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Abstract The Setesdal valley in South Norway runs north
to south for 200 km, from alpine vegetation at 1200 m,
passing the tree-line at around 1000 m, through Boreal
forests, to Nemoral forest at sea level. The Holocene veg-
etation history and its altitudinal differentiation were re-
constructed using pollen percentages and influx and plant
macrofossil concentration records from four lakes along an
altitudinal transect. During the early Holocene (c. 10500–
8000 cal b.p.) Betula pubescens, Pinus sylvestris, Alnus,
and Corylus expanded in the lowlands. Only Pinus and B.
pubescens reached 1000 m asl (Lille Kjelavatn). Only B.
pubescens reached Holebudalen (1144 m asl) at about the
same time as it arrived in the lowlands. Between c. 8000–
3000 cal b.p. mixed deciduous forest developed around
Dalane (40 m asl) and to a lesser extent around Grostjørna
(180 m asl), birch woodland with pine surrounded Lille
Kjelavatn and birch woodland occurred at Holebudalen.
From c. 3000 cal b.p. to present, the vegetation at Dalane
hardly changed except for slight human impact and the im-
migration of Picea abies. At Grostjørna Pinus expanded.
At Lille Kjelavatn Pinus disappeared and Betula became
sparse as at the tree-line today. Betula retreated from Hole-
budalen thus leaving it above the tree-line in low-alpine
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vegetation. The strengths and weaknesses of pollen and
plant macrofossil data were assessed for forest reconstruc-
tions. Where local pollen production is low, as near the
tree-line, percentages of long-distance tree pollen can be
misleadingly high. Pollen influxes of Betula and Pinus were
much smaller near their altitudinal limits than at lower alti-
tudes, although their macrofossils were equally abundant.
The limited dispersal capacity of macrofossils documents
the local presence of species and the character of the lo-
cal vegetation, although macrofossils of some tree taxa
are rarely found. Pollen and plant macrofossil evidence
complement each other to provide a more complete recon-
struction of Holocene tree-limits and tree-lines and hence
climate changes, than either form of evidence alone.

Keywords Forest development . Altitudinal transect .
Holocene climate . Plant macrofossils . Pollen
percentages . Pollen influx

Introduction

The broad-scale Holocene movements of tree taxa through
Europe were demonstrated using pollen data by Huntley
and Birks (1983). However, smaller areas show complex-
ity, particularly in mountainous landscapes. In the absence
of human activity, the ecological factors affecting plant dis-
tribution are climatic (temperature, precipitation), edaphic
and biotic. Broad-scale distributions of species are primar-
ily influenced by regional climate (Dahl 1998). Once a
species reaches climatic equilibrium, its geographical lim-
its may be particularly sensitive to climate change. For ex-
ample, at the tree-line, a small change in climate may cause
large biotic changes (Kullman 1983, 2002a; MacDonald
et al. 1993; Körner 1998). If past range-limit movements
can be detected, environmental and climatic changes can
be reconstructed (Jackson and Whitehead 1991; Barnekow
1999). The spread of tree species in the early Holocene
is not necessarily limited by temperature, although obvi-
ously their minimum temperature requirements must be
exceeded. The spread also depends on the biology of the
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species, such as their dispersal ability, longevity and time
to first reproduction, their colonising ability on raw or ma-
ture soils, their competitive power against other species
for light, shade tolerance, root competition and many other
ecological factors (Iversen 1973; Andersen 1966; Berglund
1966; Birks 1986).

Pollen analysis has always been used to reconstruct past
vegetation, and indirectly, past climate. However, the re-
construction of population density and spatial distribution
of individual species by means of traditional pollen anal-
ysis is difficult (Hicks 1993, 1994). Most pollen reaches
a lake by aerial and water transport from the catchment.
Airborne pollen may be transported to the lake from both
lower and higher altitudes. Pinus sylvestris pollen is partic-
ularly susceptible to long-distance dispersal (Hicks 1993;
Birks et al. 1996). In contrast, records of plant macrofos-
sils, such as needles, fruits and catkin and bud-scales, reflect
the local presence of species more closely (HH Birks 1973,
2003; Dunwiddie 1987; Barnekow 1999; Birks and Birks
2000, 2003). In addition to smaller plant macrofossils, tree
megafossils (i.e. trunks, stumps) have also been used to
reconstruct former tree-lines through the Holocene (Moe
1979; Aas and Faarlund 1988, 1996, 1999; Kullman 1983,
1995; Kremenetski et al. 1998; Karlén 1998). However,
megafossils represent chance preservation of individuals
and their occurrence does not necessarily represent the tree
species limit. The megafossil record is discontinuous in
time and space (Birks et al. 1996).

Although plant macrofossils are useful in reconstructing
local vegetation, several shortcomings have been demon-
strated (Allen and Huntley 1999; Eide 2003). Macrofos-
sils of several thermophilous deciduous trees are sparsely
produced, poorly dispersed to lake sediments and may be
poorly preserved and hard to identify. Thus it is difficult
to estimate the abundance of such trees in the local forest
except at a broad scale. In treeless vegetation, macrofossils
of tree taxa at the tree-line may be wind-dispersed in small
quantities above the tree-line (Kullman 2000; Molau and
Larsson 2000; personal observation) and it may be unwise
to interpret the occasional macrofossil of, for example, tree
Betula or Pinus in terms of local presence. Evidence for
the character of the local vegetation from the total macro-
fossil assemblage may help to decide if a tree taxon could
have grown locally (Velle et al. 2005; Birks 2003). Ideally,
a combination of pollen and macrofossil analysis provides
a more reliable basis for the reconstruction of local forest
development and tree-line changes (Watts 1979; Jackson
1989; Birks and Birks 2003).

The Setesdal valley crosses all but one (the south arctic)
of the major vegetational ecotones in Norway (Moen 1998,
Fig. 1). Since the vegetation zones are spatially compressed
by altitude, migration delay is unlikely to be important and
climate is thus assumed to be the major determinant of
plant distribution within Setesdal. We studied an altitudinal
transect of small lakes situated close to the present vege-
tational ecotonal boundaries, where a climatic change in
the past that would have caused a change in vegetation that
may be detectable from fossils preserved in the sediments.
With this ecological setting, our aims were two-fold: first,

to reconstruct the vegetation history in the Setesdal valley
through the Holocene, with a focus on tree migrations and
forest changes and hence the climatic fluctuations in south-
ern Norway, and second, to compare and evaluate pollen
and macrofossil analyses as tools for reconstructing forest
and tree-line changes.

The sites

The Setesdal valley runs from 58◦N to nearly 60◦N for
200 km (Fig. 1) from the south coast and the temperate
Nemoral deciduous forest region to the high-alpine zone on
the Haukelifjell plateau. The pine tree-limit is at c. 900 m
and the tree-line, formed by Betula pubescens s.l., is passed
at about 1000 m. The range of mean annual temperature
and precipitation along the Setesdal transect is 8◦C to −2◦C
(Aune 1993) and 1500–3000 mm yr−1 (Førland 1993), re-
spectively. As part of the Setesdal project, sediments from
11 small lakes have been pollen-analysed in all the vege-
tation zones (SM Peglar and HJB Birks unpublished). Be-
cause of difficulties encountered in ascertaining the local
presence of taxa from the pollen record, macrofossils were
subsequently analysed from 4 of the lakes (Fig. 1; Table 1).

The lake at Dalane (40 m asl) is in the Nemoral zone of
mixed deciduous-coniferous forest. A small stream enters
through a boggy area at its northwest end. A small farm to
the north has no apparent influence on the lake. The basal
marine sediments (Fig. 2a) show that a coastal bay was cut
off from the sea by land uplift to form a freshwater lake.
The bedrock is mainly acidic gneiss. The common trees
are Pinus sylvestris, Populus tremula, Tilia cordata, Betula
pendula, B. pubescens, and Quercus robur. The lake con-
tains aquatic macrophytes (e.g. Potamogeton natans, Spar-
ganium angustifolium, Callitriche spp., Nymphaea alba,
Nuphar lutea) and is bordered by mesotrophic mires or
cliffs. The steep cliffs on the north-western and south-
eastern shores are cloaked by mixed forest, including Tilia
cordata, Ulmus glabra and (rarely) Taxus baccata.

