatures
in Trollaskagi peninsula between ¢. 9000 and 8100 cal. yr BP
(Caseldine et al., 2006). Cooler summer conditions are seen in
data from both Haukadalsvatn in West [celand and Hvitarvatn in
the highlands (Figure 1a) between c¢. 8650 and 7850 cal. yr BP
(Geirsdottir et al., 2013; Larsen ot al., 2012). In Logurinn, East
Iceland (Figure 1a) a cooling takes place later, between ¢. 8200
and 8000 cal. yr BP (Striberger et al., 2012). A minor cooling is
observed on the North [celandic Shelf at ¢. 8200 cal. yr BP (Casta-
fieda et al., 2004; Ran et al., 2006), with a small change in sea
surface temperature (SST) (Andersen et al., 2004) but a more pro-
nounced cooling is seen in cores further offshore and to the east
(Eiriksson et al., 2000; Knudsen et al., 2004). The cooling seen in
several terrestrial proxy records from Iceland demonstrates that
the extensive impact on the terrestrial environment in Iceland
occurred earlier than the short cold incursion ¢. 8200 cal. yr BP
seen in marine data from the North Atlantic (Alley and Agtistsdot-
tir, 2005: Alley et al., 1997) and several Greenland ice-core
records (Thomas et al., 2007b). A possible explanation for the
change in vegetation around Lake Kagadarholl at this time is the
presence of sea-ice. Air temperature in Iceland is correlated with
the presence of sea-ice (Bergporsson, 1969; Ogilvie, 1984, 1992),
and an increased occurrence of sea-ice during spring and summer
would have been accompanied by lower air temperatures. More
frequent occurrences of sca-ice during spring and summer arc
likely because of episodes of weaker Irminger Current and a
stronger sea-ice bearing East Greenland Current on the North Ice-
land Shelf between ¢. 9000 and 8000 cal. yr BP (Ran et al., 2006).
Although most Greenland ice-core records only show a short cold
period (Thomas ct al., 2007b), the Renland ice-core isotope data
show a trend towards higher 3'*0O valucs alrcady at around 8700
cal. yr BP (Vinther et al., 2009; Figure 6). Colder spring and sum-
mer temperatures after 8700 cal. yr BP may have drastically ham-
pered pollen and seed production of Befula pubescens and other
plants. Cold temperatures during spring time have been linked to
loss of male catkins in Betula pubescens, which in tum leads to
low pollen production (Pichugina, 1972). This may be the reason
for the low Beiula pollen accumulation and the absence of fruits
and catkin scales from the Lake Kagadarholl sediments. Bewla
pubescens trees usually have a short life span of less than 100 years
(Gimingham, 1984). However, following damage, the trees can
still reproduce by sprouting from basal buds (Kauppi et al., 1987),
and mountain birch (Betula pubescens Erhr. ssp. fortuosa)

regenerates mainly from stems (Verwijst, 1988). Therefore, the
near absence of Betula pubescens from the macrofossil record
and the very low Betula PAR over several centuries may indicate
either a retreat of birch from the area around the lake or a shift
towards a period of vegetative reproduction by trees and other
plants while conditions were too harsh for sexual reproduction.
The Kagadarholl record shares similaritics with the record from
Lake Vatnskotsvatn in Skaga{jorour (Figure 1a). There, an initial
expansion of Betulu pubescens was halted at ¢. 8300 cal. yr
BP (7500 “C yr BP) with a regression towards a Juniperus—
Salix—Bewla nana heath, However, birch woodland re-established
itself by ¢. 8000 cal. yr BP (7200 “C yr BP; Hallsdottir, 1995). A
dip in total PAR similar to the one in the Lake Kagadarholl record
is seen during the Befulu retreat at Vatnskotsvatn. A similar regres-
sion in vegetation development is not seen in records from
Lyjafjorour (Figure 1a) to the east of Skagafjordur, where birch
persisted uninterrupted (Caseldine et al., 2006). Nor is it seen in
data from Efstadalsvatn (Figure 1a) in the Westfjords (Caseldine
et al., 2003), where dwarf-shrub/heath vegetation would have been
less sensitive to cooling climate than birch woodlands of Austur-
Hunavatnssysla and Skagafjérour. Cooler conditions may have
aflected vegetation in Northwest Iceland worse than central North
Iceland during this period, when sea-ice may have often lingered
in Hanaf16i and Skagafjordur during spring and early summer.

There are no indications of increased erosion despite the clear
impact on birch woodland during this period. In fact, land surface
seems to have become more stable, as inferred from the decrease
in MS and DBD. This demonstrates the importance of a continuous
vegetation cover and the ecological structure of the established
woodland to inhibit erosion in the face of inhospitable conditions
during this period.

Maximum extent of Holocene birch woodlands

The transition back to birch woodland occurs within a span
of 300 years, with Betula pubescens macrofossils reappearing by
¢. 8200 cal. yr BP (Figures 5 and 6) followed by a substantial
increase in Betula pollen from ¢. 7900 cal. yr BP (Figures 3 and
4). Betula PAR values representative of forested areas, between
1500 and 2000 grains cm 2 yr', are recorded alter ¢. 7900 cal. yr
BP (Figures 4 and 6). These Beiuia PAR values indicate a dense
forest surrounding the lake according to the classification oftered
by Hicks (2001). The subsequent decline in Juniperus communis
is likely because of the establishment of a closed canopy with
heavy shade (cf. Thomas et al., 2007a). A similar decrease in
herbs, such as graminoids, Galium and Thalictrum alpinum, is a
further indication of a closing canopy (Figures 3 and 4). This
dense birch woodland surrounded Lake Kagadarholl from ¢. 7900
to 6000 cal. yr BP. At this time, mean July temperatures at Trol-
laskagi may have been higher than at present, with warm condi-
tions representing the HTM considered to last from ¢. 8000 to
6700 cal. yr BP (Caseldine et al., 2006). The expansion of birch
woodland during the carly to mid-Holocene reflects the strong
relationship between Benula pubescens growth and high summer
temperatures. In Trollaskagi, Wastl et al. (2001) found that Betula
pubescens was present at elevations between 450 and 500m a.s.l.
between ¢. 7600 and 6800 cal. yr BP. At Vatnskotsvatn, the Betula
peak occurred between ¢. 8000 and 6800 cal. yr BP (7200 to 6000
4C yr BP; Tallsdottir, 1995). In contrast, only a short peak in
Betula pubescens pollen is seen in pollen data from Distilfjordur,
Northeast Iceland (Figure la) at ¢. 7200 cal. yr BP, where maxi-
mum Holocene birch woodland extent occurred later, at ¢. 5000
cal. yr BP (Karlsdottir, 2014). A warm period defined as HTM is
obscerved between ¢. 7850 and 5450 cal. yr BP in Ivitérvatn in the
highlands (Larsen et al., 2012) and Haukadalsvatn, West Iceland
(Geirsdottir et al., 2013) and at ¢. 7900 to 7000 cal. yr BP in Lake
Logurinn, East Iceland (Striberger et al., 2012).
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Onset of Neoglaciation and harsher environmental
conditions

A decline in woodland is seen in the Betula PAR data, with values
gradually falling to below 1500 grains cm=2yr™! from ¢. 6000 cal.
yr BP, indicating open woodland. After ¢. 4200 cal. yr BP, the
PAR values fall to below 1000 grains cm 2yr !, indicating a sparse
presence of Betula pubescens (Figures 4 and 6) (Hicks, 2001).
Sorbus aucuparia pollen appear after ¢. 6000 cal. yr BP (Figure 3)
as the woodland begins to open up. Because of the entomophilous
pollination of Sorbus aucuparia, it cannot become prominent in a
pollen record dominated by the ancmophilous Betula pubescens.
Therefore, the absence of Sorbus aucuparia pollen is not
necessarily proof of the plants’ absence from the Icclandic HTM
woodlands (Hallsdottir, 1995). Although the transition into Neo-
glaciation is scen from c. 6000 cal. yr BP at Lake Kagadarholl,
birch is still present towards the end of the Lake Kagadarholl
record at ¢. 2800 cal. yr BP, indicating that summer temperaturcs
were still relatively high.

Increasing environmental instability is scen in the record after
the deposition of the Hekla 4 tephra layer ¢. 4200 cal. yr BP (Dug-
more etal., 1995). The Hekla 4 tephra is one of the most prominent
Holocene tephra layers found in Icelandic sediments, with about
6.7km? of material deposited on land during the eruption (Larsen
and Thorarinsson, 1977). An increase in deposition of minerogenic
matter after ¢. 4200 cal. yr BP is seen from an increase in DBD
(Figure 6). Impact of great tephra deposition and subscquent
aeolian processes on vegetation are, however, not reflected in the
pollen record. There is no direct indication in the pollen record of
plant burial around Lake Kagadarholl, such as followed the depo-
sition of the Saksunarvatn tephra. However, the increased occur-
rence of non-triporate Betula pollen after 4200 cal. yr BP may be
because of increased hybridization in response to deteriorating
environmental conditions, allowing Betula nana to invade previ-
ously forested areas. The inverse relationship between non-triporate
Betula pollen percentages and Betula PAR values indicates that
hybridization may increase as PAR declines because of cooling
climate and harsher environmental conditions. Previous studies
indicate that hybridization may occur in response to woodland
expansions because of warming climate coinciding with increasing
Betula PARs (Karlsdottir, 2014; Karlsdéttir et al., 2012).

The timing of the transition to Neoglaciation at Lake Kagadar-
holl is in agreement with other terrestrial records which place the
onsct of cooling and more unstable conditions from ¢. 5500 to
4200 cal. yr BP (Geirsdottir et al., 2013; Larsen et al., 2012; Strib-
erger ct al., 2012). On the North Iceland Shelf, optimum warmth
lasted until 60005000 cal. yr BP, when conditions became colder
and more variable (¢.g. Andresen et al.,, 2005; Castaneda ct al.,
2004; Justwan et al., 2008; Knudsen et al., 2004; Ran et al., 2006;
Rousse et al., 2006). Increased landscape destabilization after
4200 cal. yr BP at Lake Kagadarholl is comparable with other ter-
restrial proxy records for erosion (Geirsdottir et al., 2013; Larsen
et al., 2012; Striberger et al., 2012). The effects of deteriorating
climate at the onset of Neoglaciation are undoubtedly at work
here, although the consequences of the great tephra fall at ¢. 4200
cal. yr BP could also be of importance given that the tephra was
deposited over ecosystems already under pressure from deteriorat-
ing climate. The environmental consequences of, and responses to,
the large pre-historic Hekla eruptions (Larsen and Thorarinsson,
1977) are not well known (but see Caseldine and Hatton, 1994).

Conclusion

The Kagadarholl record clearly reveals both long- and short-term
Holocene climate and environmental change. It highlights the
importance of vegetation cover for landscape stability, as both
deglaciation and the Saksunarvatn tephra released massive amounts
of minerogenic material into the environment. The composition of
the vegetation community seems to have quickly recovered to its

pre-deposition state following the Saksunarvatn tephra fall,
However, aeolian deposits, probably a combination of material left
behind by retreating glaciers as well as the tephra, were not con-
strained as the vegetation cover remained discontinuous and this
left its mark on environmental stability and possibly vegetation
development for several centuries. The importance of vegetation
for environmental stability in preventing erosion because of dete-
riorating climate conditions is apparent from the data as erosion did
not increase in response to the 8700 cal. yr BP cooling.

The reconstruction from Lake Kagadarholl shows how envi-
ronmental instability and warm climate drove early-Holocene
vegetation development. High input of Juniperus communis pol-
len into the lake after ¢. 10,100 cal. yr BP and high regional pro-
duction of Betula pollen likely represent high summer
temperatures during the early Holocene. Birch woodland was
established in Austur-Hinavatnssysla as ecarly as ¢. 9200 cal. yr
BP, much earlier than has previously been thought and at a time
comparable with other locations in North Iceland. The record
conclusively documents the impact of the cooling seen in various
other terrestrial and marine records during the period ¢. 8700—
7900 cal. yr BP on vegetation. The severe decrease in plant repro-
duction indicates a period of decreased spring and summer
temperatures, possibly because of increased occurrences of sea-
ice carried by a stronger East Greenland Current. The reconstruc-
tion from Lake Kagadarh6ll emphasizes the potential for
palaeoecological reconstructions from Iceland to be used as an
indicator of climate and environmental change, not only in Ice-
land but also in the North Atlantic. In addition, the emphatic
response of birch around Lake Kagadarholl to the cooling at 8700
cal. yr BP and Neoglaciation shows the potential of the taxon to
record signals of climate and environmental change. The Lake
Kagadarholl record demonstrates that macrofossils are an impor-
tant addition to a robust pollen dataset and a combined record of
pollen percentages, pollen PARs, macrofossils and other proxies
can provide a thorough reconstruction of vegetation dynamics
environmental stability and climate change in Iceland.
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Appendix |. Results from scanning electron microscope analyses of major elemental composition of key tephra layers in the KAGA

(Kagadarholly and BUR (Stéra-Burfell) sequences.

