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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 (Thordar-
son and Höskuldsson 2008), and eruption frequency may 
increase in the future due to warming climate (Sigmunds-
son et  al. 2010). Volcanic systems such as Bárðarbunga, 
Katla and Hekla, known for producing large explosive 
eruptions (Thordarson and Höskuldsson 2008), currently 
show signs of increased activity (Larsen et al. 2015a, b, c). 
Recent eruptions, such as the 2010 eruption of Eyjafjalla-
jökull and the 2011 Grímsvötn 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 (Thorvalds-
dóttir and Sigbjörnsson 2015), and long term remobilisa-
tion 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 
2013; Arnalds et  al. 2013; Cutler et  al. 2016). Improved 
knowledge of the mechanisms behind ecosystem recov-
ery is particularly important in Iceland. The Icelandic ter-
restrial 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 
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et al. 2009; Gísladóttir et al. 2011; Vickers et al. 2011) and 
today about 43,000 km2, or ~42% of the country is classi-
fied as desert (Gísladóttir et  al. 2014). Intensive land-use, 
cooling climate, volcanic activity and floods have con-
tributed 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 follow-
ing eruptions poses a potentially significant problem in the 
wake of large explosive eruptions in Iceland (Thorsteinsson 
et  al. 2012; Arnalds 2013; Arnalds et  al. 2013; Liu et  al. 
2014).

Heavy tephra falls from explosive eruptions have influ-
enced the environment and people’s livelihood since 
humans first settled Iceland c. ad 870. The ad 1104 erup-
tion of Hekla (Hekla 1104) produced an estimated volume 
of ~2  km3 of tephra (Larsen and Thorarinsson 1977) and 
is believed to have caused changes in land use patterns 
and perhaps permanent abandonment of farms in nearby 
Þjórsárdalur. However, woodland in the valley survived 
the tephra deposition and vegetation grew through >35 cm 
thick deposits (Dugmore et  al. 2007). The ad 1875 erup-
tion of Askja in East Iceland produced ~1.83 km3 of tephra 
(Carey et  al. 2010) and contributed to abandonment of 
many upland farms (Thorarinsson 1944). The Öræfajökull 
eruption in Southeast Iceland in ad 1362 has long been 
considered the most catastrophic eruption in Icelandic his-
tory, possibly rendering the district of Litla-Hérað uninhab-
itable for some time after the eruption (Thorarinsson 1958). 
Estimates of the volume of tephra produced in the Öræ-
fajökull eruption range from 2.3 km3 (Sharma et al. 2008) 
to 10 km3 (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 Volcanic Zone in South 
Iceland. Volcanic activity in the Hekla volcanic system 
between c. 7,000 and 3,000 cal bp was mainly characterised 
by large explosive eruptions producing silicic and basaltic 
andesite tephra layers (Larsen et  al. 2015c). The Hekla 3 
eruption (c. 3,000 cal bp; Dugmore et al. 1995) is estimated 
to have produced 12  km3 and the Hekla 4 eruption (c. 
4,200 cal  bp; Dugmore et al. 1995) 9 km3 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 (Buck-
land et  al. 1986; Edwards and Craigie 1998; Erlendsson 
et al. 2009) and degradation of vegetation (Ólafsdóttir and 

Guðmundsson 2002) have been recorded following tephra 
depositions during the Holocene. This paper presents pal-
aeoenvironmental reconstructions before and after the dep-
osition 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 ecosys-
tems (Eddudóttir 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.

Fig. 1  Distribution and thickness of the Hekla 4 tephra layer. a 
Isopach map of the Hekla 4 tephra layer, with thickness in cm 
(adapted from Larsen and Thorarinsson 1977). Stars denote study 
sites Kagaðarhóll (K) and Barðalækjartjörn (B); b soil profile from 
a wetland close to Kagaðarhóll, including tephra layers Hekla 4 and 
Hekla 3; c the Hekla 4 tephra layer in a soil core from a wetland close 
to Barðalækjartjörn. The thickness of the Hekla 4 tephra is indicated
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Study sites

Kagaðarhóll

Kagaðarhóll (Fig. 2; 65°35’16’’N, 20°07’58’’W, 114 m 
a.s.l.), is situated ~10 km southeast of Húnaflói bay. The 
site is a palaeolake about 4.5 ha in area that supports a 
bog vegetation community (Icelandic: mýrar) domi-
nated by sedges (Cyperaceae spp.). Eriophorum angus-
tifolium is the most abundant species, along with dwarf 
shrubs Betula nana, Salix phylicifolia and S. lanata and 
the herb Cardamine nymanii. The bog is surrounded by 
B. 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 sta-
tion in Blönduós about 10 km northwest of Kagaðarhóll 
(Fig. 2; Table 1).