Grostjørna (180 m asl) lies in the Southern-Boreal vege-
tation zone dominated by conifers. The lake drains south-
wards and has an inflow from a tarn 120 m higher to the
southeast. Acid granodiorite and hornblende gneiss dom-
inate the bedrock. The vegetation is open Pinus sylvestris
woodland with scattered Picea abies and Betula pubescens.
Vaccinium myrtillus, Empetrum nigrum, and Deschampsia
flexuosa dominate the field-layer. Macrophytes in the lake
include Nuphar lutea, Nymphaea alba, and Utricularia vul-
garis. The cliff at the northern end of the lake supports
deciduous trees such as Quercus robur and Ulmus glabra.
Bog vegetation borders the lake below the cliff and at the
south shore.

Lille Kjelavatn (1000 m asl) is near the upper limit of
the Northern-Boreal zone. It is 100 m above the present
pine limit at 900 m and close to the birch tree-line. A small
outflow drains northeast. Granite dominates the bedrock.
The lake lies in a steep hollow and is surrounded by open
birch forest, boggy peat shores, and steep scree slopes. The
shrub layer is dominated by Salix glauca, with scattered
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Fig. 1 Map of southern
Norway, showing the different
vegetation zones (from Moen
1998), the Setesdal valley,
(stippled line) and the lakes
investigated. H = Haukeligrend

Table 1 Lakes examined in this study, with their altitudes, modern climate, sediment and water depth, size and geographical coordinates

Site Altitude
(m)

Mean July
(◦C)

Mean January
(◦C)

Annual
precipitation
(mm)

Sediment
(cm)/water
depth (m)

Lake size
(m × m)

Latitude, longitude
(map reference)

Holebudalen (H) 1144 8.2 −7.1 900 259/8.2 100×250 59◦50′ N, 7◦0′ E
(LM 875 358)

Lille Kjelavatn
(LK)

1000 9.3 −6.7 840 162/3.5 100×50 59◦48′ N, 7◦15′ E
(LM 020 301)

Grostjørna (GR) 180 15.2 −3.5 1430 354/9.5 300×100 58◦32′ N, 7◦44′ E
(LM 263 895)

Dalane (D) 40 14.9 −1.5 1380 545/3.2 275×100 58◦15′ N, 8◦0′ E
(LM 417 565)

Map datum used is WGS84

Juniperus communis. Heaths, grasses and herbs of montane
character form the field layer. Aquatic vegetation is sparse.

The lake at Holebudalen (1144 m asl) lies on Precambrian
acid granitic gneiss in the low-alpine vegetation zone. The
lake receives water from a small lake, Reintjørna, at 1318 m
and drains steeply to the valley approximately 150 m be-
low the site. The lake is about 100 m above the present
tree-line of Betula pubescens. Grass-heath and snow-bed
communities dominate the catchment, characterised by
Salix herbacea, together with ferns, grasses, sedges, and
bryophytes. South-facing slopes support some tall-herb
communities with shrub-willows. No aquatic macrophytes
were observed.

Materials and methods

Sediments

Sediment cores were obtained in the summers of 1996 and
1997 using a 5 cm-diameter modified piston corer (Wright
1991) from a raft moored over open water at the deepest
point, usually in the centre of the lake. The upper uncon-
solidated sediments were retrieved using a Perspex tube
sampler (Wright 1980) and were sub-sampled immediately
by vertical extrusion into 1 cm thick segments. Two series
of overlapping cores were taken from all lakes. Cores and
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Fig. 2 a. Selected pollen influx values (grains cm2 y−1) and macro-
fossil concentrations (number per 25 cm3 sediment) of trees and
shrubs at Dalane (40 m asl), plotted against sediment depth. The es-
timated calibrated age of the sequence based on an age-depth model
is shown on the left hand side. The pollen silhouettes enclose hor-
izontal bars which indicate where the samples were counted. The
macrofossils are presented as histograms unless very rare, when they
are indicated by a ‘+’ outside the pollen curve. Type of macrofossil
is given in brackets (A = anther, B = bark, C = capsule, F = fruit, L
= leaf, N = needle, P = petiole, Sb = bud-scale, Sc = catkin scale,
So = stomata, St = stem). Radiocarbon dates and calibrated ages are
shown. The lithology is marine silt at the base, grading into fine detri-
tus lake gyttja. b. % loss-on-ignition at 550◦C, summary diagram of

total terrestrial pollen and spores, together with selected pollen and
spore percentages and macrofossil concentrations of ferns, herbs,
sedges, grasses and Cristatella at Dalane plotted against sediment
depth. Pollen percentages are presented as silhouette curves, with
white silhouettes indicating ×10 values, of total terrestrial pollen
and spores. Aquatic pollen and spore values are percentages of total
terrestrial pollen and spores plus total aquatics. Type of macrofossil
is given in brackets (Sp = sporangia, see caption to Fig. 2a for other
symbols). ‘P’ (for productivity) indicates estimated high values of
aquatic flora and fauna. All macrofossil values are given as number
per 25 cm3 of sediments except taxa denoted by ‘∗’ where abundance
categories have been used

samples were stored in the dark at 4◦C before sub-sampling
in the laboratory. Sediment lithology was described
following Troels-Smith (1955). Organic content was esti-
mated by loss-on-ignition (%LOI): 1 cm3 samples were
taken at 1–2 cm intervals, dried at 105◦C, weighed,
heated at 550◦C for 6 h, and the percentage weight loss
calculated.

Pollen and macrofossil analyses

Weighed tablets of known Eucalyptus pollen content were
added to 0.5 cm3 subsamples from the primary series
of cores before preparation to estimate concentrations
and influxes of pollen, spores, and charcoal. Samples
were treated by the standard Method B of Berglund and
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Ralska-Jasiewiczowa (1986) and suspended in silicone oil
(2000 cs). Pollen was counted over whole or half slides
along equally spaced traverses at a magnification of ×400,
using ×1000 for critical examinations, until a minimum
sum of 500 terrestrial pollen and spores was reached. Iden-
tifications were aided by keys (HJB Birks 1973; Moore
et al. 1991) and an extensive pollen reference collection.
Pollen-type names follow the conventions of HJB Birks
(1973).

Macrofossil samples were taken from the second series of
cores. These were correlated with the first series using the
%LOI. Samples spanning 1 cm depth were usually taken
at two or four cm intervals, depending on the amount of
change between analyses. Sample volume was measured
by water displacement. If necessary, humic sediment was
deflocculated for a few hours in dilute sodium pyrophos-
phate (Na4P2O7·H2O) or KOH (10%). The sediment was
rinsed with water through a 125 µm mesh. Plant macro-
fossils were picked systematically from the residue using
a stereomicroscope at ×12 magnification. Magnifications
of ×40–66 were used for identification. Detailed exami-
nations were made with a microscope with magnification
of up to ×1000 and optional overhead illumination. An
extensive reference collection, keys and atlases (see Birks
2001) aided identification. Plant nomenclature follows Lid
and Lid (1994).