Site Depth (cm) Av./SD  SiO, TiO, ALO; FeO MnO MgO CaO Na,O K,0 PO, SUM Tephra #

KAGA  139-140 Av. 66.91 039 1550 663 021 04l 385 3.6l 238 0.2 100.00 Hekla3 8
sD 206 0.16 0.35 124 008 020 053 0.17 033 007

KAGA  202-203 Av. 7483 0.5 1383 235 012 0.5 1.62 338 3.51  0.05 100.00 Hekla4 7
SD 020 0.06 0.17 0.12 006 003 0.08 0.19 0.13 003

KAGA 221222 Av. 64.00 0.87 16.50 639 018 073 330 397 391 0.16 100.00 Ssn I
SD 211 030 0.20 LI 007 041 077 025 0.66  0.07

KAGA  266-267 Av. 5648 224 1598 1008 0.19 255 6.52 3.55 2.13 027 100.00 Hekla 7
SD 028 0.19 0.73 055 004 024 026 0.15 035 004

KAGA  290-291 Av. 60.52 105 16.69 9.02 021 0.97 6.00 357 1.65 031 100.00 Hekla © 9
SD 050 026 1.43 166 004 027 070 020 0.19 0.06

KAGA  319-320 Av. 4843 456 1280 1567 023 483 1008 230 083 026 100.00 Katla$ 8
SD 044  0.10 0.25 063 0.0 0.I3 0.34 0.8 0.06 0.05

KAGA  360-361 Av. 7557 0.12 1333 224 013 0.5 1.65 3.25 353 0.04 100.00 Hekla5 8
SD 023 008 0.15 0.18 006 0.04 0.12 0.10 0.13 0.00

KAGA  633-634 Av. 49.78 328 1293 1542 020 530 1037 2.15 042 0.14 100.00 Saksunarvatn |0
sD 032 026 0.32 044 009 040 033 0.9 0.04 0.03

BUR 80-80.5 Av. 57.18  1.93 1466 1162 028 236 6.56 3.29 1.58 053 100.00 Hekla? 6
SD 011 0.I5 0.31 026 004 0.16 0.08 0.14 0.17 0.04

BUR 89-90 Av. 63.69 089 1643 650 020 071 328 407 408 0.5 100.00 Ssn 10
SD 1,72 035 0.22 091 009 034 080 0.17 073  0.09

BUR 98.5-99 Av. 5707 224 16.08 971 0.18 24l 6.36 3.57 209 029 100.00 Hekla 7
SD 068 03I 0.87 084 0.10 049 0.16 0.16 0.11  0.06

BUR 113-114 Av. 6093 .12 1546 1004 023 1.08 542 352 1.85 034 10000 Hekla O 9
SD 074 020 1.39 143 006 027 0.31 020 029 004

BUR 134-135 Av. 4882 446 1308 1503 0.9 491 9.86 254 081 031 100.00 Katla$ 8
SD 046 0.16 023 037 003 0.2 034 0.10 0.11 004

Analysis of the upper, basaltic part of the Hekla 4 tephra (cf. Larsen and Thorarinsson, 1977).



Supplementary material

120
130+
140 —
150 o
160 o
170 o
180
190
200 o
210+
220
230
240 —
250 —
260 —
270 -

Depth (cm)

2704
280
290 H
300
310
320 -
330 -
340 -]
350 -]
360 -]
370
380 4
390
400 -]
4104
420

Depth (cm)

KAGA 4.2

1a

T T T T T 1

0 5 10 15 20 25 30
MS

KAGA 4.3

KAGA 1.2

E

T
10

0

10

20

30

40

50

E 60
70
80
90
100
110
120
130
140
150

L

£
=3
@

o

1b
T T T 1
15 20 25 30
MS

T T
0 5

KAGA 1.3

Depth (cm)

420
430
440
450
460 H
470
480 —
480 —
500
510
520 —
530
540 -
550
560 -

Depth (cm)

570 —

KAGA 4.4

570
580
590
600
610
620
630
640
650
660

Depth (ocm)

KAGA 4.5

4a

720 17—

80

1
100
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Complex interactions of climate and volcanic activity have shaped the environment of Iceland during the Holo-
cene. Palaeoecological records from Iceland offer a unique look at a Holocene environment that was uninhabited
by humans and free of mammal herbivores until about AD 870. We present a new reconstruction of Holocene
vegetation and landscape dynamics from a small lake, Bardalekjartjorn, located near the highland margin in
Northwest Iceland. A multi-proxy approach was used to reconstruct vegetation based on pollen and plant macro-
fossil analysis and landscape stability based on lithological proxies. The record covers the period ¢ 10 300-
200 cal. a BP. For the first two millennia aeolian processes probably played a part in vegetation development. This
period is characterized by high input of minerogenic material into the lake and a vegetation assemblage in which
plants tolerant of acolian deposition are prominent. Betula pubescens woodland reached a maximum between
¢ 7400 and 6500 cal. a BP. Betula nana-dominated dwar( shrub heath replaced woodland after ¢. 4000 cal. a BP,
following the onset of Neoglaciation. Land use following human settlement caused an environmental shift at the
highland margin. Betula pubescens probably disappeared from the vicinity of the lake soon thereafter. Large-scale
soil erosion began at ¢. 1000 cal. a BP in the wake of human activities, such as introduction of grazing livestock
and woodcutting. This study offers an important long-term perspective of the development of the highland
ecosystem under both wholly natural and human-influenced conditions.
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Iceland’s position as a terrestrial outpost in the North
Atlantic makes it an important site for studies of Holo-
cene environmental conditions in the region. Prior to
the Norse settlement (¢. AD 870) Iceland was free of
human influence and without native mammal herbi-
vores. Iceland therefore offers an opportunity to study
an isolated Holocene environment where changes were
dictated mainly by climate. Intermittent volcanic
cvents also caused disturbances and increased land-
scape instability, usually on short time scales
(Gisladottir et al. 2010; Larsen et al. 2012; Blair et al.
2015; Eddudéttir er al. 2015). Following settlement,
the landscape and vegetation were radically altered by
human activities (Einarsson 1961; Hallsdéttir 1987,
Erlendsson 2007). The settlement probably happened
rapidly and an estimated minimum of 24 000 people
were living in Iceland by the end of the 9th century
AD, with a continued influx of people throughout the
10th century (Vésteinsson & McGovern 2012). The set-
tlers soon began clearing woodland to make way for
grazing pastures as well as utilizing it for fuel and
building material (Hallsdottir 1987, Dugmore et al.
20035; Vickers et al. 2011). This external disturbance
caused habitat changes that led to accelerated soil ero-
sion as resilient woodland habitats were replaced by
grassland and dwarf shrub heath (Dugmore er al.
2005, 2009; McGovern et al. 2007; Gathorne-Hardy
et al. 2009; Gisladéttir er al. 2011; Vickers er al. 2011).
The cumulative effects of human settlement, cooling
climate within the last few millennia and frequent vol-

DOI 10.1111/bor.12184

canic eruptions (Thordarson & Larsen 2007; Larsen &
Eiriksson 2008) have moulded a modern environment
that is vastly different from that of the mid-Holocene
(Hallsdéttir 1995; Hallsdéttir & Caseldine 2005; Case-
Idine et al. 2006; Eddudéttir er al. 2015).

Iceland’s interior above 400 m a.s.l. is classified as
highland and covers about 40% of the island. The
highland has a sub-arctic climate in contrast with the
cold temperate climate in lowland arcas. The highland
margin therefore represents an important boundary
between climate regimes resulting in an ecotone
between low arctic tundra and sub-arctic birch forest
(Jonsdéttir er al. 2005). At present, a large part of the
highland is classified as desert, despite a relatively
humid climate. A complex interplay of processes has
been involved in the creation of these deserts, mainly
land use, volcanism, climate and, locally, flooding
(Arnalds 2015).

Downy birch (Betula pubescens Ehrh.) and its sub-
specics mountain birch (Betula pubescens ssp. tortuosa)
arc the only woodland-forming tree species in Iceland.
Modern individuals of Betula pubescens Ehrh. and sub-
specics fortuosa are morphologically indistinguishable in
Iceland (Thoérsson et al. 2001, 2007) and together they
arc therefore referred to as Betula pubescens sensu lato.
Growth and distribution of Betula pubescens in Iceland
is strongly correlated with tritherm temperatures (mean
of the three warmest summer months, June, July and
August). At present, tree lines in Iceland are located
between 260 and 500 m a.s.l. (Jonsson 2005). Inland, the

© 2016 Collegium Boreas. Published by John Wiley & Sons Ltd



716 Sigriin D. Eddudottir et al.

tree line (trees over 2 m) correlates with a tritherm tem-
perature ol 7.9 °C and the species distribution limit with
7.2 °C (Woll 2008). Therefore, in pre-settlement [eeland,
birch woodland would have cxtended to higher cleva-
tions during periods of higher summer temperatures and
regressed to lower altitudes during periods of cold sum-
mers. Records of Holocene vegetation in highland envi-
ronments should therefore be sensitive (o changes in
tree-line location due to climate change.

The extent and altitude of pre-settlement woodlands
in Iceland are debated. The scarcity ot available vegeta-
tion reconstructions from highland environments
makes estimates of woodland extent during the pre-set-
tlement Holocene diflicult. Many palacocnvironmental
rcconstructions have been made for Iecland (Hallsdét-
tir 1995; Rundgren 1998; Wastl ef «f. 2001; Cascldine
et al. 2003, 2006; Hallsdottir & Caseldine 2005;
Erlendsson 2007; Geirsdottir ez al. 2009, 2013; Lang-
don ef al. 2010; Larsen et al. 2012; Striberger et al.
2012; Blair et al. 2015; Eddudottir et ¢l 2015). How-
cver, only two vegetation reconstructions exist for sites
above 400 m a.s.1. (Hallsdottir 1982; Wastl ez al. 2001),

In this paper we present a new reconstruction of
Holocene vegetation and landscape dynamics, for
Bardalekjarijorn, a small lake located at the highland

BOREAS

margin in Northwest lceland. This paper examines ter-
resirial ecosystem development in a highland setting
[rom the early Holocene 1o ¢. 200 cal. a BP and inves-
tigates potential drivers for ecosystem change over the
period. We specifically aimed to examine: (i) early
Holocene vegetation communities during the first
stages ol postglacial succession; (ii) the possible timing,
extent and duration of birch woodland colonization on
the highland margin; and (iii) the relative importance
of post-settlement land use in shaping the present-day
eroded landscape of the highland. To achieve this task
a multi-proxy approach was employed, i.e. a vegetation
reconstruction based on both pollen and plant macro-
[ossils, as well as a reconstruction of landscape stability
through scveral lithological proxics. The study offers
an important long-term perspective concerning the
development of the highland ecosystem under both
natural and human-influenced conditions,

Site description

Bardalakjartjorn lake (BART; altitude 413 m a.sl,;
latitude  65°25 212'N, longitude 19°52 388'W) is
located on Audkuluheidi heath on the northern margin
of the central highland (Fig. 1). The lake is aboul
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Fig. {. The Bardalzekjartjorn study site. A. Map showing the location of Bardalekjartjérn and other sites in the region mentioned in the text.
B. Map of lceland showing the mean tritherm (mean June, July and August) temperature and the location of the coring site. C. Photograph of
Bardalxkjarijorn and its surroundings, [Colour figure can be viewed at wileyonlinglibrary.com]
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10 ha in arca and is located ~20 km north of
Blondulén hydro-electric reservoir. The closest inhab-
ited settlements are farms located ~4 km away in
Blondudalur valley (Fig. 1). The lake is surrounded by
Carex-dominated wetlands, Betula nana, Calluna vul-
garis and Salix spp. dwarf shrub heath, large vegetated
hummocks and eroded, gravelly hills (Fig. 1). There is
no surface inflow into the lake but a small outlet drains
the lake from the northwest corner of the lake through
nearby wetland. The lake is located on private land
close to the boundary of communal grazing areas of
Audkuluheidi. The area was used as communal grazing
land (Magnusson & Vidalin 1926) prior to being
fenced off in recent decades. The vegetation and soils
in the area have been extensively influenced by land
use since the settlement (Gudbergsson 1996). Weather
observations from Kolka weather station, located at
the northern end of the nearby Blonduldn reservoir
(504 m a.s.l.), arc available for 1994-2014. The mecan
tritherm (mean June, July and August) summer tem-
perature for the period was ~7.8 °C and the mcan July
temperature was ~8.8 °C. The annual precipitation
was ~398 mm per year (Icelandic Met Office 2014).
The mean minimum tritherm temperature is above the
temperature limit for birch tree growth in Iceland
(7.2 °C; Jonsson 2005; Woll 2008). It should be noted
that the weather station is located about 91 m a.s.l.
higher than Bardalekjartjorn and so the temperature
is probably slightly warmer at the lake. Calculated
from the average adiabatic lapse rate (0.65 °C), the
altitudinal difference between the two locations trans-
lates to a ~0.59 °C diflerence in temperature. Rainfall
and wind speed are probably similar in both locations
as the arca is relatively flat.