Barðalækjartjörn

Barðalækjartjörn (Fig.  2; 65°25′12"N, 19°52′23"W, 
413 m a.s.l.), is located on the margins of Auðkúluheiði, 
a heath on the northern fringe of the central highlands, 

Fig. 2  Map showing the loca-
tions of the study sites

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

Kagaðarhóll Barðalækjartjörn

Closest weather station Blönduós Kolka
Period 1982–2013 1994–2014
Elevation (m a.s.l.) 8 505
Mean tritherm temperature (°C) ∼9.3 ∼7.8
Mean July temperature (°C) ∼9.9 ∼8.8
Mean January temperature (°C) ∼−1.4 ∼−4.4**
Mean annual precipitation (mm) ~456* ~398***
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about 20  km south-southeast of Kagaðarhóll. 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 hum-
mocky dwarf shrub heath of B. 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.  1c). 
There is no surface inflow to the lake; a single outlet at 
its northern end cuts its way through a series of wetlands. 
The closest weather station is at Kolka, located at the 
northern end of the Blöndulón reservoir (Fig. 2; Table 1), 
about 20 km south of Barðalækjartjörn.

Methods

Field methods and stratigraphy

The cores were retrieved from wetland covering the 
Kagaðarhóll palaeolake and through ice at Barðalæk-
jartjörn, using a Livingstone piston corer with a Bolivia 
adaptor fitted with 75  mm diameter polycarbonate tubes. 
Magnetic susceptibility (MS) was measured with a Bar-
tington MS2 meter and Bartington MS2F probe at contigu-
ous 1 cm intervals on split core segments (Dearing 1994). 
Dry bulk density (DBD; g  cm−3) and organic matter (OM, 
measured by loss on ignition) were measured at 1  cm 
contiguous intervals. OM was measured by combusting 
1.2 cm3 of sediment at 550 °C for 5 h (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 cm3 subsamples for pollen analysis were col-
lected at 1 cm intervals from the Kagaðarhóll core and 0.5 cm 
intervals from the Barðalækjartjörn core. A smaller sample 
interval was used for the Barðalækjartjörn core due to rela-
tively low sediment accumulation rate in the core compared 
to the Kagaðarhóll core. Samples were prepared using stand-
ard chemical methods of 10% HCl, 10% NaOH and acetolysis 
(Fægri and Iversen 1989; Moore et al. 1991) and heavy-liquid 
separation (Björck et al. 1978; Nakagawa et al. 1998) using 
LST Fastfloat (a sodium heteropolytungstate solution; density 
1.9 g  cm−3). A tablet containing spores of Lycopodium clava-
tum (batch no. 177745) was added to each sample (Stockmarr 
1971) for calculations of pollen accumulation rates (PAR; 
grains  cm−2 year−1). A minimum of 300 indigenous terres-
trial 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). Pollen categories and calculations fol-
lowed Hallsdóttir (1987) and Caseldine et al. (2006). Betula 
pollen diameters were measured at 1,000× magnification and 
non-triporate Betula pollen grains were recorded (Karlsdót-
tir et  al. 2008). Pollen and macrofossil diagrams were con-
structed 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 pro-
gram to aid zone placement.

Contiguous 5  cm thick plant macrofossil samples 
were analysed 10 cm either side of the tephra layer in the 
Kagaðarhóll core. For the Barðalækjartjörn core samples 
were analysed 5 cm above and below the tephra. Samples 
were washed through a 125  µm 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. Plant taxonomy follows Kristins-
son (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 Kagaðarhóll 
data set and 0.54782 for the Barðalækjartjörn data set sug-
gest linear responses in both data sets. Therefore Princi-
pal 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 chronologies

Linear age-depth models for both cores (Fig. 3) were con-
structed based on a series of tephra layers. The tephra lay-
ers used were; Hekla 3 (c. 3,000  cal bp; Dugmore et  al. 
1995), Hekla 4 (c. 4,200 cal bp; Dugmore et al. 1995) and 
HUN (c. 5,530 cal bp; see Eddudóttir et al. 2016 for dating 
and chemical composition of the tephra). Models were con-
structed using the R package Clam (Blaauw 2010). Ages 
are given in calibrated years before present (cal bp; with 
present assigned to ad 1950).