Pollen and macrofossil diagrams

Pollen and spore taxa of trees and shrubs are presented as
accumulation rates (influxes) in Figs. 2a, 3a, 4a, and 5a.
This avoids the inevitable down-weighting of rare taxa by
a few species (e.g. Betula and Pinus) with high pollen pro-
duction, since, in contrast to percentages, influxes of any
taxon are independent of all other taxa. Selected aquatic
and terrestrial pollen and spore taxa representing herbs,
sedges and grasses are presented as percentages of total
pollen (Figs. 2b, 3b, 4b, and 5b), since these taxa gener-
ally do not produce enough pollen to complicate the in-
terpretations. Calculations and diagrams were made using
the programs TILIA and TILIA.GRAPH (Grimm 1990)
and then modified in Palaeo Data Plotter (Juggins 2002).
The pollen diagrams were divided into pollen assemblage
zones using constrained optimal sum-of-squares divisive
partitioning (Birks and Gordon 1985) within the program
ZONE (Juggins 1991). The statistical significance of the
zones was established by comparison with the broken-stick
model (Bennett 1996).

Macrofossil taxa are presented either as concentrations
per 25 cm3 of sediment or on a 0–5 scale (absent to
abundant) (e.g. charcoal, fern sporangia, Nymphaeaceae
astrosclereids (‘star cells’), Sphagnum leaves).

Dating and age-depth modelling

Accelerator mass spectrometry (AMS) radiocarbon dates
were obtained from small bulk-sediment samples pre-

treated at the Laboratory for Radiological Dating, Uni-
versity of Trondheim and measured at the Ångstrøm Lab-
oratory in Uppsala. It would have been preferable to date
terrestrial plant material, but the macrofossil studies were
made after the pollen analyses were completed and dated.
It was assumed that any hard-water error in the dates would
be minimal as all the sites are on non-calcareous bedrock.
However, especially in the earliest sediments, a hard-water
error may be present, resulting in dates that are a few hun-
dred years too old. The radiocarbon dates (Table 2) were
calibrated as calendar years (cal b.p.) before present (a.d..
1950) using CALIB 4.3 (Stuiver and Reimer 1993) method
A and the INTCAL98 bi-decadal calibration data-set (Stu-
iver et al. 1998). When calibrated, the ages often have
substantial 1σ ranges (Table 2) that vary due to the irreg-
ularity of the relationship between14C and calendar years
(radiocarbon wiggles and plateaux). For the same reason,
close 14C ages can have widely different calibrated ages
(Table 2). Age-depth models for the four cores were de-
veloped using a weighted mixed-effect regression model
within the framework of generalised additive modelling
(Heegaard et al. 2005) to derive the simplest parsimonious
age-depth model for each sequence (Seppä and Birks 2001).
The uppermost sediment was assumed to be modern and
was assigned an age of −47 or −48±5 years b.p. for mod-
elling purposes. It is desirable to construct age-depth mod-
els to provide ages for samples that are not directly dated
and to enable pollen influx calculations. However, the con-
siderable uncertainties associated with the dates themselves
(laboratory measurements, inherent sedimentary sources of
error) and then with calibration to calendar years, combined
with the relatively few dates (6–8) for each sequence and
the inherent uncertainties in statistical modelling lead to a
large imprecision in any age-depth model and in the age
estimates for individual samples (Telford et al. 2004). This
has to be borne in mind when assessing the likely ages of
events in the sequences. The age models are shown to the
left of the diagrams (Figs. 2a, 3a, 4a, and 5a).

Results

Table 2 lists the radiocarbon dates and their calibrated ages.
Pollen influxes and macrofossil concentrations of selected
trees and shrubs are presented in Figs. 2a, 3a, 4a, and 5a,
for Dalane, Grostjørna, Lille Kjelavatn, and Holebudalen
respectively. Pollen percentages and macrofossil concen-
trations of selected herbs, sedges, and macrophytes are
presented in the same order of sites in Figs. 2b, 3b, 4b, and
5b. A comparison of pollen influx, percentages and macro-
fossil data for selected tree taxa is presented in Fig. 6.

Discussion

The vegetational and climate development through the
Holocene are discussed for each site, in time sectors of
early-, mid-, and late Holocene. Details of the pollen zones
and sub-zones are not discussed, since these are not the
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Fig. 3 a. Selected pollen influx values and macrofossil concentra-
tions at Grostjørna, plotted against sediment depth. The lithology is
silt and sand at the base grading into fine detritus lake gyttja. Symbols
are as in caption to Fig. 2a. b. % loss-on-ignition at 550◦C, summary

diagram of total terrestrial pollen and spores, with selected pollen
and spore percentages and macrofossil concentrations at Grostjørna,
plotted against sediment depth. Symbols are as in captions to Fig. 2a
and b

focus of this paper. The pollen and macrofossil records are
compared for each site and between sites for the major tree
taxa through the Holocene in Setesdal.

Vegetational and climatic development

DALANE (40 m asl); Figs. 2a and b

Younger Dryas-Holocene transition; c. 11500–10500 cal
years b.p. (pollen zones DP-1a-b). The lowest sediments are
marine, containing dinoflagellate cysts (hystrichospheres)
and foraminifera. The plant remains (Fig. 2a and b) indicate
a Younger Dryas age, as they reflect montane dwarf-shrub
heath (Salix, Betula nana, Empetrum, Dryas), grassland
and snow beds (Ranunculus glacialis). The absence of any
pollen stratigraphic changes (Fig. 2b) implies rapid depo-

sition. It is possible that the earliest Holocene sediments
(c. 11500–10500 cal b.p.) have been lost during isolation
of the basin.

Early Holocene; c. 10500–8000 cal years b.p. (pollen
zones DP-2 to DP-4). In pollen zone DP-2 the sediments
change to freshwater deposits (Fig. 2a), with an increase
in %LOI and pollen influx (Fig. 2b). The relatively slow
sedimentation and low organic content make radiocarbon
dating difficult. The calibrated age scale below 946 cm
(9750±85 b.p./10340±320 cal b.p.) in Fig. 2a is a lin-
ear extrapolation and is probably not realistic. The early-
Holocene record at Dalane before c. 8000 cal b.p. is com-
pressed, making the calculation of the sediment accumu-
lation rate and the estimation of the timing of changes in
the fossil record difficult. Thus the peaks in Betula and
Pinus pollen influx at 945 and 939 cm may be artificially
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Fig. 4 a. Selected pollen influx values and selected macrofossil con-
centrations at Lille Kjelavatn plotted against sediment depth. Apart
from a minerogenic base, the sequence consists of uniform fine de-
tritus lake gyttja. incl. = including; other symbols are as in caption

to Fig. 2a. b. % loss-on-ignition at 550◦C, summary diagram of total
terrestrial pollen and spores, with selected pollen and spore percent-
ages and macrofossil concentrations at Lille Kjelavatn plotted against
sediment depth. Symbols are as in captions to Fig. 2a and b

exaggerated. In addition, the dating of bulk sediment may
include a reservoir effect, which could be checked by dat-
ing terrestrial plant material (e.g. Tørnqvist et al. 1992).
However, the reservoir effect was expected to be small as
the bedrock is non-calcareous.