Mcthods

Field methods, stratigraphy and geochemistry

Four series of overlapping sediment cores were
retrieved from the centre of the lake at ~90 cm water
depth. Three series (BART 1, 3 and 4) were cored using
a Livingstone piston corer with a Bolivia adaptor fitted
with 75-mm diameter polycarbonate tubes. One series
was retrieved using a 100-cm-long Russian corer with a
chamber diameter of 10 cm (BART 5). The sediments
consisted of silty gyttja with intermittent tephra layers
and a 35-cm-thick mixed sand and tephra layer at the
bottom. By correlating tephra layers, changes in
stratigraphy and changes in magnctic susceptibility, a
single depth profile was constructed by overlapping the
main succession of cores (BART 1) with cores from
two other scquences (BART 3 and 5), to cnsure conti-
nuity in the sediment column (Fig. S1). Microprobe
analysis of tephra layers were used as correlation
points (Fig. S2). The resulting sediment succession was
295 c¢m long; the lowermost 35 cm of sand and tephra
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were not included in the palacoccological reconstruc-
tion. Although the lake is relatively shallow there are
no indications of hiatuses in the sediment and no signs
of the lake drying out during the Holocene. However,
the possibility of wave action affecting the top of the
sediment column cannot be excluded, especially in the
uppermost part of the core.

The cores were X-rayed. Magnetic susceptibility
(MS) was measured with a Bartington MS2 meter and
Bartington MS2F probe at 1-cm intervals on split core
segments (Dearing 1994). Dry bulk density (DBD; g
em °) and organic matter (OM, measured by loss on
ignition) were measured at l1-cm contiguous intervals.
OM was measured by combusting 1.2 em® of sample
at 550 °C for 5 h (Bengtsson & Enell 1986). DBD was
calculated by dividing the dry weight of a sample by
the volume of the undisturbed sample (Brady & Weil
1996). Subsamples analysed for carbon and nitrogen
were taken at contiguous 2-cm intervals. The samples
were dried at 50 °C, ground and sieved through a
150 um mesh before weighing in a tin container. The
measurements were taken by dry combustion on a
Flash 2000 Elemental Analyzer (Thermo-Scientific,
Ttaly). The sediments analysed for this study cover the
period from ¢. 10 300 to 200 cal. a BP.

Pollen and plant macrofossil analysis

Samples for pollen analysis were collected at 1 to 8§ cm
intervals. Pollen samples were prepared [rom 2 cm® of
sediment using standard chemical methods with 10%
HCl, 10% NaOH, acetolysis (Feegri et al. 1989; Moore
et al. 1991) and heavy-liquid separation using LST
Fastfloat (a sodium heteropolytungstate solution; den-
sity 1.9 g em™%; Bjorck ef al. 1978; Nakagawa et al.
1998). Two tablets containing spores of Lycopodium
clavatum (batch no. 177745) were added to cach sam-
ple (Stockmarr 1971) to enable calculations of pollen
accumulation rates (PAR; grains cm ™2 a™!). For cach
sample a minimum of 300 indigenous terrestrial pollen
grains was counted. Identification of pollen grains and
spores relied on Moore ez al. (1991) and a pollen type
slide collection at the University of Iceland. Pollen and
spore taxonomy followed Bennett (2007) and Erlends-
son (2007) and pollen categories and calculations fol-
lowed Hallsdéttir (1987) and Caseldine et al. (2006).
Coprophilous fungal spores were identified according
to van Geel et al. (2003) and their percentages were
calculated based on the combined sum of terrestrial
pollen and coprophilous fungal sporcs. Mcasurcments
were taken of Betula pollen diameters at 1000x magni-
fication. Non-triporate Betula pollen grains were
recorded as they may be an indicator of hybridization
between Betula nana and Betula pubescens (Karlsdottir
et al. 2008).

Plant macrofossil samples were analysed at contigu-
ous 5-cm intervals. The volume of each sample was
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measured by displacement in water; sample volume
varied between 40 and 51 mL. Samples were washed
through a 125-um sicve and vascular plant remains
were picked out for identification. Identification was
based on various references (e.g. Katz er al. 1965;
Berggren 1969; Birks 2007; Cappers et al. 2012) and
comparisons with reference material when available.
Plant taxonomy follows Kristinsson (2010). Concen-
trations of plant macrofossils in 50 mL of sediment
were calculated. Pollen and macrofossil diagrams were
constructed using TILIA (version 1.7.16; Grimm 2011)
and pollen zones (PZs) were calculated in TILIA using
CONISS based on terrestrial pollen assemblages.

Principal component analysis

To detect patterns in terrestrial vegetation develop-
ment in the vicinity of Bardalakjartjorn, ordination
methods were performed in R using the package vegan
(Oksanen et al. 2016). Detrended correspondence
analysis was initially performed on the pollen data;
however, the [irst-axis gradient length of 1.1483 sug-
gests a linear response in the data set and therefore a
principal component analysis (PCA) was performed.
The PCA was performed on Hellinger-transformed
data consisting of terrestrial pollen taxa with percent-
ages >1%.

Core chronology

Samples were taken [rom the entire core to search for
macrofossils for radiocarbon dating. Between the
Hekla 5 tephra layer and the Saksunarvatn tephra
¢. 10 300 cal. a BP (Rasmussen ef al. 2006) (190—
260 cm), the core was systematically sampled at every
centimetre for macrofossils as no marker tephras are
found [rom this period in North Iceland. Eight macro-
fossil samples were sent for radiocarbon dating (Fig. 2,
Table 1). The radiocarbon dates were calibrated to cal-
endar years BP using the R package Clam (Blaauw
2010) and IntCall3 (Reimer et al. 2013). A smooth-
spline model (Fig. 2) was constructed [rom Clam
(Blaauw 2010), using 10 000 iterations and a smooth-
ing of 0.13. Ages are given in calibrated years before
present (cal. a BP; with the present assigned to AD
1950).

A new date for the Hekla 5 tephra layer was acquired
by AMS radiocarbon dating of Rhytidiadelphus squarro-
sus mosses from Trjdvidarlekur in Pjorsardalur valley,
about 14 km NW of the Hekla volcano in south Iceland
(Table 1). The mosses extracted from the moss—tephra
boundary below the tephra layer were well preserved.
The samples were wet sieved through a 125-um mesh
sieve and moss stems picked, cleaned of roots and other
contaminants and sent for dating.

A previously undated tephra layer was found
between the Hekla 4 (Dugmore et al. 1995) and Hekla
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Fig. 2. Age-depth model for the Bardalekjartjorn core. Blue sym-
bols indicate radiocarbon dates and new dates for tephra layers
Hckla 5 and HUN (Table 1). Green symbols represent previously
dated tephra layers and red symbols denote radiocarbon dates
omitted [rom the age model. The grey area represents the 95% confi-
dence interval; the black line shows the best fit of the model. Hori-
zontal grey lines show tephra layers 2 ¢cm or thicker. [Colour [igure
can be viewed at wileyonlinelibrary.com]

O tephra layers (Gudmundsdottir er al. 2011b). In this
paper we refer to this tephra layer as HUN (abbrevia-
tion for Hunavatnssysla). We have observed a tephra
layer with a comparable geochemical composition and
stratigraphical alignment in other places in Austur-
Hunavatnssysla, for example at Stéra-Biirfell,
Kagadarholl (Eddudéttir ez al. 2015) and Nedri Myrar
(Fig. 1; Table S1), where the tephra was found in a
peat section. At Nedri Myrar we took two wood sam-
ples that were in direct contact with the tephra. The
species and biological age could not be confirmed but
the samples came from the above-ground part of the
plant (O. Eggertsson, pers. comm. 2015). The wood
was cleaned of soil and roots and sent for radiocarbon
dating (Table 1).

Tephra layers were identified visually, [rom changes
in MS, DBD and OM and from X-ray images. Samples
were washed through a 90-pm sieve and inspected in a
stereomicroscope and samples consisting of mainly
pristine volcanic glass shards were mounted on slides,
polished and carbon coated. Major element analyses
were performed at the University of Iceland using a
JEOL JXA-8230 electron probe microanalyser. For
most analyses acceleration voltage was 15 kV, beam
current 10-nA and beam diameter 10 um. For silicic,
small-grained and highly crystallized tephra assem-
blages [urther analyses were performed using a 5 nA
beam current and 5 um beam diameter. To verify con-
sistency in analytical conditions the standard A99 was
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Table 1. Radiocarbon-dated macrolossil samples used in the age-depth model for the Bardalaekjartjorn core.

Lab. code Depth 14C date Error 1o 53¢ Calibrated Weight Material
(cm) (a BP) age (cal. a BP) (mg)
2c error
ETH-61948 21.5 5343 34 -29.2 6002-6266 0.31 Poaceac leaf fragments
ETH-61949 60.5 4188 27 —28.7 4627-4836 0.93 Miscellaneous mosses
LETII-61950 181.5 6207 29 -15.9 7006 7238 0.99 Potamogeton leaf fragments
LETII-61951 214.5 6836 30 -11.9 7608 7722 0.69 Potamogeton leaf fragments
LETII-61952 229.5 7753 31 -13.6 8453-8592 0.99 Potamogeton leaf fragments
LETI-61953 2425 8551 35 —-29.9 9489-9549 1.00 Miscellaneous mosses
ETH-61954 250.5 8714 35 -30.8 9549-9882 1.00 Miscellaneous mosses
ETH-61955 2555 8818 35 -31.6 9697-10 135 0.99 Miscellaneous mosses
ETH-61956 190 6158 32 —28.0 6968-7162 0.96 Rhytidiadelphus squarrosus
mosses Trjdvidarlekur (Hekla 5)
ETH-61925 125 4782 27 -27.1 5471-5589 0.99 Wood (unknown) — Nedri Myrar
(HUN tephra)
ETH-61926 125 4781 27 =275 5471-5589 1.00 ‘Wood (unknown) — Nedri Myrar
(ITUN tephra)

measured before and after each session of analysis.
The data set was inspected for, and cleaned of, anoma-
lies and analyses with sums of <97% (Table S1).

The core chronology (Fig. 2) is based on a combina-
tion of seven previously dated tephra layers, two new
dates for tephra layers found in the core and five radio-
carbon-dated macrofossil samples. Three samples of
Potamogeton leaf fragments (at 181.5, 214.5 and
229.5 cm), four samples of miscellaneous mosses (at
60.5, 242.5, 250.5 and 255.5 cm) and one piece of a
Poaceae leal (at 21.5 cm) were dated. A sample of
Potamogeton leaf fragments from 181.5 cm depth was
slightly older than the Hekla 5 tephra 8.5 cm below it
and was omitted from the model, as including the date
would have caused an age reversal in the model. It
should however be noted that the date [alls within the
95% confidence interval of the age-depth model
(Fig. 2, Table 1). The two uppermost dates proved
much older than expected compared to the well-estab-
lished tephrochronology of North Iceland (Larsen &
Thorarinsson 1977; Eiriksson ez al.  2000; Gud-
mundsdéttir er al. 2011a, b, 2012) and were therefore
omitted. A possible explanation for older dates at these
depths is old carbon being deposited in the lake due to
soil erosion, which is common in Icelandic post-settle-
ment sediments (e.g. Gathorne-Hardy et al. 2009).

The radiocarbon date for Hekla 5 [rom
Trjavioarlekur yielded a calibrated age of 70634102
cal. a BP, similar to a previous date obtained by Tho-
rarinsson (1971) of 70554255 cal. a BP (20 error for
calibrated dates). The two radiocarbon samples for the
HUN tephra from Nedri Myrar both have the same
calibrated age of 5530459 (Table 1).

The following tephra layers were included in the
model: Hekla 1300 (Larsen ez al. 2002), Hekla 1104
(Porarinsson 1967), Hekla 3 (3000 cal. a BP), Hekla 4
(4200 cal. a BP; Dugmore et al 1995), HUN
(Table 1), Hekla O (6060 cal. a BP; Gudmundsdéttir

et al. 2011b), Katla S-layer (Eddudéttir er al. 2015),
Hekla 5 (Table 1) and Saksunarvatn (10 300 cal. a BP;
Rasmussen et al. 2006).