Results

Kagaðarhóll

The Kagaðarhóll record covers the period from c. 4,400 to 
4,000 cal bp. Betula pollen percentages are relatively high 
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(~60–75% of TLP) beneath the Hekla 4 tephra (PAZ 1; 
spanning ~200 years before the eruption) but increase tem-
porarily 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−2 year−1 in PAZ 1 
and 2 (Fig. 5). Mean Betula pollen diameters are ~22 μm 
below and above the tephra (Fig.  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 is 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 J. communis and S. aucuparia pol-
len. The only herb pollen recorded immediately above the 
tephra belongs to O. digyna and Th. alpinum. Caltha palus-
tris pollen also appears above the tephra (Fig. 4). Percent-
ages 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 several dec-
ades 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 B. pubescens and B. nana macrofos-
sils 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−3 below and ~0.14–0.21 g  cm−3 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 data-
set while the second axis explains 18.5% (Fig. 7a). Initially 
the variance is explained by Poaceae, Vaccinum-type and 
Rumex acetosa. At c. 4,300 cal bp there is a shift towards 
increased Sorbus aucuparia. The two samples immedi-
ately 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. As more 
pollen types are recorded c. 4,150 cal bp until c. 4,000 cal 
bp, pollen from Empetrum nigrum, along with Cyperaceae 
and Ranunculus acris-type become important in the pollen 
assemblage.

Barðalækjartjörn

The Barðalækjartjörn record covers the period from c. 
4,400 to 3,600  cal bp. Significant changes occur in the 

Fig. 3  Age-depth models for a Kagaðarhóll and b Barðalækjartjörn. Green symbols represent previously dated tephra layers. The black line 
shows the best-fit model and the grey area represents the 95% confidence interval. Horizontal grey lines show the Hekla 4 tephra layer
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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 Cyper-
aceae pollen from ~25–33% of TLP in PAZ 1 to >40% in 
PAZ 2 (Fig.  8). Salix pollen decreases slightly above the 
tephra, from ~6–15% of TLP to ~5–9%, but J. communis 
and Vaccinium-type pollen ranges 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. 4,000 cal 
bp. Th. alpinum pollen is the most common herb taxon 
(~1–4%), while other herb taxa, such as Angelica sylvestris, 
Lactuceae, O. 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. The 
Betula PAR decreases above the tephra from ~49–73 grains 
 cm− 2  yr− 1 in PAZ 1 to ~15–40 grains  cm− 2  yr− 1 in PAZ 2 
(Fig. 9). Mean Betula pollen diameters are ~21 μm 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 B. nana leaf and a female cat-
kin scale are recorded above the tephra (Table 2). 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−3 below and ~0.2–0.28 g  cm− 3 
above the tephra. OM decreases from ~40% below the 
tephra to ~21–32% above (Fig. 9).

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 S. aucuparia and Salix for the 
earliest samples and the herbs R. acetosa and O. digyna 
immediately before the tephra was deposited. Above the 
tephra there is a shift towards the dwarf shrubs Vaccinium-
type and E. nigrum, as well as Cyperaceae.

Discussion

Kagaðarhóll

For the c. 200 years before the Hekla 4 eruption (PAZ 1) 
lake Kagaðaðarhóll was surrounded by open B. pubescens 
woodland. A mean Betula pollen grain diameter of ~22 μm 
(Fig. 6a) suggests that B. pubescens produced most of the 

Fig. 4  Percentage pollen diagram for the Kagaðarhóll core; ×4 exag-
geration curves. Dots signify percentages <1%

▸
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Betula pollen deposited in the lake (Mäkelä 1996). Rela-
tively high Betula pollen percentages of ~60–75% of TLP 
(Fig.  4) and a Betula PAR of >600 grains  cm−2  year−1 
(Fig.  5), probably represent a relatively open woodland 
(Hicks 2001; Eddudóttir et  al. 2015). J. communis pollen 
is present at low percentages, but may have been an impor-
tant component of the vegetation community, as the pollen 
is not well represented in pollen assemblages (Birks 1973). 
The presence of J. communis indicates a relatively open 
canopy (Thomas et al. 2007). Additional indication of a rel-
atively open canopy is the presence of S. aucuparia pollen 
in the record as pollen from the species is underrepresented 
in pollen records from dense woodlands (Birks 1973; 
Hallsdóttir 1995). The abundance of pollen representing 
understory vegetation is relatively low, mainly due to the 
high influx of Betula pollen. However, the pollen of Salix 
and Vaccinium-type and of herbs A. sylvestris, O. digyna, 
Potentilla-type, Rumex acetosa, Ranunculus acris-type and 
Th. 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 Th. alpi-
num and O. digyna for several decades (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 (Figs. 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. 
Furthermore, 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). Vaccinium-type pollen disap-
pears temporarily following the deposition of the Hekla 4 
tephra (Figs. 4, 5), which may indicate burial as the dwarf 
shrub V. uliginosum is intolerant of burial by aeolian mate-
rial (Vilmundardóttir et  al. 2009). The Hekla 4 tephra 
is about 8  cm thick in soil profiles from the region near 
Lake Kagaðarhóll (Fig.  1b). Considering that compaction 
can reduce the thickness of tephra layers by up to half of 
fresh deposits (Sarna-Wojcicki et al. 1981), the maximum 
thickness of freshly deposited material around Kagaðarhóll 
may have been as much as 16 cm. In comparison, during 
the 1980 eruption of Mount St. Helens, virtually all her-
baceous 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 