The basal pioneer assemblage developed into open Salix,
Betula nana and Juniperus scrub with Empetrum, grasses,
ferns, and damp-soil herbs. The large increase in the pro-
portion of tree and shrub pollen through zone DP-2 in the
summary pollen diagram (Fig. 2b) is probably a percentage
artefact due to the low absolute amounts of both local and
regional pollen deposited. This is supported by the macro-
fossil record (Fig. 2a) where only B. nana was found at the

beginning of the Holocene. The Betula pollen maximum
would seem to reflect local B. nana growth together with
some long-distance tree-birch pollen (van Dinter and Birks
1996). Birch-forest seems not to have been established at
the very beginning of Holocene, as was proposed by Aas
and Faarlund (1988), but at the start of zone DP-3. This
is tentatively estimated at c. 10000 cal b.p.; a firm conclu-
sion should not be drawn because of the dating difficulties
and model uncertainties. The peaks in Pinus pollen in zone
DP-3 coincide with the start of the macrofossil record of
bud scales, but the macrofossil numbers only expand sub-
stantially after the pollen maxima, suggesting that the latter
might be partly a result of long-distance transport and/or
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Fig. 5 a. Selected pollen influx values and macrofossil concen-
trations at Holebudalen plotted against sediment depth. The lower
sediments are coarse detritus lake gyttja grading into fine detritus
gyttja above 945 cm. Symbols are as in caption to Fig. 2a. b. % loss-

on-ignition at 550◦C, summary diagram of total terrestrial pollen
and spores, with selected pollen and spore percentages and macro-
fossil concentrations at Holebudalen plotted against sediment depth.
Symbols are as in captions to Fig. 2a and b

partly an artefact of the slow and imprecisely calculated
sedimentation rate (Figs. 2a and 6). One interesting as-
pect is that the macrofossil evidence indicates the arrival
of pine soon after tree-birch (Fig. 2a) in contrast to the
proposal by Hafsten (1987) that pine expanded some 400
years later than tree-birch. However, the slow sedimenta-
tion rate may exaggerate this impression. In the lake, the
expansion of Isoetes echinospora, I. lacustris, Nymphaea,
and the bryozoan Cristatella mucedo (Fig. 2b) indicates
summer temperatures above c. 10◦C.

Corylus pollen influx and percentages increase abruptly
in zone DP-3, indicating the local arrival and expansion
of Corylus, although its macrofossils (bud-scales) are not
recorded until zone DP-4. These bud-scales preserve poorly
and are hard to identify (Tomlinson 1985). In addition,
the parent plants may have been growing too far from

the lake for macrofossil remains to reach the sediments,
whereas the pollen is widely wind-dispersed. Corylus ar-
rived at a similar time elsewhere in Norway (Danielsen
1970; Hafsten et al. 1979; Kaland 1984). The gradual in-
creases in deciduous-tree pollen (Fig. 2a) suggest that these
taxa were spreading towards southern Norway (Fig. 2a). In
the lake there is an increase in Isoetes spp., Nymphaeaceae
and Potamogeton, which provided a habitat for Cristatella
(Fig. 2b).

In zone DP-3 Populus tremula pollen increased. Although
the influx curve rises in DP-2 and is high until the end of DP-
4, Populus may actually not have been very abundant, con-
sidering the low influx values (Fig. 2a). Its macrofossils do
not have a continuous record until DP-4, suggesting a low
frequency in DP-3 if it was growing locally. Small stands
may have occupied the nearby cliffs, perhaps together with



73

Fig. 6 Comparison of pollen percentages (filled curves), pollen
influx (open curves) and plant macrofossil concentrations (filled his-
tograms) for selected tree taxa plotted against calibrated years b.p.

at the four sites. The x-axis for each proxy is kept equal within the
species, but an exaggeration of ×10 has been added for influx curves
with very low values
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Fig. 6 Continued
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Table 2 Radiocarbon dates from the four sites investigated, with
laboratory number, sample depth,14C age b.p. and14C-calibrated age
b.p.

Site Laboratory
number

Sample
depth (cm)

14C yrs. b.p. Cal yrs. b.p.
(± 1σ)

Holebudalen TUa-1982A 832 2295±50 1647±107
TUa-1983A 884 4105±85 3928±195
TUa-1984A 932 5585±75 6034±247
TUa-1985A 960 6650±75 7262±278
TUa-1986A 992 7665±60 8666±306
TUa-1987A 1024 8385±80 10070±353
TUa-1988A 1037.5 9740±70 10662±387

Lille
Kjelavatn

TUa-1914A 320 1340±55 1170±113

TUa-1915A 360 3470±65 3641±223
TUa-1916A 382 4235±75 4841±251
TUa-1917A 412.5 5210±105 6396±299
TUa-1918A 453 7685±90 8411±295
TUa-1919A 461.5 7935±65 8832±468

Grostjørna TUa-2463A 1070 1240±55 1272±204
TUa-2464A 1115 1955±75 2548±258
TUa-2465A 1195 4560±65 5121±349
TUa-2466A 1260 5875±65 7495±280
TUa-2467A 1320 8175±90 9888±286
TUa-2468A 1335 8920±75 10502±255
TUa-2469A 1347 9810±70 10995±252

Dalane TUa-2370A 554 670±70 474±245
TUa-2371A 618 1345±65 1439±288
TUa-2372A 714 2905±65 3261±386
TUa-2373A 774 3820±65 4731±412
TUa-2374A 870 6365±70 7658±319
TUa-2375A 922 8130±75 9476±359
TUa-2376A 930 8690±75 9764±403
TUa-2377A 946 9750±85 10342±320

All AMS dating was performed on small (0.5 or 1 cm) bulk samples
of lake sediments from the cores used for pollen analysis

Corylus, before Ulmus and other more competitive (i.e.
shade tolerant) species arrived. According to Danielsen
(1970) and Hafsten (1987), Ulmus arrived in southern
Norway about 9450 cal b.p., compared to 9700 cal b.p. at
this site. However, our date may be too old (see above) and
has an uncertainty of about ±300 years. There is no macro-
fossil evidence for local growth until c. 300 years later (DP-
4). This may be because Ulmus fruits and bud-scales, like
Corylus bud-scales, do not preserve well. Consequently,
their absence further up the macrofossil record (Fig. 2a)
when the pollen values are much lower, may not mean
that Ulmus was absent. Today Corylus and Ulmus have
tetratherms (mean June-September temperature) of 12.5◦C
and 11.4◦C (Helland 1912) respectively, suggesting an in-
crease in summer temperature around 9000–9500 cal b.p.
This would have led to improved soil fertility. In addition,
nitrogen fixation by Alnus roots would also increase soil ni-
trogen content through the decomposition of Alnus leaves.

The expansion of Alnus pollen at the beginning of zone
DP-4 (c. 9800 cal b.p.) is relatively early compared with

some areas (e.g. Hafsten 1987; Huntley and Birks 1983) but
not all areas (Bennett and Birks 1990) in north-west Europe.
Local variation in the timing of the arrival and expansion of
alder appears to be characteristic of its Holocene behaviour
(Birks 1989; Bennett and Birks 1990). In addition, our
date may include a reservoir effect. The large pollen influx
from c. 9700 cal b.p. (Fig. 2a) suggests local occurrence
and is soon followed by macrofossil evidence. It was not
possible to separate A. glutinosa from A. incana. It has
been suggested that A. glutinosa spread from the south and
A. incana from the east (Tallantire 1974; Kaland 1984), so
the Dalane records of Alnus fruits might be A. glutinosa.
If so, the mean tetratherm temperature was at least 12.4◦C
(Helland 1912).

During zones DP-2–DP-4 the closed forest was domi-
nated by Betula and Pinus, with Corylus and Ulmus. Alnus
was common in wet areas and Populus and cf. Sorbus aucu-
paria grew in places with less shade, such as on the cliffs.
Salix bushes occurred near the lake, and aquatic macro-
phytes flourished.

Mid Holocene; c. 8000–3000 cal years b.p. (pollen zone
DP-5 to first half of DP-6. During zone DP-5, the birch-
pine forest was colonised increasingly by deciduous trees
(Populus, Quercus, Alnus, Tilia, Fraxinus) that competi-
tively reduced the pine and birch. The Nemoral vegetation
type developed, which still persists today, especially on the
south-east facing cliff above the lake. The pollen influx val-
ues of Tilia cordata rise sharply c. 8000 cal b.p. accompa-
nied by macrofossils (Fig. 2a). This indicates the arrival of
T. cordata in Norway 700–800 years earlier than previously
suggested by Hafsten (1987); however see the comments
on radiocarbon dating above. Fraxinus excelsior reached
northern Europe around 6800 cal b.p. (Huntley and Birks
1983) and was the last warmth-demanding tree species to
arrive in Norway. The delayed arrival was probably due to
its shade intolerance and hence its need for forest openings
(Birks 1989) which may have been rare in the closed Tilia,
Ulmus, and Quercus forests. The low influx values and
the absence of macrofossil evidence (only one macrofossil
was found, just before 1000 cal b.p.) make it difficult to say
when Fraxinus became locally established at Dalane, but it
has evidently never been common. Quercus was uncommon
at the beginning of this zone, but shows gradually increas-
ing pollen influx values. Although its pollen record started
at around the same time as that of Ulmus (10500 cal b.p.), it
did not become an important component of the forest until
c. 7000 cal b.p. (see also Danielsen 1970; Hafsten 1987)
which coincides with the first record of its macrofossils.
Taxus baccata was also present in zone DP-5, but was not
common. It is often associated with calcareous soils, but if
competition is not severe it can flourish on acidic soils, as
it does in Setesdal today.