Results

Pollen and plant macrofossils

The Bardalekjartjorn vegetation record is shown in
Figs 3-6. Percentages of Cyperaceae and Betula pollen
are relatively high earlier in the record, and several
types of pollen from herbs are recorded in PZI.
Increasing Betula percentages, PAR and larger Betula
pollen diameters (Fig. 7) are accompanied by an
absence of Betula nana macrofossils and an increase in
Betula pollen diameters in PZ2. Herbs become more
important in PZ3 as the Betula PAR decreases. In PZ4
Cyperaceae pollen increase and Betula pollen decrease
whereas Betula nana and Empetrum nigrum macrofos-
sils reappear. After 1000 cal. a BP, there is a further
decrease in Betula pollen.

Principal component analysis

PCA axis 1 and axis 2 accounted for 53 and 16%,
respectively, of the variability in the pollen dataset. The
PCA (Fig. 8) shows indicators of open landscape, with
Thalictrum alpinum and Empetrum nigrum prominent
at the beginning of the record and an increase in
Juniperus communis, a plant able to grow on free-drain-
ing soils and in harsh environments (Garcia e al
2000), within PZ1. Betula becomes the dominant taxa
in PZ2. PCA axis 1 shows a trend from a closed canopy
in PZ2, with an assemblage dominated by Betula (1o
the right along axis 1), towards a more open landscape
in PZ3. The importance of heath and wetland habitats
in the pollen assemblage are represented by Vaccinium
and Cyperaceae (to the lelt along axis 1) in PZ4.
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Lithology

MS values and DBD show a similar trend throughout
the record and decrease from the beginning of the
record with a period of relatively low values between
9100 and 8900 cal. BP (Fig. 6). DBD decreases from
~1.5 g em ? at the beginning of the record to <0.2 g
ecm™ ¢. 8000 cal. a BP. Following the deposition of the
Hekla 4 tephra layer DBD increases to ~0.20-0.25 g
cm ° and again to >0.33 gem ° after ¢. 1000 cal. a BP
(Fig. 6). OM and %TC are highest in PZ2, up to 49
and 28%, respectively (Fig. 6). OM decreases following
the thick Hekla 3 and Hekla 4 tephra layers to values
of ~20-37% and to <20% after ¢. 1000 cal. a BP %TC
decreases to <10% after ¢. 1000 cal a BP. The relatively
high C/N ratios (between 10 and 19) recorded in the
Bardalekjartjorn sediments show that terrestrial
organic matter was an important component of the
sediments throughout the record (Meyers & Lallier-
Verges 1999). The lowest C/N values are recorded
between ¢. 7700 and 5400 cal. a BP (Fig. 6).

Holocene environmental dynamics at
Bardalakjartjorn

Dwarf shrub heath ¢. 10 300 to 8000 cal. a BP

The vegetation assemblages represented in the pollen
and macrofossil data from Bardalaekjartjorn show that
the Saksunarvatn tephra (¢ 10 300 cal. a BP; Ras-
mussen et al. 2006) probably fell on land that was
vegetated or at least partially so. This is suggested by
the presence ol dwarf( shrubs such as Betula nana and
Salix sp. immediately above the tephra, and the rela-
tively low occurrence of pioneer species such as grasses
and herbs, characteristic of young moraines and pro-
glacial plains in Iceland today (Persson 1964; Vil-
mundardéttir e al. 2014, 2015a, b). The pollen and
macrolossil records suggest that the vegetation around
the lake was a combination of Betula nana—Salix sp.—
Juniperus communis dwarl shrub heath, wetlands and
rocky/sandy surfaces. Local presence ol Betula nana is
indicated by macrofossils (Fig. 5), and a mean Betula
pollen grain diameter of ~18 um (Fig. 6), consistent
with modern Betula nana pollen (Mikeld 1996). Wil-
low dwarf shrubs are represented by Salix herbacea,
S. lanata and S. phylicifolia macrofossils during this
period. Additional indicators of heathland are Selagi-
nella selaginoides spores and megaspores (Figs 3, 5)
and Rhodiola rosea pollen (Fig. 3) (Kristinsson 2010).
Occasional Betula pubescens [ruits are recorded [rom

Fig. 3. Pollen percentage diagram from Lake Bardalekjartjorn.
Exaggeration curves of factor 4. Dots signify percentages below 1%.
The lithology column shows dated tephra layers used in the age-
depth model.
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Fig. 4. Pollen accumulation rate (PAR, grains cm™? a~") from Lake Bardalzkjartjorn for selected taxa.

¢. 10 000 cal. a BP, 700 years earlier than in the low- Harsh environmental conditions during this period
lands north of Bardalekjartjorn (Eddudottir ef al.  are reflected in the high influx of minerogenic material
2015). Betula pubescens catkin scales are recorded after recorded by MS and DBD until ¢. 8500 cal. a BP
¢. 8400 cal. a BP (Fig. 5). These macrofossils may be  (Fig. 6), indicating substantial input of mincrogenic
derived from scattered Berula pubescens individuals material into the lake. A brief period between ¢. 9100
growing in the vicinity of the lake. The presence of and 8900 cal. a BP of lower DBD and MS valucs
Angelica sylvatica pollen (Fig. 3) suggests fully vege- (Fig. 6) suggests development towards a more stable
tated land near the lake and relatively warm conditions landscape at a time of warm but variable climate
(Kristinsson 2010). Wetland habitats of the lake mar- (Langdon ez al. 2010) and woodland development in
gins and/or of the wider landscape surrounding the North Iceland (Hallsdéttir 1995; Caseldine et al. 2006;
lake are evidenced by fruits of wetland sedges (e.g. Eddudéttir er al. 2015).

Carex nigra), Sphagnum moss leaves (Fig. 4) and pol- Acolian processes probably influenced vegetation
len of wetland species Caltha palustris and Menyanthes — development around Bardalekjartjorn during the carly
trifoliata (Fig. 3). Sparsely vegetated surfaces near the Holocene until ¢. 8000 cal. a BP. Aeolian material was
lake are indicated by Arenaria-type (cf. Arenaria norve- probably readily available as glaciers retreated and
gica and/or Minuartia rubella) and Plantago maritima  after the deposition of the Saksunarvatn tephra (erup-

pollen (Fig. 3; Kristinsson 2010). tion materials >15 km?; Jéhannesdéttir er al. 2005).
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The influence of aeolian processes is seen in the promi-
nence of species in the vegetation assemblage that are
tolerant of acolian deposits of 10 cm or less, such as
Betula nana, Salix herbacea, S. lanata and Thalictrum
alpinum. In addition, there is a low occurrence of dwarf
shrubs that are sensitive to acolian deposition, such as
Empetrum nigrum and Vaccinium uliginosum (Vil-
mundardéttir et al. 2009). Juniperus communis is
important in the pollen assemblage (Fig. 8), especially
for the latter part of this period. This may suggest that
soil conditions influenced the vegetation assemblage at
the time (Garcia er al. 2000).

After ¢. 8500-8000 cal. a BP a transition towards a
more stable environment is seen from the DBD and MS
° data, accompanied by an increase in OM and %TC
deposition. Despite ¢. 8700-8000 cal. a BP having been
identified as a period of cool springs and summers in
Northwest and west Iceland (Larsen er al 2012;
Geirsdottir ez al. 2013; Eddudéttir er al. 2015), little
change is seen in the vegetation record. This is probably
due to the resilience of the established dwarl shrub
heath ecosystem. A [urther step towards a stable envi-
ronment is reached ¢. 8000 cal. a BP, as values of DBD
and MS become very low and OM and %TC increase
further. This coincides with the beginning of the Holo-
cene Thermal Maximum (HTM), a warm, stable period
in Iceland (Caseldine et al. 2006; Langdon et al. 2010,
Larsen et al. 2012; Geirsddttir et al. 2013). Maximum
distribution of woodlands in North Iceland occurred
alter ¢. 8000 cal. a BP (Hallsdottir 1995; Wastl et al.
2001; Caseldine et al. 2006; Eddudéttir er al. 2015).
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and Betula nana macrofossils almost disappear entirely
from the record (Figs 5, 6). Mean Betula pollen grain
diameters increase to ~21 um around 7800 cal. a BP
(Figs 6, 7), comparable with measured mean diameters
for Betula pubescens ssp. tortuosa (Mikelda 1996). Opti-
mum conditions for Betula pollen deposition occurred
between ¢. 7400 and 6500 cal. a BP, with a maximum
of ~900-1000 grains cm ™2 a~! between ¢ 7000 and
6700 cal. a BP (Figs 4, 6). This may indicate open
birch woodland in the vicinity of the lake (Hicks 2001).
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Fig. 6. Summary diagram for Lake Bardalekjartjorn showing (A)
Betula pollen accumulation rate (PAR) (line) and Betula nana macro-
fossil occurrence in 50 mL of sediment (bars). (B) percentage of
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50 mL of sediment (bars), (C) percentage of non-triporate Betula

(A)
Betula PAR (g cm-3)
r T T
400 800

-

-
]

.;

0 10 20 30

Betula nana macrofossils

| ) ) L W B N N W | | R 30 W | s s .
2289888888888888888¢88 pollen, (D) Betula pollen grain diameter, (E) tephra thickness (cm).
B O VLOWOWVWOWOLOWOWOS WS B S . .

FriNBOIIDBOLEORNDBOS D Q (F) magnetic susceptibility (MS) showing values below 100, (G) dry
(dg e 'eo) 8By

bulk density (DBD), (H) organic matter (OM; measured by loss on
ignition), (1) %Carbon, (J) C/N ratio. [Colour figure can be viewed at
wileyonlinelibrary.com]



BOREAS

60 —
- Pz4

40 —|

n =346

"d el

80 —
- PZ3 L
60 —

Frequency

[T

n =394

40 —
o mll “»

S -
120 —

= PZ2
100 —j

Frequency

n =504

80 —

60 —

40 — I

20 — W
0 — _—

120 —

4 Pzt

100 —j

80 —

60 —

40 —|

3 N
[VE== 1 i
DT P T T T T T

11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
Size (um)

Frequency

n =446

Frequency

Fig. 7. Measured diameters (um) of Betula pollen grains for each
pollen zone. [Colour figure can be viewed at wileyonlinelibrary.com]

Non-triporate Betula pollen grains increase to ~9%
(Fig. 6), probably due to increased hybridization
between Betula nana and B. pubescens as B. pubescens
colonized land previously occupied by B. nana
(Karlsdottir et al. 2008, 2009, 2012; Karlsdottir 2014).

After a shift to larger Betula pollen diameters
¢. 7800 cal. a BP, the Betula PAR remains low for
about 400 years, indicating that even though Betula
pubescens was present around the lake, pollen was not
deposited in large quantities, perhaps due to inhos-
pitable environmental conditions for pollen produc-
tion. At this time Bardalxkjartjorn may have been
located at the altitudinal limit of Betula pubescens,
where pollen production is more sensitive to tempera-
ture than in closed woodlands (Kuoppamaa et al
2009). This causes suppressed birch pollen production
even though woodlands are present (Birks & Bjune
2010). Today in Iceland, birch flourishes when tritherm
temperatures are above 9.2 °C (Jénsson 2005). There-
fore the peak in Betula PAR between ¢ 7000 and
6700 cal. a BP may represent a short period of

Holocene environment, NW Iceland 723
tritherm temperatures >9.2 °C at Bardalakjartjorn.
Low DBD and MS and relatively high OM and %TC
after ¢. 8000 cal. a BP and throughout the period are
indicators of stability. Decreased C/N ratio by
¢. 7600 cal. a BP (Fig. 6) probably reflects increased
importance of autochthonous organic material deposi-
tion as aquatic productivity increased (Meyers & Lal-
lier-Verges 1999). The environmental stability reflected
in these records may suggest that the highlands in the
vicinity of the lake were fully vegetated at the time.

The timing of the birch maximum (7400-6500 cal. a
BP) at Bardalxkjartjorn (413 m a.sl.) coincides
roughly with a birch maximum at 400-450 m a.s.l. on
Trollaskagi peninsula, North Iceland ¢. 7600-6800 cal.
a BP (Wastl er al. 2001). The records show a similar
delay in birch colonization of higher grounds despite
apparently favourable climate conditions. A possible
explanation for the apparent delay in birch woodland
development at the highland margin compared with
lowlands in North Iceland (Hallsdéttir 1995; Wastl
et al. 2001; Caseldine er al. 2006; Eddudéttir er al.
2015) could be limited shelter from winds and continu-
ous abrasion by aeolian material to which Betula pub-
escens is sensitive (Anderson ez al. 1966; Elkington &
Jones 1974).