Fig. 5  Pollen accumulation rates (pollen grains  cm−2  year−1) of 
selected pollen taxa, non-triporate Betula pollen (%), magnetic sus-
ceptibility (MS), dry bulk density (DBD) and organic matter (OM) 
for the Kagaðarhóll core

▸
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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 (Figs. 4, 
5).

The tephra fall probably did not have long-term adverse 
effects on birch trees at Kagaðarhóll. 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−2  year−1 before and after the eruption 
(Fig. 5). The stable PAR and mean Betula pollen diameters 
of ~22 μm both before and after the eruption (Fig. 6a) sug-
gest that the tephra fall did not have a significant impact 
on the B. pubescens population. Little change in the per-
centage of non-triporate Betula after the eruption (Fig. 5), 
a measure of hybridisation between B. pubescens and B. 
nana, may also indicate a stable B. pubescens population 
(Karlsdóttir et al. 2009, 2012; Eddudóttir et al. 2015).

As the vegetation assemblage begins to recover, 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 J. communis 
and Th. alpinum (Figs. 4, 5). J. communis is a shade intol-
erant 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 pol-
len taxa recorded probably represents the recovery of the 
understory. When tephra deposits are relatively thick recov-
ery can take a long time, e.g. vegetation had not recovered 
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 Kagaðarhóll was able 
to recover relatively quickly to a state similar to that before 
the eruption (Fig.  7a), despite burial of vegetation in the 
understory and a period of plant recolonisation. The tephra 
could settle in the tall vegetation of the woodland around 
lake Kagaðarhóll 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 against removal and remobilisa-
tion of tephra.

Barðalækjartjörn

For the c. 200 years before the Hekla 4 eruption (PAZ 1) 
Barðalækjartjörn was probably surrounded by open B. 
pubescens woodland and situated close to the altitudinal 
limit of the species (Eddudóttir et  al. 2016). The mean 
Betula pollen diameter of ~21 μm (Fig. 6b) is smaller than 
at lake Kagaðarhóll. However, the absence of B. nana 
macrofossils from the sediment (Table  2) indicates that 
Betula pollen was probably produced mainly by B. pube-
scens (Eddudóttir et  al. 2016). Relatively low Betula pol-
len percentages between ~33 and 47% of TLP (Fig. 8) and 
extremely low Betula PAR of ~49–73 grains  cm−2 year−1 
(Fig. 9) may suggest that B. pubescens plants were under 
stress, causing low pollen production (Kuoppamaa et  al. 
2009; Birks and Bjune 2010; Eddudóttir et  al. 2016). 

Fig. 6  Measured  diameters of Betula pollen grains for the a 
Kagaðarhóll and b Barðalækjartjörn cores
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The presence of Salix (~6–15% of TLP) and J. communis 
(~1–3% of TLP), shows that these plants probably grew 
locally alongside B. 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 Th. 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 Barðalækjartjörn 

Table 2  Plant macrofossils recorded in the Kagaðarhóll and Barðalækjartjörn cores (counts are in parentheses)

Pre-Hekla 4 Post-Hekla 4

Kagaðarhóll
 Trees and shrubs Betula pubescens fruit (3) B. pubescens fruit (4); B. nana female catkin scale (1), 

fruit (1); Betula undiff. fruit (1)
 Herbs Carex undiff. fruit (1)
 Aquatics Myriophyllum alterniflorum seed (7); Ranunculus confer-

voides fruit (1)
M. alterniflorum seed (2)