In the first half of DP-6, Corylus and Quercus increased
and Pinus, Ulmus, and Fraxinus decreased. Tilia remained
common. Around 4000 cal b.p. (early zone DP-6) a peak
in Taxus pollen influx implies that Taxus expanded near
the lake, perhaps on to the cliffs. It subsequently decreased
but remained locally present. Mires developed around the
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lake, with large amounts of Juncus and, later, the presence
of Drosera and Myrica gale (Fig. 2b). This mire develop-
ment may explain the disappearance of Alnus macrofossils
around 2500 years cal b.p. (Fig. 2a), even though its pollen
values remain high, since the trees may have been situated
further from the lake and their fruits and bud-scales fil-
tered out before they could reach the water (Wainman and
Mathewes 1990). Three pollen grains of Picea recorded be-
tween 4000 and 3000 cal b.p. cannot be taken as evidence
of local spruce occurrence (Giesecke and Bennett 2004; cf.
Segerström and Stedingk 2003).

Late Holocene; c. 3000 cal years b.p.-present (upper half
of pollen zone DP-6 and whole of DP-7). Mesotrophic
mire development continued (Fig. 2b) with Carex, Poaceae,
Drosera, and Juncus spp. increasing. During DP-6, the
record of Isoetes lacustris ceased, although I. echinospora
persisted and occurs in the lake today. Its megaspores were
not recorded.

In DP-7 the proportion of herbs, pteridophytes, and
grasses increased relative to that of trees and shrubs
(Fig. 2b), suggesting some forest clearance for cultiva-
tion, as indicated by Hordeum-type pollen (Fig. 2b) and/or
grazing. Light-demanding trees such as Sorbus aucuparia,
Fraxinus and Acer became more apparent. Anomalously,
Populus pollen virtually disappeared but its macrofossils
were still recorded. Low continuous influx of Picea pollen
started c. 1500 cal b.p., suggesting that Picea had im-
migrated to the region. However, macrofossils (Fig. 2a)
demonstrating its local presence at Dalane are not recorded
until c. 700 cal b.p.

GROSTJØRNA (180 m asl); Figs. 3a and b

Early Holocene; c. 11500-c. 8000 cal years b.p. (pollen
zones GR-1 to GR-4a). Zones GR-1 and GR-2 contain char-
acteristic late-glacial taxa such as Artemisia, Rumex spp.,
and Oxyria. The basal minerogenic sediments may repre-
sent the end of the Younger Dryas. The extrapolated age
scale places the start of the Holocene (11500 cal b.p.) at
the zone GR-1/GR-2 boundary, where Ericaceae and Salix
pollen increased, quickly followed by ferns and Betula in
a typical early Holocene succession. Later in GR-2, %LOI
and species diversity increased (Fig. 3a and b). The vege-
tation was probably a mosaic with occasional Betula spp.
and Populus tremula, mixed with Salix, heaths, and ferns.

Macrofossils show that tree-birch and poplar were
present by c. 10800 cal b.p. (Fig. 3a). The arrival of Popu-
lus accords with Huntley and Birks (1983), who estimated
that it arrived in southernmost Norway near 11150 cal b.p.
(c. 10000 14C) b.p. Pinus arrived about 1000 years later
(9900 cal b.p.). This is slightly earlier than at Dalane, where
there are dating problems in the lowermost sediments. Al-
ternatively, the bulk sediment dates at Grostjørna may be
affected by a reservoir age. Although the underlying rocks
are acidic, dates on terrestrial plant material would be de-
sirable. However, it may also be that the vegetation did not
develop gradually and in an ordered way, but rather in steps,

where chance (‘historical accident’, Carrión 2002) was im-
portant for where and when species settled. Perhaps the
coastal situation of Dalane was less favourable for seedling
establishment than the more sheltered Grostjørna, where
the mean July temperature is higher than at Dalane today
(Table 1). Pinus and Betula have high pollen percentages
and influx values in zones GR-2 and GR-3 but their macro-
fossils are sparse or absent. They were growing regionally
but the macrofossil evidence suggests either they were not
close to the site or that macrofossils were not transported
into deep water (c. 13.5 m) at the coring site (HH Birks
1973).

Early in pollen zone GR-3a, a Juniperus pollen peak
indicates its local abundance in the woodland (Fig. 3a).
Simultaneously, Calluna vulgaris became established and
remained common for the rest of Holocene, apparently un-
affected by increasing shade (Fig. 3b). The pollen influxes
of thermophilous deciduous tree taxa, especially Corylus,
increase in zone GR-3 (Fig. 3a), suggesting their northward
expansion. However, the only macrofossils, Betula and
Salix, are sparse, suggesting that Grostjørna may have
been an ineffective macrofossil trap during this period.
In pollen zone GR-4a the forest became denser, with
abundant Pinus and Betula trees (macrofossil evidence)
and some Alnus and Populus. To our knowledge this is the
earliest Holocene record of Alnus (9900 cal b.p., Fig. 3a)
in Norway. Why it became established at Grostjørna prior
to Dalane may be for the same reasons discussed above
for pine, birch, and poplar (Bennett and Birks 1990), or
because of a dating anomaly. The occurrence of B. pendula
macrofossils, and the fact that the Alnus is probably A.
glutinosa (Tallantire 1974) suggests an increase in summer
temperature. This is also suggested by the pollen records
of Ulmus, Fraxinus, and Corylus in zones GR-3 and
G-4 (tetratherms of 11.2, 12.4, and 12.5◦C, respectively,
Helland 1912), which probably grew locally judging from
the relatively high influx values (Fig. 3a), although the
species are not represented by macrofossils. Tilia pollen
also started to increase in zone GR-4. Aquatic diversity and
productivity gradually increased (Fig. 3b) with the arrival
and expansion of Nymphaeaceae, Isoetes echinospora, I.
lacustris, and Cristatella. The occurrence of Juncus spp.
(Fig. 3b) suggests mire development around the lake.

Mid Holocene; c. 8000–3000 cal years b.p. (pollen zones
GR-4b to lower half of GR-4c). GR-4b stands out as the
zone with the most terrestrial macrofossils (Fig. 3a). De-
ciduous forest must have been well established around the
lake. Populus tremula, Fraxinus, cf. Sorbus, and perhaps
Taxus baccata were probably on the cliffs. Alnus and Salix
occurred in damp places and Pinus, Betula, Tilia, Corylus,
Quercus, and Ulmus in drier habitats. Overall this suggests
a further increase in temperature and soil maturation.

Corylus and Ulmus are not represented by macrofos-
sils until c. 8500 and c. 7000 cal b.p. respectively, which
is much later than suggested by Kaland and Krzywinski
(1978) for their local arrival. As at Dalane, the macrofossils
are recorded after the initial maximum pollen influx peaks
that are considerably earlier, although the influx of both is
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lower than at Dalane (Fig. 6). Corylus pollen influx (Fig. 3a)
suggests local occurrence from at least 10500 cal b.p. As
at Dalane, Quercus trees were uncommon, not becoming
important until c. 7000 cal b.p. (Fig. 3a), in agreement with
the evidence of Danielsen (1970) and Hafsten (1987).