Retreating woodland ¢. 6700 to 4000 cal. a BP

Opening of the woodland is seen from ¢. 6700 cal. a
BP when the Betula PAR decreases to <900 grains
em 2 a~' and Bemula percentages [all below 60%
(Figs 3, 4, 6). This sudden decrease in Betula PAR
(Figs 4, 6) may be due to a change to lower summer
temperatures and a shift in the altitudinal limit of birch
to lower altitudes. Macrolossils of Betula pubescens are

continuously recorded (Fig. 5) and Betula pollen diam-
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Fig. 8. Principal component analysis of the Bardalekjartjorn pollen
data. Pollen samples divided by pollen zone. Pollen types clustered
around the origin were removed for clarity. [Colour figure can be
viewed at wileyonlinelibrary.com]
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eters remain relatively large (~21 pm; Fig. 6). Sorbus
aucuparia pollen are recorded regularly from
¢. 5800 cal. a BP (Fig. 3), which may reflect opening
of woodlands (Hallsdottir 1995). Increased presence of
pollen of the herb Thalictrum alpinum from
¢. 6600 cal. a BP and Selaginella selaginoides spores by
¢. 6500 cal. a BP (Figs 3, 4) are additional indicators
of opening woodland.

The environment is relatively stable during this per-
iod, and most fluctuations in DBD, MS and OM
between ¢ 6700 and 5500 cal. a BP coincide with
tephra layers in the sediment (Fig. 6). A further
change towards dwarf shrub heath is seen after
¢. 5300 cal. a BP with an increase in Vaccinium-type
pollen, and the reappearance of Empetrum nigrum pol-
len in the record by ¢ 5100 cal. a BP (Fig. 3). This
change coincides with an increase in C/N ratios after
c. 5300 cal. a BP (Fig. 6), probably a result of
increased terrestrial input into the lake or lower aqua-
tic productivity (Meyers & Lallier-Verges 1999). This
change in habitat and carbon deposition occurred at a
time of cooling climate (Larsen et al. 2012; Geirsdottir
et al. 2013; Blair et al. 2015) and recorded glacier
advances (Dugmore 1989; Dugmore & Sugden 1991;
Kirkbride & Dugmore 2006).

Dwarf shrub heath c. 4000 to 1000 cal. a BP

Further development from woodland to dwarf shrub
heath is seen above the Hekla 4 {tephra layer
(¢. 4200 cal. a BP; Dugmore et al. 1995) when Betula
nana and Empetrum nigrum macrofossils reappear in the
record (Fig. 5). Mean Betula pollen diameters remain
~21 um during this period, although the size distribu-
tion of the pollen grains has a wider range than beflore
(Fig. 7). This implies that pollen from both Betula nana
and Betula pubescens pollen were deposited in the lake.
Betula pubescens fruits are recorded until ¢. 1200 cal. a
BP (Fig. 5), showing a sustained presence of Betula pub-
escens in the local or regional vegetation. Stands of B.
pubescens trees or shrubs may have grown amongst the
dwarf shrub heath or, less likely, it is possible Betula pol-
len and B. pubescens macrofossils originated from fur-
ther away through long-distance transport. The pollen
assemblages finally shifted from woodland to heathland
alter ¢. 4000 cal. a BP, as Vaccinium and Cyperaceae
pollen grew in importance (Figs 3, 8). Increases in both
the percentages and PAR of Cyperaceae are accompa-
nied by fruits of the wetland species Carex rostrata, as
well as C. capillaris (Fig. 5). The increase in such
moisture-loving taxa indicates an expansion of wetland
habitats around the lake.

Instability following the deposition of the Hekla 4
tephra until the deposition of the Hekla 3 tephra
¢. 3000 cal. a BP (Dugmorc et al. 1995) is cvidenced
by elevated MS and DBD values (Fig. 6). Higher val-
ues of MS and DBD ¢ 3000-1000 cal. a BP compared
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to before ¢. 4200 cal. a BP suggest that the environ-
ment was unable to recover to the more stable condi-
tions before Hekla 4. After ¢. 3000 cal. a BP, OM and
%TC decrease and the C/N ratio increases. This may
either represent a further decrease in aquatic produc-
tivity as climate cooled, or an increase in organic sedi-
ment input of terrestrial origin (Fig. 6; Meyers &
Lallier-Verges 1999) due to increased soil erosion. Soil
erosion may lead to reworking of older carbon (Gath-
orne-Hardy et al. 2009; Gisladéttir er al. 2010, 2011),
which may influence measurements of C/N values. The
source of minerogenic material deposited in the lake
may be reworked tephra from the two Hekla eruptions,
Hekla 3 and Hekla 4 (Larsen & Thorarinsson 1977),
and/or loose material generated by increased glacier
activity in the highlands in response to cooling climate
(Kirkbride & Dugmore 2006; Geirsdéttir ez al. 2009,
2013; Larsen er al. 2012; Striberger et al. 2012).

The effects of land use on the environment after
¢. 1000 cal. a BP

Birch probably disappeared from the surroundings of
the lake ¢. 1000 cal. a BP. A final step towards Betula
nana-dominated dwarf shrub heath is seen from a
decrease in mean Betula pollen diameters to ~20 um
(Fig. 6) and a percentage decrease to ~20% after
¢. 1000 cal. a BP (Fig. 3). Betula pubescens macrolos-
sils disappear at ¢. 1200 cal. a BP (Fig. 5). This proba-
bly signals the introduction of new environmental
processes brought on by human activities and grazing,
seen island wide at this time (Streeter et al. 2015).
Given that this change takes place during a relatively
warm period (the Medieval Warm Period, MWP;
Eiriksson et al. 2000; Ogilvie & Jonsson 2001; Larsen
et al. 2012), human activity is the most probable rea-
son for this change. The decrease in Betula ¢. 1200—
1000 cal. a BP and the disappearance of Juniperus
communis pollen from the record by ¢. 1000 cal. a BP
are probably a result of grazing in an environment
where reproductive potential is undermined by unfa-
vourable climate and an unstable landscape. Further
indications of grazing by ¢ 700 cal. a BP are occur-
rences of spores of Sporormiella-type fungi (Fig. 3),
which grow on dung from grazing herbivores (Cugny
et al. 2010). Increased erosion is seen from ¢. 1000 cal.
a BP when MS and DBD values increase with a corre-
sponding drop in OM and %TC (Fig. 6), demonstrat-
ing significantly increased deposition of minerogenic
material. The results from Bardalekjartjorn show that
the effects of settlement on the highlands were similar
in North and South Iceland. In South Iceland soil ero-
sion began in upland areas >300 m a.s.l. immediately
following settlement (Dugmore et al. 2009; Streeter &
Dugmore 2014; Streeter ez al. 2015). The location of
Bardalekjartjorn at the highland margin and in the
rangelands of Audkuluheidi, as well as its small size
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allows the increase in local soil erosion to be recorded
immediately. In contrast, large lakes with large high-
altitude catchment arcas like the lakes Haukadalsvatn
and Hvitarvatn show no or limited response to settle-
ment (Geirsdottir er al. 2009, 2013; Larsen et al.
2012). This may be due to the significant background
signal inherent in those records, in which signs of onset
of local erosion may be overshadowed.

Introduction of woodcutting and grazing livestock
reduced ecosystem resilience to cooling climate and
volcanism. The added strain on an environment
already under stress from cooling climate and large-
scale tephra deposition undermined any potential for
ecosystem recovery during the MWP. As a result, the
capacity of the ecosystem to withstand further grazing,
tephra deposition and the harsh conditions of the Lit-
tle Ice Age (LIA) was diminished. The large-scale
removal of woodland from both lowland and highland
ecosystems and subsequent soil exposure during the
MWP allowed soil erosion to escalate during the LIA
(Streeter et al. 2015). The temporal pattern of post-set-
tlement land degradation in both highland and low-
land contexts emphasizes the importance of land use
as a primary factor behind the exposed and eroded
environment of the present day in Iceland.

Conclusions

The Bardalekjartjorn record reveals the dynamism of
the Icelandic highland environment, where complex
interactions of climate and human influence have
shaped and changed the environment to varying
degrees during the Holocene.

The earliest record suggests that the vegetation
around the lake had already developed (rom the pio-
neer stage to a community of shrub heath. The
shrub vegetation was able to withstand and to some
extent contain the Saksunarvatn tephra deposits,
which underscores the importance of tall vegetation
cover for landscape stability in the wake of large
tephra falls. Although the vegetation around Bard-
alekjar(jorn withstood the tephra to some extent,
loose sediments available for aeolian transport in the
early Holocene influenced environmental stability
and vegetation development for the following two
millennia.

Birch woodland established late around Bardalek-
jartjorn in comparison with lowlands in North Iceland
(Hallsdéttir 1987; Caseldine et al. 2006; Eddudéttir
et al. 2015). In this windy environment the movement
and abrasion of loose deposits may have prevented
successful birch woodland establishment during the
early Holocene, even though temperature requirements
were perhaps fulfilled. This environmentally enforced
delay extended into the period of cool climate between
¢. 8700 and 8000 cal. a BP, during which birch
encroachment to higher altitudes was prevented by cli-
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mate. After ¢. 7800 cal. a BP the necessary stability
and temperatures were reached to allow birch wood-
land to develop at the highland margin and possibly
beyond. Lithological proxies and Berula PAR show
that optimum conditions for birch woodland and land-
scape stability were in place between ¢ 7000 and
6700 cal. a BP. The environmental stability recorded at
Bardalaekjartjorn during this period may suggest that
the highlands in the vicinity of the lake were fully vege-
tated at the time. Retreat of the birch woodland
occurred after ¢. 6700 cal. a BP. Further destabiliza-
tion of the landscape is evident after the Hekla 4
tephra around 4200 cal. a BP, as the climate regime of
Neoglaciation is increasingly felt in the highland. The
exact role of climate is difficult to determine, however
as the landscape was also affected by significant
deposition of tephra.

The adverse environmental consequences of human
settlement are observed in reduced representation of
birch macrofossils and pollen percentages and
increased erosion, particularly after ¢. 1000 cal. a BP.
Human influence must be the primary mechanism
behind these processes, considering that the change
takes place during a period when the ecosystem
should have been in a phase of recovery. Through
the removal of woodland and weakening of the vege-
tation cover, grazing undermined the capacity of the
ecosystem to withstand further challenges, such as
large-scale tephra deposition and the harsh climate
of the LIA.
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Fig. S1. Magnetic susceptibility measurements of over-
lapping core segments for the Bardalakjartjorn core
succession.

BOREAS

Fig. §2. Geochemical analyses of tephra samples from
overlapping cores. Values are wt%.

Fig. S3. Geochemical analyses of tephra layers found
in the Bardalakjartjorn cores plotted against refer-
ence samples obtained from the literature. Values are
wt%.

Table S1. Major element composition (wt%) of key
tephra layers in the BART (Bardalaxkjartjorn) and
NM (Nedri Myrar) sequences.



Supplementary material

0 BART 1.1

10 —

20 —

30 —

40 —

50 —

60 —

70 —

80 —

90 —

100 — 10
110 —

120 — s 20 —
130 — —

BART 5.3
P P1b
I & T 7 T 1
0 50 100 150 200 30
Magnetic susceptibility
130 — -
BART 1.2 49
140 —
P2b
150 — /,//sg,__—
160 — P2a
170 — _
= B9 T T T T T 1
S 180 0 100 200 300
£ 190 - Magnetic susceptibility
Q
8 200 — 0=
BART 3.2
210 —|
220 10
230 — 20 -
240 Bt |1
w- 30 P3b
50 100 150 200 " Pab
Magnetic susceptibility
250 —
BART 1.3
260 —
270 —
I L T ¥ T T 1
280 0 100 200 300
Magnetic susceptibility
290
300 —
310 o
320 —
T T T T T T T |
0 100 200 300 400

Magnetic susceptibility

Fig. S1. Magnetic susceptibility measurements of overlapping core segments for the

Bardaleekjartjorn core succession.

75



TiO,

76

oP1a eP1b
P2a 4P2b
4 4
OP3a WP3b
34 oP4a eP4b
“e
o)
L2l
o qﬁ? "
2] 8% o ‘mp® o
L]
45 47 49 51 53 55 57 59

Si0;

Fig. S2. Geochemical analyses of tephra samples from overlapping cores.



Vv Hekla1300  m Hekla ref. samples
Hekla 1104 ® Katla ref. samples
n ¥V Hekla 3 ® Saksunarvatn ref. samples
¥V Hekla 4 L]
4 HUN
¥ Hekla O v
4 — ¥ Hekla5 ¥
©® Katla S layer
4 Saksunarvatn [ ]
- " -
&
3 —
o
X =
4
2 —
1 —
= -
0 T | T | T [ T |
40 50 60 70 80

SiO2

Fig. S3. Geochemical analyses of tephra layers found in the Bardalaekjartjorn cores plotted against
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Gudmundsdottir et al. 2011; Streeter & Dugmore 2014), Katla reference samples: (Streeter &
Dugmore 2014) and Saksunarvatn reference samples (Mangerud et al. 1986; Bennett et al. 1992;
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2009).
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Table S1. Major element composition (wt%) of key tephra layers in the BART (Bardalaekjartjorn) and NM (Nedri Myrar) sequences.