Barðalækjartjörn
 Trees and shrubs B. pubescens fruit (1), Betula undiff. fruit (1) B. nana leaf (1), female catkin scale (1); Salix budscale (1)
 Herbs Carex fruit (2)
 Aquatics M. alterniflorum seed (11); R. confervoides fruit (1) Myriophyllum alterniflorum seed (1)
 Pteridophytes Selaginella selaginoides megaspore (1) S. selaginoides megaspore (5)

Fig. 7  Principal component analysis of terrestrial pollen assemblages from a Kagaðarhóll and b Barðalækjartjörn
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record, marked by a significant change in the pollen assem-
blage after the eruption (PAZ 2; Fig. 7b). The most noticea-
ble change above the tephra is the decrease in Betula pollen 
percentages from ~34–47% to ~30% of TLP (Fig.  8) and 
Betula PAR below ~40 grains  cm−2 year−1 (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 μm (Fig. 6b), characteristic of B. nana (Mäkelä 
1996). The increase in B. nana pollen is supported by the 
first appearance of B. nana macrofossils for the latter half 
of the Holocene (Table  2) (Eddudóttir et  al. 2016). The 
increase in B. nana shows that conditions became more 
difficult for B. pubescens and the species was probably 
better able to survive at lower elevations. Pollen deriving 
from Vaccinium-type increases after c. 4,200  cal bp and 
from Empetrum nigrum from c. 4,000  cal bp (Figs.  8, 9), 
suggesting a change from open birch woodland to dwarf 
shrub heath. Cyperaceae increases from 25 to 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 
Kagaðarhóll as the temporal resolution in deposits overly-
ing 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 Barðalækjartjörn record ends c. 3,600  cal bp, 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 irrevers-
ible cooling climate in several Icelandic lake records from 
c. 4,200 cal bp (Larsen et al. 2012; Geirsdóttir et al. 2013; 
Blair et  al. 2015). A combination of cooling climate and 
the effects of the tephra fall may have caused the changes at 
Barðalækjartjörn. Cold climate can affect recovery of 
ecosystems and even prevent recovery to a previous state 
(Arnalds 2013). At Barðalækjartjörn 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 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 fac-
tors in stabilising tephra deposits and the capacity of veg-
etation to trap tephra increases with vegetation height 
(Arnalds 2013; Cutler et al. 2016). At the time of the Hekla 

Fig. 8  Percentage pollen diagram for the Barðalækjartjörn core; ×4 
exaggeration curves. Dots signify percentages <1%
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4 eruption, woodlands and mires probably covered most of 
the Icelandic lowlands (Hallsdóttir 1995; Hallsdóttir and 
Caseldine 2005; Eddudóttir et al. 2015) while open wood-
land, dwarf shrub heath and wetlands dominated at higher 
altitudes (Wastl et al. 2001; Eddudóttir et al. 2016). These 
relatively stable environments would have been able to 
entrap a large proportion (Arnalds 2015; Cutler et al. 2016) 
of the ~6 km3 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 (Gísladóttir 
et  al. 2014). When tephra is deposited on unvegetated or 
sparsely vegetated surfaces it is readily eroded and redis-
tributed (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 Eyjafjallajökull eruption of 2010 was 
relatively small, only producing a volume of ~0.27 km3 of 
airborne tephra (Gudmundsson et al. 2012). However, dur-
ing 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 origi-
nally 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 sum-
mer following the Eyjafjallajökull eruption (Thorsteins-
son 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 Ice-
land in order to prepare for large eruptions and minimise 
their damaging potential. Greater vegetation cover, espe-
cially tall vegetation, would better stabilise tephra deposits 
and hinder tephra redistribution (Cutler et al. 2016), poten-
tially 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 Kagaðarhóll and Barðalækjartjörn records demon-
strate the effects of tephra on two different ecosystems 
during a period of cooling climate. The stable woodland 
at Kagaðarhóll was better adapted, despite the understory 
vegetation being buried by tephra, and the woodland eco-
system recovered relatively quickly from the impact of 
the tephra deposition. In contrast, the open woodland at 
Barðalækjartjörn that was already at its 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 envi-
ronment in the event of tephra fall of the size of the Hekla 
4 tephra is of concern. A similar event would have seri-
ous environmental consequences today, and could lead to 
poor air quality and public health concerns for an extended 
period following an eruption.

Fig. 9  Pollen accumulation rates (pollen grains  cm−2 year−1) of selected taxa, non-triporate Betula pollen (%), magnetic susceptibility (MS), dry 
bulk density (DBD) and organic matter (OM) for the Barðalækjartjörn core
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