During zone GR-4b Juncus seeds increased considerably,
indicating, together with the presence of Scirpus lacustris
type and Carex pollen, an expansion of mesotrophic mires
and swamps around the lake (Fig. 3b). In GR-4c there
is a small decrease in the proportion of tree and shrub
pollen and a marked decrease of Betula spp. and Pinus
macrofossils, but not their pollen percentages or influx.
Quercus pollen increased, which could be due to opening
up of the forest. Records of Plantago spp. and, at about
2800 cal b.p., cereal pollen, suggest human activity in the
area. Although macroscopic charcoal is most frequent in
zone GR-4b, suggesting local burning, the slight increase in
microscopic charcoal (Fig. 3b) in zone GR-4c might result
from nearby human settlement. Nymphaeaceae increased
in zone GR-4c (Fig. 3b) but other aquatics were unchanged.

Tilia, Ulmus, Fraxinus and Sorbus macrofossils are ab-
sent but pollen is present. If these species were growing
locally on the cliff, the mire development below may have
trapped the plant remains and prevented them from reach-
ing the lake (Wainman and Mathewes 1990). In addition,
fruit production of these taxa is relatively low and the non-
woody Ulmus and Fraxinus fruits are not well preserved.
Similarly their bud-scales are fragile and difficult to iden-
tify.

Late Holocene; 3000 cal b.p. – present day (pollen-zones
upper half of GR-4c to GR-5). In GR-4c the forest was
dominated by Betula, Pinus, Alnus, and Quercus with scat-
tered Corylus and Populus. The warmth-demanding trees
were probably growing on the cliff, as suggested above,
with the mire below trapping plant material. Picea pollen
is first recorded at about 1600 cal b.p. (Fig. 3a) at the same
time as extensive spruce-dominated forest had developed
in Sweden (Huntley and Birks 1983, Giesecke and Ben-
nett 2004). However, the amounts of pollen are very small,
so a local occurrence at Grostjørna is not likely until per-
haps 500 cal b.p. A reduction in forest diversity and density
occurred in zone GR-5, when Fraxinus disappeared and
Populus, Ulmus, Tilia and Quercus were substantially re-
duced. Juniperus and Calluna expanded in the openings,
together with Myrica in mires. Betula gradually declined,
leaving Pinus as the dominant tree, as it is today. Hordeum-
type and Secale pollen indicate cultivation near the site.
Floating-leaved macrophytes were still present but Isoetes
spp. were reduced (Fig. 3b).

LILLE KJELAVATN (1000 m asl); Figs. 4a and b

Early Holocene; c. 9000–8000 cal b.p. (pollen zones LK-1
and LK-2a). This sequence starts after the arrival of pine
and birch. Their macrofossils are found in the basal sed-
iments at around 9000 cal b.p. (Fig. 4a). Records of pine
stumps (9300 cal b.p.) 1100 m a.s.l. on the Hardangervidda

plateau (Moe 1979) and pine stumps of 9650 cal b.p. age
on the eastern Hardangervidda (Aas and Faarlund 1988),
also suggest that pine was growing at high altitudes by this
time. Birch megafossils, in contrast, have never been dated
to as old as this in southern Norway, perhaps due to poor
preservation. However, with birch growing at Grostjørna
and Dalane at 11000 and 10000 cal b.p. respectively and
with 8900 year-old (cal b.p.) birch stumps at an altitude of
1288 m in southern Jotunheimen (Aas and Faarlund 1988),
it is likely that birch was growing around Lille Kjelavatn at
least by 10000 cal b.p. The Picea pollen grain recorded at
c. 9600 cal b.p. could be the result of long-distance trans-
portation from small populations in central Sweden (e.g.
Kullman 2000; Giesecke and Bennett 2004).

Pollen and macrofossil assemblages (Fig. 4a and b) re-
flect Pinus - Betula woodland with cf. Sorbus and Juniperus
and a field layer of ferns (Dryopteris-type), grasses, sedges
and herbs. Low pollen influx of Ulmus, Tilia, Quercus,
Corylus, and Alnus (Figs. 4a and 6) probably derives from
the presence of these trees in the valleys. A slightly higher
(c. 200 grains cm−2 yr−1) influx of Corylus and Alnus
pollen suggests these taxa may be closer to Lille Kjelevatn,
although they are both large pollen producers. Higher influx
values than these (as at Dalane and Grostjørna) and perhaps
also macrofossils would be expected if they were growing
locally (Fig. 6). Isoetes echinospora and Potamogeton were
already established in the lake.

In pollen zone LK-2a, a decrease in Juniperus and Em-
petrum may suggest that the forest became denser. Slightly
increased thermophilous tree-pollen from the lowlands sug-
gests the spread of trees, perhaps in response to climatic
warming.

Mid Holocene; c. 8000–3000 cal b.p. (pollen zones LK-
2b to upper part of LK-3). In sub-zone LK-2b, a small
increase in Empetrum nigrum, Calluna vulgaris, and Vac-
cinium spp. pollen and macrofossils, with increasing fern
spores (though a gradual decrease in sporangia) reflects the
acid soil conditions that favoured ericoids in dry areas and
tall ferns in mesic areas within the birch and pine forest.

At the beginning of LK-3 Pinus and Betula dominated
with some cf. Sorbus aucuparia. The increase in Junipe-
rus and Empetrum macrofossils may suggest more open
areas, but could also reflect a replacement of the ferns as
podsol soils developed. Pine macrofossils decreased from
5400 cal b.p. and became almost completely absent at c.
4000 cal b.p. (Fig. 4a). Megafossils from this altitude in
southern Norway have not been dated after c. 5300 cal b.p.
(Moe 1979), also suggesting the lowering of the pine limit
and the tree-line. The local disappearance of pine is asso-
ciated stratigraphically with an increased inwash of scle-
rotia of the soil fungus Coenococcum and of Selaginella
selaginoides megaspores and a decrease in %LOI, suggest-
ing soil instability. Climatic cooling and increased precip-
itation may have caused the catchment changes, perhaps
exacerbated by grazing and felling, reducing pine regener-
ation near to its climatic limit. The persistent occurrence of
Plantago lanceolata pollen (Fig. 4b) indicates exploitation
for grazing. The gradual decrease in the low influxes of
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long-distance pollen of the thermophilous trees including
Alnus (Figs. 4a and 6) may reflect cooling at lower alti-
tudes. On the whole, there appears to have been a general
cooling of climate, approaching today’s Northern-Boreal/
low-alpine conditions at Lille Kjelavatn. The higher lake
productivity (Fig. 4b), indicated by increased Isoetes and
Cristatella abundance, may have resulted from an increased
input of mineral material and nutrients from the catchment.

Late Holocene; 3000 cal b.p. – present (pollen zones up-
per part of LK–3 to LK-5). The continued decrease in
tree-pollen indicates more open Betula woodland, mixed
with Juniperus, dwarf shrubs (Empetrum, Calluna vulgaris,
Ericaceae-type, Vaccinium-type) and herbs. The rise in Se-
laginella selaginoides microspores suggests an expansion
of damp grassland and some soil instability. Picea pollen
percentages reach c. 2% at about 2000 cal b.p., about four
times those at Dalane and Grostjørna. However, its influx
is much lower than at these sites, demonstrating the ef-
fect of increased percentages of long-distance transported
pollen in sites with low local pollen production. The in-
crease at Lille Kjelavatn occurs earlier than in southern
Setesdal, supporting the inference of Huntley and Birks
(1983), Hafsten et al. (1979) and Giesecke and Bennett
(2004) that Picea spread from the east. Pollen evidence
from upper Grungedal (H.J.B. Birks and S.M. Peglar un-
publ.) and other valleys east of Haukeli (Fig. 1) shows its
local presence here at about this time; this is probably the
source of Picea pollen at Lille Kjelavatn (Birks et al. 2005).