Site  Depth (cm) Av./SD SiO2 TiO2 AlO3 FeO MnO MgO CaO Na:0 K:0 P05 SUM :IO/t':I Tephra

BART 25-26 Av. 63.87 085 14.69 7.32 022 0.77 392 442 209 038 9853 12/12 Hekla 1300
SD 231 022 150 111 0.03 0.27 0.83 045 0.39 0.13

BART 31-32 Av. 7164 0.21 1410 3.21 012 0.11 1.85 3.93 269 0.03 9790 18/18 Hekla 1104
SD 0.56 0.02 0.15 0.05 0.02 0.01 0.08 0.81 0.05 0.02

BART 82-83 Av. 69.23 030 1456 4.28 0.15 0.26 252 4.16 226 0.06 97.78 17/17 Hekla 3
SD 2.55 0.15 0,51 148 0.04 020 0.67 0.23 0.24 0.06

BART 94-95 Av. 7398 0.14 13.09 2.03 0.08 0.04 115 393 297 0.02 97.43 13/13 Hekla 4
SD 0.63 009 0.18 0.10 0.02 005 0.31 045 049 0.02

BART 124.5-125 Av. 56.38 198 1544 949 0.18 263 576 430 223 039 9876 19/23 HUN
SD 0.39 005 0.17 033 0.03 0.08 0.23 0.22 0.29 0.04

BART 130 Av. 60.86 1.05 14.27 9.99 0.28 1.31 4.43 421 175 0.48 98.61 14/23 Hekla O
SD 0.74 0.06 038 049 002 0.08 0.18 0.18 0.09 0.05

BART 148-150 Av. 4760 4.05 13.04 1462 023 519 9.77 293 0.79 0.51 9874 12/12 Katla S
) 0.32 0.08 020 069 0.02 057 064 0.17 0.03 0.02

BART 188-189 Av. 7470 0.09 1298 1.69 0.07 0.03 132 417 268 0.01 97.74 13/13 Hekla 5
SD 1.06 0.02 087 013 002 001 030 044 0.22 0.01

BART 256.5-257.5 Auv. 49.14 291 13.01 14.15 0.25 549 9.82 266 047 0.34 9824 10/12 Saksunarv.
SD 0.45 0.09 0.19 018 0.01 014 0.14 0.11 0.07 0.03

NM  91-92 Av. 56.69 2.05 1556 9.88 0.19 267 583 426 195 0.40 99.48 6/9 HUN
SD 0.22 0.06 0.18 032 0.02 0.07 022 0.66 0.44 0.04
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Abstract

Recent volcanic eruptions in Iceland have highlighted the consequences of tephra fall for
ecosystems and human health. Improved understanding of the mechanisms behind
ecosystem recovery following tephra fall is particularly important for Iceland where ~42 %
of the country is classified as desert. Vegetation plays a key role in preventing
remobilisation of tephra and aeolian activity following tephra fall. Unvegetated and
sparsely vegetated areas are unable to trap tephra fall and prevent subsequent wind erosion.
This paper presents palaeoenvironmental reconstructions before and after the Hekla 4
tephra from two lakes in Northwest Iceland, from within a woodland in the lowland and in
open woodland under stress at the highland margin. The c. 4200 cal B.P. Hekla 4 tephra is
one of the most extensive Icelandic Holocene tephra layers and the eruption produced an
estimated ~9 kmqof tephra. The palaeoecological reconstructions provide an insight into
the responses of two relatively stable ecosystems to thick tephra deposits during a period of
cooling climate. The understory vegetation in the lowland woodland was buried by the
tephra, however Betula pubescens trees were not severely affected and the woodland
recovered relatively quickly. In contrast, open woodland at the highland margin that was
already at its ecological limit, shifted to dwarf shrub heath, a more resilient vegetation

community in response to the tephra fall and cooling climate.

Keywords: Tephra, vegetation, pollen, Iceland, Hekla, Betula pubescens
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Introduction

Iceland is a volcanic hotspot due to its location on the mid-Atlantic plate boundary and
above the Iceland mantle plume (Einarsson 2008). Volcanic eruptions have occurred on
average every five years during the Holocene (Thordarson and Hoskuldsson 2008), and
eruption frequency may increase in the future due to warming climate (Sigmundsson et al.
2010). Volcanic systems such as Bardarbunga, Katla and Hekla, known for producing
large explosive eruptions (Thordarson and Hoskuldsson 2008) currently show signs of
increased activity (Larsen et al. 2015a, b, ¢). Recent eruptions, such as the 2010 eruption of
Eyjafjallajokull and the 2011 Grimsvotn eruption have highlighted the consequences of
tephra fall from volcanic activity for ecosystems and humans alike. These include health
issues (Carlsen et al. 2012a, b) as tephra in the environment can cause an increase in eye,
nose and respiratory problems (Horwell and Baxter 2006; Weinstein et al. 2013; Horwell et
al. 2015), impact on farming communities (Thorvaldsdottir and Sigbjérnsson 2015), and
long term remobilisation of tephra following eruptions (Thorsteinsson et al. 2012; Arnalds
et al. 2013, 2016).

Vegetation plays a key role in preventing remobilisation of tephra and aeolian
activity following eruptions (Arnalds 2013a; Arnalds et al. 2013; Cutler et al. 2016).
Improved knowledge of the mechanisms behind ecosystem recovery is particularly
important in Iceland. The Icelandic terrestrial environment and vegetation have undergone
great changes since human settlement due to land use (Dugmore et al. 2005, 2009;
McGovern et al. 2007; Gathorne-Hardy et al. 2009; Gisladottir et al. 2011; Vickers et al.
2011) and today about 43,000 km?, or ~42 % of the country is classified as desert
(Gisladottir et al. 2014). Intensive land-use, cooling climate, volcanic activity and floods
have contributed to this change (Arnalds 2015). Unvegetated and sparsely vegetated areas
are unable to entrap tephra fall and prevent subsequent wind erosion and redeposition of
tephra. Redistribution of tephra for long periods following eruptions poses a potentially
significant problem in the wake of large explosive eruptions in Iceland (Thorsteinsson et
al. 2012; Arnalds 2013a, b; Arnalds et al. 2013; Liu et al. 2014).

Heavy tephra falls from explosive eruptions have influenced the environment and
people’s livelihood since humans first settled Iceland ¢. A.D. 870. The A.D. 1104 eruption
of Hekla (Hekla 1104) produced an estimated volume of ~2 km? of tephra (Larsen and

Thorarinsson 1977) and is believed to have caused changes in land use patterns and
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perhaps permanent abandonment of farms in nearby Pjérsardalur. Woodland in the valley
survived the tephra deposition and vegetation grew through >35 cm thick deposits
(Dugmore et al. 2007). The A.D. 1875 eruption of Askja in East Iceland produced ~1.83
km?® of tephra (Carey et al. 2010) and contributed to abandonment of many upland farms
(Thorarinsson 1944). The Oraefajokull eruption in Southeast Iceland in A.D. 1362 has long
been considered the most catastrophic eruption in Icelandic history, possibly rendering the
district of Litla-Hérad uninhabitable for some time after the eruption (Thorarinsson 1958).
Estimates of the volume of tephra produced in the Oraefajokull eruption range from 2.3
km?® (Sharma et al. 2008) to 10 km? (Thorarinsson 1958).

Two of the largest explosive eruptions of the Holocene in Iceland were produced by
the Hekla volcanic system located at the edge of the Eastern VVolcanic Zone in South
Iceland. Volcanic activity in the Hekla volcanic system between c. 7000 and 3000 cal B.P.
was mainly characterised by large explosive eruptions producing silicic and basaltic
andesite tephra layers (Larsen et al. 2015c). The Hekla 3 eruption (~3000 cal B.P.;
Dugmore et al. 1995) is estimated to have produced 12 km? and Hekla 4 (~4200 cal B.P.;
Dugmore et al. 1995) 9 km® of freshly fallen tephra (Larsen and Thorarinsson 1977).
Tephra from both eruptions covered most of the country although the largest volumes of

tephra were carried north and northeast (Fig. 1; Larsen and Thorarinsson 1977).

Few studies of the long- and short-term effects of tephra fall on vegetation and
environment have been made and understanding of environmental processes following
tephra fall is largely lacking. However, changes in land use (Edwards et al. 2004), draining
of wetland (Buckland et al. 1986; Edwards and Craigie 1998; Erlendsson et al. 2009) and
degradation of vegetation (Olafsdéttir and Gudmundsson 2002) have been recorded
following tephra depositions during the Holocene. This paper presents
palaeoenvironmental reconstructions before and after the deposition of the Hekla 4 tephra
from two lakes in Northwest Iceland (Fig. 2). The reconstructions provide an insight into
the responses of two relatively stable terrestrial ecosystems (Eddudottir et al. 2015, 2016)
to thick tephra deposits prior to large scale soil erosion and aeolian processes that have

dominated the Icelandic environment after human settlement.

86



Study sites
Kagadarholl

Kagadarholl (Fig. 2; 65°35' 16N, 20°07'58"W, 114 m a.s.l.), is situated ~10 km southeast
of Hunafloi bay. The site is a palaeolake about 4.5 ha in area that supports a bog vegetation
community (lcelandic: myrar) dominated by sedges (Cyperaceae spp.). Eriophorum
angustifolium is the most abundant species, along with dwarf shrubs Betula nana, Salix
phylicifolia and Salix lanata and the herb Cardamine nymanii. The bog is surrounded by
Betula nana dominated dwarf-shrub heath, eroded gravelly hills and semi-improved
grassland. The Hekla 4 tephra is about 8 cm thick in peat profiles in the area (Fig. 1b).
Weather observations are available from a weather station in BIonduds about 10 km NW of
Kagadarholl (Fig. 2; Table 1).

Table 1. Meteorological information from weather stations close to the study sites.

Kagadarholl Bardalaekjartjorn
Closest weather station Blonduds Kolka
Period 1982-2013 1994 - 2014
Elevation 8 m.as.l. 505 m.a.s.l.
Mean tritherm temperature ~9.3°C ~7.8°C
Mean July temperature ~9.9°C ~8.8°C
Mean January temperature ~-1.4°C ~-4.4°C**
Mean annual precipitation ~456 mm* ~398 mm per year***
Unpublished data from the Icelandic Met Office.
*Mean rainfall 1982-2003.
**Data missing for 1994, 1996 and 2010.
***Data missing for 2003, 2004 ,2008, 2010 and 2011.

Bardalakjartjérn

Bardalakjartjorn (Fig. 2; 65°25,212' N, 19°52,388' W, 413 m a.s.l.), is located on the
margins of Audkuluheidi, a heath on the northern fringe of the central highlands, about 20
km south-southeast of Kagadarhdll. The lake is about 10 ha in area and the lake margin is
comprised of Carex dominated wetland. The surrounding slopes are either dominated by
exposed, barren, gravels or hummocky dwarf shrub heath of Betula nana, Calluna vulgaris
and Salix spp. The Hekla 4 tephra is about 7 cm thick in soil cores retrieved from wetlands

in the area (Fig. 1¢).There is no surface inflow to the lake; a single outlet at its northern
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end cuts its way through a series of wetlands. The closest weather station is at Kolka,
located at the northern end of the Bl6ndulén reservoir (Fig. 2; Table 1), about 20 km south

of Bardalakjartjorn.

Methods

Field methods and stratigraphy

The cores were retrieved from wetland covering the Kagadarholl palaeolake and through
ice at Bardalakjartjorn, using a Livingstone piston corer with a Bolivia adaptor fitted with
75 mm diameter polycarbonate tubes. Magnetic susceptibility (MS) was measured with a
Bartington MS2 meter and Bartington MS2F probe at contiguous 1 cm intervals on split
core segments (Dearing 1994). Dry bulk density (DBD; g cm™) and organic matter (OM,
measured by loss on ignition) were measured at 1 cm contiguous intervals. OM was
measured by combusting 1.2 cm?® of sediment at 550 °C for 5 hours (Bengtsson and Enell
1986). DBD was calculated by dividing the dry weight of a sample by the volume of the
undisturbed sample (Brady and Weil 1996).