By c. 1800 cal b.p., the vegetation resembled the mod-
ern vegetation, with sparse tree-Betula and extensive
ericaceous-Juniperus dwarf-shrub heath with Gentianella
campestris-type and several sub-alpine/alpine species (e.g.
Sagina and Selaginella selaginoides) growing in damp
and more base-rich flushed areas on the surrounding
slopes.

HOLEBUDALEN (1144 m asl); Figs. 5a and b

Early Holocene; c. 10800–8000 cal years b.p. (pollen
zone HP-1)

No Pinus stomata were found on the pollen slides, but a bark
fragment (Fig. 5a) was recorded at about 10000 cal b.p., in-
dicating the possible local occurrence of pine at or near
Holebudalen. Pine stumps at almost 1200 m elevation on
the Hardangervidda and dated to c. 9650 cal b.p. (Aas and
Faarlund 1988) suggest that this is not unexpected. How-
ever, pine was probably more common in the valley just
below the site (e.g. round Lille Kjelevatn) and occasional
bark fragments could have been blown to the site in winter
over a smooth snow landscape. Local presence of pine is
usually documented by abundant macrofossils (Fig. 6). In
spite of the relatively low influx values for Betula and Salix
(Fig. 5a), the occurrence of macrofossils suggests the pres-
ence of open birch woodland from c. 10800 cal b.p., with
an understorey of willow and juniper bushes, dwarf shrubs,
ferns, and herbs (Fig. 5b).

Pollen of Narthecium ossifragum and Humulus lupulus,
both with altitude limits today 250–300 m below Hole-
budalen, together with the occasional pine macrofossils,
suggests a warmer climate than today. This may be partly
explained by early Holocene land uplift. At Finse (c. 80 km
north) uplift is about 70 m since c. 10000 cal b.p. (Dahl and
Nesje 1996), which is a reasonable estimate for uplift at
Holebudalen. This implies the altitudinal limits of Pinus
and Narthecium were 190–220 m higher than today. Ap-
plying a 0.6◦C lapse rate per 100 m elevation results in
tetratherm values 1–1.5◦C higher than present during this
period which accords with the presence of birch woodland
round the site.

Mid Holocene; 8000-c. 2400 cal b.p. (pollen zones HP-2
and HP-3). Pinus and Juniperus pollen influx gradually de-
clined through zone HP-2, whereas influx from deciduous
trees, such as Corylus, Tilia and Ulmus, slightly increased
(Figs. 5a and 6), suggesting that Nemoral forest was more
extensive in the lowlands. Both pollen percentages and in-
flux of Alnus increased, particularly towards the top of the
zone, where records of clumps of immature pollen may
suggest the local growth of A. incana (Moe 1998). Similar
influx values at Lille Kjelavatn have no associated evidence
for local presence. However, the influx values are about one
tenth of those at Dalane and Grostjørna (Fig. 6), where most
of the Alnus pollen was probably from A. glutinosa. Open
birch woodland around the lake probably had an under-
storey of juniper and willows, with grasses, tall-herbs and
ferns. During this time Isoetes lacustris flourished in the
lake. Cristatella was rare, probably being near its climatic
limit.

Pollen zone HP-3 shows a large increase in ferns, higher
dwarf-shrub pollen values than in HP-2, a gradual increase
in herbs and Poaceae and a decrease in tree and shrub
pollen (Fig. 5a and b). Terrestrial macrofossils and in-
dicators of soil inwash (e.g. Coenococcum sclerotia) are
sparse suggesting a stable catchment. This stability may re-
flect reduced snow-meltwater input from Reintjørna above
Holebudalen and/or reduced solifluction on the surrounding
slopes. Glacial evidence from the Hardangerjøkulen glacier
some 80 km to the north indicates ice retreat between 6000
and 3800 cal b.p. (Dahl and Nesje 1996). Pollen percentages
could suggest that Betula, Pinus, and Alnus were growing
around the site during the first half of the zone, but the influx
values are too low to suggest local presence, so the percent-
ages are probably distorted by the lack of any high pollen
producers growing locally. This inference is supported by
the sparse macrofossil evidence, which suggests a few birch
trees growing by the lake and the absence of Alnus. At the
end of the zone, tree pollen and macrofossils decreased.
Empetrum and Salix macrofossils increased (Fig. 4a, and
b). One pine needle fragment and a few bark fragments
were probably transported long-distance, funnelled up by
the wind from the deep steep valley below, since there is
no corroborating evidence for other lower-altitude species
growing at Holebudalen at this time.

Increased inwash indicators at the end of the zone, the
decline in tree-pollen influx and the absence of Betula
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macrofossils (Fig. 5a) are evidence for loss of woodland.
The birch tree-line gradually dropped below the altitude of
Holebudalen (1144 m) around 2500 cal b.p. Dahl and Nesje
(1996) estimated that the pine tree-limit fell to its present
altitude (c. 900 m) by approximately 2600 cal b.p.

Late Holocene; c. 2400 cal years b.p. – present (pollen
zones HP-4 and HP-5). In pollen zone HP-4 tree-pollen
values (Betula, Pinus and Alnus) continued to decrease,
whereas fern spores increased as did many shrub (e.g. Salix,
B. nana), dwarf shrub (particularly Empetrum), and herb
taxa (Fig. 5a and b), indicating that the tree-line was mi-
grating further from Holebudalen. After c. 2500 cal b.p.
grassland and heath vegetation, characteristic of low-alpine
areas, expanded around the lake. Soil stability decreased,
as shown by an increased inwash of Coenococcum sclero-
tia and mycorrhizal root nodules (Fig. 5b) and the overall
increased influx of macrofossils. Isoetes lacustris did not
respond to increased minerals and nutrients but rapidly de-
clined and disappeared (Fig. 5), suggesting that its thermal
limit had been passed. However, its recorded maximum
altitude today is about 1220 m. Local factors or within-
lake processes may have caused its disappearance, pos-
sibly cooling by an increased inflow of snow meltwater
from the Reintjørna catchment above. There is no evidence
for tree-birch advance with climate warming over the last
century around Holebudalen, in contrast to central Sweden
(Kullman 2002a), although a few stunted seedlings were
observed near the lake in 1997.

Tree and shrub pollen continued to decrease in zone HP-
5, with a concomitant increase in herbs, dwarf shrubs, and
pteridophytes (Fig. 5a and b). Pollen and macrofossils of
taxa associated with snow-bed communities today (e.g.
Salix herbacea) increased, suggesting a continued trend
towards the development of the low-alpine vegetation of
today. Picea pollen influx and percentages increased c.
1200 cal b.p., but the values are extremely low (Figs. 5a
and 6). As Picea slowly spread westwards, its continuous
pollen record started at Holebudalen about 800 years af-
ter its continuous record at Lille Kjelavatn. There is no
subsequent increase, suggesting that Picea had reached its
natural climatic limit.

Holocene tree migrations and climate changes
in Setesdal

Our data reflect a rapid warming at the start of the Holocene
and the arrival of pioneer taxa, birch (c. 10500 cal b.p.),
and pine (c. 10000 cal b.p.) in the southern lowlands,
although these unexpectedly late dates have large uncer-
tainties. Birch spread through southern Setesdal and also
from the eastern lowlands, rapidly reaching the south
Norwegian mountains. It was already present at c.
10800 cal b.p. at 1144 m at Holebudalen but pine never ex-
panded there (Fig. 6), suggesting that the tetratherm never
exceeded 12◦C. However, both birch and pine were present
in the earliest sediments at Lille Kjelavatn (1000 m) at
c. 9000 cal b.p. Birch trees were probably absent in the
late-glacial in southern Norway (e.g. Birks 2003), but were

present during the Younger Dryas in southern Sweden (e.g.
Liedberg Jönsson 1988), Denmark (e.g. Jensen 1985) and
the central Swedish mountains (Kullman 2002b). Pinus ar-
rived in southern Setesdal about 400 years after birch. It was
absent in south Norway during the late-glacial (Birks et al.
2005; cf. Kullman 2002b), the nearest late-glacial localities
of the species probably being in Denmark (Bornholm), S.
Sweden (Birks et al. 2005) and the central Swedish moun-
tains (Kullman 2002b). It spread rapidly across northern
Europe at the start of the Holocene (Huntley and Birks
1983), and reached altitudes around 1000 m (accounting
for land uplift) by c. 9650 cal b.p. (Aas and Faarlund 1988).