Pollen and plant macrofossil analysis

Contiguous 2 cm? subsamples for pollen analysis were collected at 1 cm intervals from the
Kagadarholl core and 0.5 cm intervals from the Bardalekjartjérn core. A smaller sample
interval was used for the Bardalakjartjorn core due to relatively low sediment
accumulation rate in the core compared to the Kagadarholl core. Samples were prepared
using standard chemical methods of 10% HCI, 10% NaOH and acetolysis (Faegri et al.
1989; Moore et al. 1991) and heavy-liquid separation (Bjorck et al. 1978; Nakagawa et al.
1998) using LST Fastfloat (a sodium heteropolytungstate solution; density 1.9 g cm?). A
tablet containing spores of Lycopodium clavatum (batch no. 177745) was added to each
sample (Stockmarr 1971) for calculations of pollen accumulation rates (PAR; grains cm™
yr'h). A minimum of 300 indigenous terrestrial pollen grains were counted for each sample,
this count constituted the total land pollen (TLP) sum. Identification of pollen grains and
spores was based on Moore et al. (1991) and a pollen type slide collection at the University

of Iceland. Pollen and spore taxonomy followed Bennett (2016) and Erlendsson (2007).
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Pollen categories and calculations followed Hallsdéttir (1987) and Caseldine et al. (2006).
Betula pollen diameters were measured at 1000x magnification and non-triporate Betula
pollen grains were recorded (Karlsdottir et al. 2008). Pollen and macrofossil diagrams were
constructed using TILIA (version 1.7.16) and pollen assemblage zones (PAZs), based on
terrestrial pollen assemblages, were calculated in TILIA (Grimm 2011) using the CONISS

program to aid zone placement.

Contiguous 5 cm thick plant macrofossil samples were analysed 10 cm either side
of the tephra layer in the Kagadarholl core. For the Bardalekjartjérn core samples were
analysed 5 cm above and below the tephra. Samples were washed through a 125 pum sieve
and vascular plant remains were picked out for identification. Identification was based on
references (e.g. Katz et al. 1965; Berggren 1969; Birks 2007; Cappers et al. 2012) and
comparisons with reference material when available. Plant taxonomy follows Kristinsson
(2010).

Principal component analysis

Detrended correspondence analysis (DCA) was initially performed on the terrestrial pollen
data sets for both sites. First-axis gradient lengths of 0.34104 for the Kagadarholl data set
and 0.54782 for the Bardalekjartjorn data set suggest linear responses in both data sets.
Therefore Principal Component Analysis (PCA) was performed. The PCA analysis was
performed on Hellinger transformed data consisting of terrestrial pollen taxa with
percentages >1 %. Ordination was performed in R using the package vegan (Oksanen et al.
2016).

Core chronology

Linear age-depth models for both cores (Fig. 3) were constructed based on a series of
tephra layers. The tephra layers used were; Hekla 3 (3000 cal B.P.; Dugmore et al. 1995),
Hekla 4 (4200 cal B.P.; Dugmore et al. 1995) and HUN (5530 cal B.P.; see Eddudéttir et
al. 2016 for dating and chemical composition of the tephra). Models were constructed
using the R package Clam (Blaauw 2010). Ages are given in calibrated years before

present (cal B.P.; with present assigned to A.D. 1950).
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Results

Kagadarholl

The Kagaoarhdll record covers the period from c. 4400 to 4000 cal B.P. Betula pollen
percentages are relatively high (~60-75 % of TLP) beneath the Hekla 4 tephra (PAZ 1;
spanning ~200 years before the eruption) but increase temporarily above the tephra to

~83 % of TLP in PAZ 2 (Fig. 4). The percentage increase is not reflected in the Betula
PAR which is stable at ~800-900 grains cm™ yr in PAZ 1 and 2 (Fig. 5). Mean Betula
pollen diameters are ~22 um below and above the tephra (Figs. 6a). Other pollen taxa have
low relative abundances in PAZ 1, shrubs and dwarf shrubs of Salix and Juniperus
communis range between ~2 and 4 % while Empetrum nigrum and Vaccinium-type are
sporadically present. Sorbus aucuparia and Thalictrum alpinum pollen range between 0
and 1.5 % of TLP. Herb pollen such as Angelica sylvestris, Caltha palustris, Oxyria
digyna, Potentilla-type and Rumex acetosa are recorded in low numbers (<1 %). Most
pollen taxa decrease or disappear temporarily from the record above the tephra, most
notably herb pollen, as well as Juniperus communis and Sorbus aucuparia pollen. The only
herb pollen recorded immediately above the tephra belongs to Oxyria digyna and
Thalictrum alpinum. Caltha palustris pollen also appear above the tephra (Fig. 4).
Percentages of non-triporate Betula pollen range between ~3 and 11 % both below and
above the tephra (Fig. 5). Pollen taxa that disappear above the tephra reappear after c. 4150
cal B.P. and the relative abundance of Betula decreases again to <80 % (Fig. 4). Few
vascular plant macrofossils were found in the sediment (Table 2). Below the Hekla 4
tephra, Betula pubescens fruits and Myriophyllum alterniflorum seeds are recorded and
Betula pubescens and Betula nana macrofossils are recorded above the tephra. Notably, the
MS values are lower and more stable following the deposition of the tephra than before,
the DBD ranges between ~0.13-0.24 g cm® below and ~0.14-0.21 g cm® above the tephra
and OM values are higher (~23-34 %) above the tephra than below (~14-32 %) (Fig. 5).

Principal component analysis

The first axis explains 30.5 % of the variance in the dataset while the second axis explains
18.5 % (Fig. 7a). Initially the variance is explained by Poaceae, Vaccinum-type and Rumex

acetosa. At c. 4300 cal B.P. there is a shift towards increased Sorbus aucuparia. The two
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samples immediately above the tephra plot together to the left along the first axis, mainly
due to an increase in Betula pollen and a decrease and disappearance of other pollen types,
such as Sorbus aucuparia and Juniperus communis. As more pollen types are recorded
after c. 4150 cal B.P. and until c. 4000 cal B.P., pollen from Empetrum nigrum, along with

Cyperaceae and Ranunculus acris-type become important.

Table 2. Plant macrofossils recorded in the Kagadarh6ll core. Counts are in parenthesis.

Pre-Hekla 4 Post-Hekla 4
Trees and shrubs: Trees and shrubs
Betula pubescens fruit (3) Betula pubescens fruit (4)
Aquatics: Betula nana female catkin scale (1)
Myriophyllum alterniflorum seed (7) Betula nana fruit (1)
Ranunculus confervoides fruit (1) Betula undiff. fruit (1)

Herbs:

Carex undiff. fruit (1)
Aquatics:
Myriophyllum alterniflorum seed (2)

Bardalakjartjorn

The Bardalakjartjorn record covers the period from c. 4400 to 3600 cal B.P. Significant
changes occur in the pollen assemblage following the deposition of the Hekla 4 tephra. The
Betula pollen percentages decrease from ~33-47 % of TLP in PAZ 1 to values of ~30 %
above the tephra (PAZ 2), while there is a relative increase in Cyperaceae pollen from ~25-
33 % of TLP in PAZ 1 to >40 % in PAZ 2 (Fig. 8). Salix pollen decrease slightly above the
tephra, from ~6-15 % of TLP to ~5-9 %, but Juniperus communis and Vaccinium-type
pollen range from ~1-3 % of TLP in both PAZs. Empetrum nigrum percentages increase
from ~0.3-0.7 % of TLP in PAZ 1 to ~0.7-1.7 % after c. 4000 cal B.P. Thalictrum alpinum
pollen is the most common herb taxon (~1-4 %), while other herb taxa, such as Angelica
sylvestris, Lactuceae, Oxyria digyna, Potentilla-type, Ranunuculus acris-type and Rumex
acetosa are recorded in small numbers (Fig. 8). PARs are extremely low in both PAZ 1 and
2 (Fig. 9). The Betula PAR decreases above the tephra from ~49-73 in PAZ 1 to ~15-40
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grains cm? yr in PAZ 2. Mean Betula pollen diameters are ~21 um in both PAZs,
however more pollen grains with smaller diameters are recorded above the tephra (Fig.
6b). Percentages of non-triporate Betula pollen are high in all samples, ~4-13 % below the
tephra and ~6-16 % above. Few vascular plant macrofossils are recorded; a Betula nana
leaf and a female catkin scale are recorded above the tephra (Table 3). Magnetic
susceptibility is low prior to tephra deposition and increases slightly above it. A similar
trend is seen in the DBD with values of ~0.15-0.17 g cm™ below and ~0.2-0.28 g cm™
above the tephra. OM decreases from ~40% below the tephra to ~21-32 % above (Fig.9).

Table 3. Plant macrofossils recorded in the Bardalakjartjérn core. Counts are in parenthesis.

Pre-Hekla 4 Post-Hekla 4

Trees and shrubs: Trees and shrubs:

Betula pubescens fruit (1) Betula nana leaf (1)

Betula undiff. fruit (1) Betula nana female catkin scale (1)
Aquatics: Salix budscale (1)

Myriophyllum alterniflorum seed (11) Herbs:

Ranunculus confervoides fruit (1) Carex fruit (2)

Pteridophytes Aquatics:

Selaginella selaginoides megaspore (1) | Myriophyllum alterniflorum seed (1)
Pteridophytes

Selaginella selaginoides megaspore (5)

Principal component analysis

The first axis explains 32.4 % of the variability in the data set and the second axis 16.6 %
(Fig. 7b). Below the tephra herbs, dwarf shrubs and trees are important components of the
assemblage, including Sorbus aucuparia and Salix for the earliest samples and the herbs
Rumex acetosa and Oxyria digyna immediately before the tephra was deposited. Above the
tephra there is a shift towards the dwarf shrubs Vaccinium-type and Empetrum nigrum, as

well as Cyperaceae.
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Discussion

Kagadarholl

For the c. 200 years before the Hekla 4 eruption (PAZ 1) lake Kagadadarholl was
surrounded by open Betula pubescens woodland. Mean Betula pollen grain diameter of
~22 um (Fig. 6a) suggest that Betula pubescens produced most of the Betula pollen
deposited in the lake (Méakeld 1996). Relatively high Betula pollen percentages of ~60-
75% of TLP (Fig. 4) and a Betula PAR of >600 grains cm yr'* (Fig. 5), probably
represent a relatively open woodland (Hicks 2001; Eddudéttir et al. 2015). Juniperus
communis pollen is present at low percentages, but may have been an important component
of the vegetation community, as the pollen is not well represented in pollen assemblages
(Birks 1973). The presence of Juniperus communis indicates a relatively open canopy
(Thomas et al. 2007). Additional indication of a relatively open canopy is the presence of
Sorbus aucuparia (rowan) pollen in the record as pollen from rowan trees are
underrepresented in pollen records from dense woodlands (Birks 1973; Hallsdéttir 1995).
The abundance of pollen representing understory vegetation is relatively low, mainly due
to the high concentrations of Betula pollen. However, the pollen of Salix and Vaccinium-
type and of herbs Angelica sylvestris, Oxyria digyna, Potentilla-type, Rumex acetosa,

Ranunculus acris-type and Thalictrum alpinum is present in low abundances (Fig. 4).

Changes are recorded in the pollen assemblage after the Hekla 4 eruption (PAZ 2).
The most significant change is the temporary disappearance of herbs apart from Thalictrum
alpinum and Oxyria digyna for at least 50 years (Fig. 4). The pollen assemblage during this
period is markedly different from the rest of the record due to a relative increase in Betula
pollen and the disappearance of several herb taxa (Fig. 4, 7a). The loss of herbs may
indicate that taxa growing in the understory of the woodland were buried by the thick
tephra deposit. Thick tephra deposits can prevent regrowth of herbs that are not able to
grow up through the tephra. Vaccinium-type pollen disappear temporarily following the
deposition of the Hekla 4 tephra (Figs. 4, 5), which may indicate burial as the dwarf shrub
Vaccinium uliginosum is intolerant of burial by aeolian material (Vilmundardéttir et al.
2009). Tephra layers can create a crust which buried plants cannot penetrate (Mack 1987)
and thick layers can lead to low nitrogen and phosphorus availability for plants (Zobel and
Antos 1997). The Hekla 4 tephra is about 8 cm thick in soil profiles from the region near

lake Kagadarholl (Fig. 1b). Considering that compaction can reduce the thickness of tephra
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layers by up to half of fresh deposits (Sarna-Wojcicki et al. 1981), the maximum thickness
of freshly deposited material around Kagadarholl may have been as much as 16 cm. In
comparison, during the 1980 eruption of Mount St. Helens, virtually all herbaceous plants
were destroyed where tephra deposits were 12-15 cm in thickness (Antos and Zobel 2005;
Zobel and Antos 2007). Under such conditions a new substratum is created by the tephra
and opportunities arise for pioneer plants to colonise the new surface, changing the species
composition (Antos and Zobel 2005). This may explain the increased presence of pollen of

hardy pioneer Empetrum nigrum (Kristinsson 2010) following the eruption (Fig. 4, 5).

The tephra fall probably did not have long-term adverse effects on birch trees at
Kagadarholl. An increase in the relative abundance of Betula pollen is recorded following
the eruption from ~60-75 % of TLP to ~83 % (Fig. 4). This increase is probably due to a
decrease in the deposition of other pollen types, as the Betula PAR remains unchanged at
~800-900 grains cm yr! before and after the eruption (Fig. 5). Mean Betula pollen
diameters of ~22 um both before and after the eruption suggest that the characteristics of
the birch population were not affected by the tephra fall (Fig. 6a). Little change in the
percentage of non-triporate Betula after the eruption also indicates that hybridisation
between Betula pubescens and Betula nana did not increase following the eruption (Fig.
5), although Betula nana macrofossils are recorded after the eruption, and not before
(Table 2). This suggests that the tephra fall did not have a significant impact on the Betula

pubescens population.

The vegetation assemblage begins to recover after a minimum period of about 50
years. The composition of the pollen assemblage of the woodland community is similar to
that from before the eruption, albeit with a decrease in some taxa such as Juniperus
communis and Thalictrum alpinum (Figs. 4, 5). Juniperus communis is a shade intolerant
species (Thomas et al. 2007) and this decrease may indicate that the canopy was more
closed than before the eruption. The change in assemblage and increase in pollen taxa
recorded probably represents the recovery of the understory. When tephra deposits are
relatively thick recovery can take a long time, e.g. vegetation had not recovered to its
former composition, or cover, 20 years after the eruption of Mount St. Helens in areas
where the tephra layer was only 4.5 cm thick (Antos and Zobel 2005).

The relatively stable woodland at Kagadarholl was able to recover relatively

quickly to a state similar to that before the eruption (Fig. 7a), despite burial of vegetation in
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the understory and a period of plant recolonisation. The tephra could settle in the tall
vegetation of the woodland around lake Kagadarhdll which probably trapped large
volumes of the tephra and prevented reworking by wind (Cutler et al. 2016). The stability
of the environment after the eruption is reflected in little changes in MS, DBD and OM
before and after the tephra was deposited (Fig. 5). This highlights the resilience of
woodlands to tephra fall, and the protective capabilities of woodland to remobilisation of

tephra and its removal into the lake.

Bardalakjartjorn

For the c. 200 years before the Hekla 4 eruption (PAZ 1) Bardalekjartjorn was probably
surrounded by open Betula pubescens woodland and situated close to the altitudinal limit
of the species. The mean Betula pollen diameter of ~21 um (Fig. 6b) is smaller than at lake
Kagaoarholl. However, the absence of Betula nana macrofossils from the sediment (Table
3) indicates that Betula pollen was probably produced mainly by Betula pubescens
(Edduddttir et al. 2016). Relatively low Betula pollen percentages between 33 and 47 % of
TLP (Fig. 8) and extremely low Betula PAR of ~49-73 grains cm yr* (Fig. 9) may
suggest that Betula pubescens plants were under stress, causing low pollen production
(Kuoppamaa et al. 2009; Birks and Bjune 2010; Eddudottir et al. 2016). The presence of
Salix (~6-15 % of TLP) and Juniperus communis (~1-3 % of TLP), shows that these shrubs
probably grew locally alongside Betula pubescens. Plants in the understory are represented
by pollen from dwarf shrubs of Vaccinium-type and herbs such as Galium, Potentilla-type,
Ranunculus acris-type and Thalicrum alpinum. Relatively high percentages (~25-33 % of

TLP) of Cyperaceae probably reflect wetlands around the lake (Figs. 8, 9).

The Hekla 4 tephra represents a major boundary between vegetation communities
in the Bardalaekjartjorn record, marked by a significant change in the pollen assemblage
after the eruption (PAZ 2; Fig. 7b). The most noticeable change above the tephra is the
decrease in Betula pollen percentages from 34-47 % to ~30 % of TLP (Fig. 8) and PAR
below 40 grains cm™ yr (Fig. 9). This is accompanied by a larger range of Betula pollen
diameters and a relative increase in pollen grains with diameters of 17 and 18 um (Fig. 6b),
characteristic of Betula nana (Méakel& 1996). The increase in Betula nana pollen is

supported by the first appearance of Betula nana macrofossils for the latter half of the
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Holocene (Table 3) (Edduddttir et al. 2016). The increase in Betula nana shows that
conditions became more difficult for Betula pubescens and the species was probably better
able to survive at lower elevations. Pollen deriving from Vaccinium-type increase after c.
4200 cal B.P. and from Empetrum nigrum from c. 4000 cal B.P. (Figs. 8, 9), suggesting a
change from open birch woodland to dwarf shrub heath. Cyperaceae increases from 25-

33 % of TLP to >40 % after the eruption (Fig. 8). However, it is difficult to interpret the
increase in Cyperaceae pollen due to the large ecological range of species within the
family. It is not possible to determine if burial by the tephra affected herbs and other low
growing plants in a similar manner to that at Kagadarholl as the temporal resolution in
deposits overlying the Hekla 4 tephra is relatively low (74 years per pollen sample; Fig. 3)

due to low sediment accumulation between the Hekla 3 and 4 tephra layers.

The Bardalakjartjorn record ends c. 3600 cal B.P., and shows clearly that during
the c. 600 years following the eruption the floristic environment did not recover to the
condition it was in immediately prior to the deposition of the Hekla 4 tephra (Fig. 7b). The
tephra fell at a time period that has been identified as trending towards irreversible cooling
climate in several lake records from c. 4200 cal B.P. (Larsen et al. 2012; Geirsdottir et al.
2013; Blair et al. 2015). A combination of cooling climate and the effects of the tephra fall
may have caused the changes. Cold climate can affect recovery of ecosystems and even
prevent recovery to a previous state (Arnalds 2013a). At Bardalekjartjérn an ecosystem
already under stress due to cooling climate gave way to more resilient dwarf shrub heath
after the tephra fell. This is in accordance with previous pollen studies that have shown that
long term or even permanent changes in vegetation communities can result from tephra fall
(Edwards and Craigie 1998; Edwards et al. 2004; Erlendsson et al. 2009).

Vegetation cover and stability

Vegetation cover and vegetation structure are crucial factors in stabilising tephra deposits
and the capacity of vegetation to trap tephra increases with vegetation height (Arnalds
2013b; Cutler et al. 2016). At the time of the Hekla 4 eruption, woodlands and mires
probably covered most of the Icelandic lowlands (Hallsdéttir 1995; Hallsdottir and
Caseldine 2005; Edduddttir et al. 2015) while open woodland, dwarf shrub heath and
wetlands dominated at higher altitudes (Wastl et al. 2001; Eddudottir et al. 2016). These
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relatively stable environments would have been able to entrap a large proportion (Arnalds
2015; Cutler et al. 2016) of the ~6 km? of tephra that fell on land during the eruption
(Larsen and Thorarinsson 1977). In contrast, deserts now cover about ~42 % of the country
and only about 1.2 % of Iceland is covered by natural birch woodlands (Gisladéttir et al.
2014). When tephra is deposited on unvegetated or scarcely vegetated surfaces it is readily
eroded and redistributed (Arnalds et al. 2013; Cutler et al. 2016). In such environments
deposits of only a few centimetres thickness can have a negative environmental impact
(Arnalds et al. 2013). The infamous Eyjafjallajokull eruption of 2010 was relatively small,
only producing a volume of ~0.27 km? of airborne tephra (Gudmundsson et al. 2012).
However, during the summer that followed tephra deposited on barren and sparsely
vegetated surfaces was redistributed by wind and moved hundreds of kilometres from
where it had originally lain (Arnalds et al. 2013). Resuspension of tephra also caused high
concentrations of particulate matter in the air in South and Southwest Iceland during the
summer following the Eyjafjallajokull eruption (Thorsteinsson et al. 2012). Repeated dust
storms affecting air quality are already common in Iceland (Thorsteinsson et al. 2011,
2012; Arnalds et al. 2016) and it is clear that the current environment would not be capable
of containing deposits of the same magnitude and distribution as the Hekla 4 tephra. Such a
large and widespread tephra fall, covering most of the country, would probably lead to an
extended period of increased dust storms and poor air quality. This highlights the
importance of re-establishing vegetation cover in Iceland in order to prepare for large
eruptions and minimise their damaging potential. Greater vegetation cover, especially tall
vegetation, would better stabilise tephra deposits and hinder tephra redistribution (Cutler et
al. 2016), potentially mitigating the effects of large-scale tephra fall. As this study shows,
native birch woodland and dwarf shrub heath communities are well adapted to such

circumstances, depending upon their context according to altitude and climate.

Conclusions

The Kagaodarhdéll and Bardaleekjartjorn records demonstrate the effects of tephra on two
different ecosystems during a period of cooling climate. The stable woodland at
Kagadarholl was better adapted, despite the understory vegetation being buried by tephra,
the woodland ecosystem recovered relatively quickly from the impact of the tephra

deposition. In contrast, the open woodland at Bardalekjartjorn that was already at its
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ecological limit eventually shifted to a dwarf shrub heath, a more resilient vegetation
community that was better suited to the new environmental conditions. These results
emphasise the impact of tephra fall on pollen archives, and underscore the importance of
vegetation cover in the event of heavy tephra fall. The low resilience of the current
Icelandic environment in the event of tephra fall of the size of the Hekla 4 tephra is of
concern. A similar event would have serious environmental consequences today, and could
lead to poor air quality and health complications for an extended period following an
eruption.
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7cm

Fig. 1 Distribution and thickness of the Hekla 4 tephra layer. a Isopach map of the Hekla 4
tephra layer, with thickness in centimetres (Adapted from Larsen and Thorarinsson 1977).
Stars denote study sites Kagadarholl (K) and Bardalakjartjorn (B). b Soil profile from a
wetland close to Kagadarholl, including tephra layers Hekla 4 and Hekla 3 ¢ The Hekla 4
tephra layer in a soil core from a wetland close to Bardalakjartjorn. The parenthesis
indicate the thickness of the Hekla 4 tephra.
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signify percentages <1%.
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Dots signify percentages <1%.
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Fig. 9 Pollen accumulation rates (pollen grains cm year™) of selected taxa, non-triporate
Betula pollen (%), magnetic susceptibility (MS), dry bulk density (DBD) and organic
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Appendix A

Author contributions to the papers

Fieldwork for the Stora-Buarfell core was carried out by Gudérin Gisladottir, Egill
Erlendsson, Olafur Eggertsson and myself. | performed magnetic susceptibility
measurements (MS) on the core. Egill Erlendsson performed dry bulk density easurements
(DBD) on the same core. |, along with Egill Erlendsson subsampled the core. The plant
macrofossil analysis was made by me. | sampled the core for radiocarbon material and
picked out macrofossils for radiocarbon dating. Olafur Eggertsson identified the wood
found in the core.

I Measured MS, DBD, organic matter (OM) in the Bungutjérn core, | sampled the core for
macrofossils and bulk sediments for radiocarbon dating. | subsampled the core for
macrofossil samples and performed the macrofossil analysis. | subsampled the core for
macrofossil samples and analysed. | subsampled the core for tephra layers and cleaned the
samples. Egill Erlendsson mounted and analysed the tephra samples.

Labwork and pollen analysis for comparisons of different pollen preparation methods were
made by me.

The fieldwork for the Kagadarh6ll core was carried out by Gudrin Gisladottir, Egill
Erlendsson, Olafur Eggertsson and myself. | made MS, DBD and OM measurements of the
cores. | sampled the cores for macrofossils for radiocarbon dating. | subsampled the cores
for pollen analysis, prepared the pollen samples for analysis and analysed them. I
subsampled the core for macrofossil samples and analysed the samples. | subsampled the
core for tephra layers. Egill Erlendsson cleaned, mounted and analysed the tephra samples.
The data analysis was made by me and | wrote the manuscript. Co-authors and anonymous
reviewers provided valuable comments and suggestions that helped improve the
manuscript.

The fieldwork for the Bardalaekjartjérn core was carried out by Gudrin Gisladéttir, Egill
Erlendsson, Hoskuldur Pporbjarnarson, borsteinn Jénsson and myself. | made MS
measurements on the cores. Leone Tinganelli made DBD and OM measurements on the
sediments and sampled and prepared samples for C/N analysis. |1 sampled the cores for
macrofossils for radiocarbon dating. | subsampled the cores for pollen analysis, prepared
the pollen samples for analysis and analysed them. | subsampled the core for macrofossil
samples and analysed. | subsampled the core for tephra layers. Egill Erlendsson cleaned,
mounted and analysed the tephra samples. The data analysis was made by me and | wrote
the manuscript. Co-author, anonymous reviewers and the journal editor provided valuable
comments and suggestions that helped improve the manuscript.

I subsampled the cores for pollen analysis in higher resolution around the Hekla 4 tephra in
the Kagadarhdll and Bardalekjartjorn cores. | prepared the pollen samples for analysis and
analysed them. The data analysis was made by me and | wrote the manuscript. Co-authors
and anonymous reviewers provided valuable comments and suggestions that helped
improve the manuscript.
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