The establishment of Ulmus and Corylus in southern
Setesdal indicates that tetratherm temperatures exceeded c.
12.5◦C by c. 10000 cal b.p. Their regional abundance in the
lower valleys is reflected by rises in long-distance pollen in-
flux at Holebudalen (Fig. 6). Alnus (probably A. glutinosa)
arrived very early in south Setesdal, about 10500 cal b.p.
at Grostjørna and 500 years later at Dalane, illustrating the
spatially and temporally patchy early establishment and
expansion of alder in Setesdal. A similar patchiness is de-
scribed from the British Isles by Bennett and Birks (1990).
Winters and springs must have been sufficiently mild for it
to reproduce (McVean 1953). Although A. incana inhabits
the middle valley today above the limit of A. glutinosa, we
found the fossils difficult to separate, even the fruits (Tal-
lantire 1974). However, no Alnus macrofossils were found
at the mountain sites and the low pollen influx suggests
pollen was blown from the valley below. If A. incana never
reached these altitudes, the mean maximum summer tem-
peratures were less than 17.2◦C (Moe and Odland 1992).
None of the sites shows evidence of, or response to, early
Holocene climate oscillations.

Tilia reached Dalane about 8000 cal b.p. and persisted un-
til today. It reached Grostjørna c. 1000 years later (Fig. 6).
It was probably delayed by lack of suitable habitats rather
than climate. Its macrofossil record ceased after c. 1500
years at Grostjørna and its pollen percentages and influx
decreased, suggesting human activity may have affected it,
although the important role of changes in a lake and its
catchment in influencing deposition of fossils should not
be ignored.

Human impact started to reduce forest cover in south
Setesdal around 2000 cal b.p. The present mean July tem-
peratures (Table 1) in south Setesdal are above the tempera-
ture requirements of the deciduous trees present during the
Holocene, so any small (1–2◦C) cooling would not have
affected tree populations as they were not near their cli-
matic limits. However, the situation was different at high
altitudes. The near disappearance of birch trees at Hole-
budalen around 5300 cal b.p. and a clear thinning of pine
trees at Lille Kjelavatn around 5000 cal b.p. (Fig. 6) corre-
late with glacier expansion phases at Hardangerjøkulen c.
6300–5200 b.p. (c. 7200–6000 cal b.p.) and Jostedalsbreen
c. 6000–5500 b.p. (c. 6800–6300 cal b.p.) (Nesje et al.
1994). The development of low-alpine vegetation at Hole-
budalen and the decrease in birch trees at Lille Kjelavatn
around 2500 cal b.p. (Fig. 7) can also, to some degree,
be correlated with glacier expansion phases in southern
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Fig. 7 A summary of the main
vegetational changes at the four
sites Dalane, Grostjørna, Lille
Kjelavatn, and Holebudalen,
plotted against calibrated years
b.p. The curves for deciduous
trees are the sum of the pollen
influx values for Corylus
avellana, Ulmus, Tilia cordata
and Quercus. At Holebudalen
and Lille Kjelavatn, the
deciduous influx curves were
multiplied by ×5 to make them
more visible. Filled circles
represent macrofossil
abundance. Vertical lines denote
major changes

Norway (Nesje et al. 1994). These two sites were near veg-
etation ecotones during the late Holocene and record the
vegetation responses to climatic changes.

Picea spread to Setesdal in the late Holocene. It was
present locally (macrofossils) at Dalane at c. 700 cal b.p.,
although its pollen values began to rise several centuries
earlier. At Grostjørna no macrofossils were found, although
its pollen influx became continuous (Fig. 3a) at the same
time as its macrofossil occurrence at Dalane (Fig. 6). Today
occasional trees are growing on the cliff at Grostjørna,
but perhaps they are so few that the probability of finding
macrofossils is very small. Native Picea is absent in the
central Setesdal valley today and the pollen records (SM
Peglar and HJB Birks unpubl.) indicate that it was spreading
from the south. In contrast, continuous pollen influx of
Picea started earlier at the high sites (c. 2000 cal b.p. at
Lille Kjelavatn, c. 1200 cal b.p. at Holebudalen), reflecting
its spread from the east (see above, Birks et al. 2005).
Both these sites are well above its present altitudinal limit,
although scattered spruce trees in the upper pine forests
may attest its continuing spread towards the upper limit of
pine today.

Comparison between pollen and macrofossils

Pollen and macrofossils differ in their reliability for the
inference of the local presence of trees, both within and be-
tween species, and between sites (mainly due to catchment
characteristics and lake-basin morphometry). We attempt
to evaluate their strengths and weaknesses using the pollen
and macrofossil records of the eight most common tree-
pollen taxa (Betula, Pinus, Alnus, Corylus, Ulmus, Tilia,
Quercus, and Picea). Pollen percentages and influx values
and plant macrofossil concentrations for each taxon and lo-
cality are compared directly in Fig. 6. Fig 7 gives an overall
synthesis of the data.

Betula

Most Betula macrofossils can be identified to species level,
but it is difficult to differentiate consistently between the
pollen of tree-Betula and Betula nana. At Dalane, macro-
fossils suggest that the first peak in Betula pollen influx
around 10200 cal b.p. was from B. nana, with tree-birch
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arriving shortly after (Fig. 2a). The relatively low macrofos-
sil concentrations (Figs. 2a and 6) suggest that birch trees
were never abundant. At Grostjørna pollen influx values
and tree-macrofossil expansions coincide (Fig. 6). There
is no evidence for the local growth of Betula nana so the
high Betula pollen percentages before the rise in influx at c.
10800 cal b.p. (Fig. 6) may be an effect of low local pollen
production exaggerating the percentages of long-distance
dispersed Betula pollen. The macrofossil record through
the Holocene shows a relatively constant background con-
centration with a well-marked period of greater abundance
from c. 9000–6500 cal b.p., which is not visible in either
the pollen percentage or influx curves (Fig. 6).

At Lille Kjelavatn Betula pollen percentages are almost
constant at c. 25%, only 5% lower than at Grostjørna and
slightly more than at Dalane. Pollen influx and macrofossils
correspond quite well (Fig. 6), suggesting a decrease from
open birch forest from c. 9000 cal b.p. to the present-day
conditions of solitary trees. The influx values are very much
lower than in the lowland sites, but the concentration of
macrofossils at Lille Kjelavatn is higher than at Dalane,
suggesting that Betula pubescens pollen production is much
reduced near its altitudinal limit. Without the macrofossil
evidence, it would have been difficult to determine whether
there were birch trees growing locally during the Holocene
or not. The difficulty of interpreting a regional or local
source of Betula pollen has also been demonstrated by
Birks (2003). One cannot say that a certain level of Betula
pollen influx represents the local growth of Betula without
knowing more about the effects of altitude and climate on
its biology.

At Holebudalen Betula pollen percentages are al-
most constant at c. 15–20% and influx is around
500 grains cm−2 yr−1 (Fig. 6), providing little information
about when and how much birch was growing locally, ex-
cept for a decline in the late Holocene. Macrofossils are nec-
essary to elucidate the history of birch at this high-altitude
site. Highest macrofossil concentrations during the early
Holocene suggest the occurrence of open birch woodland,
which then thins out and disappears around 2500 cal b.p.
(Figs. 5 and 6). As birch fruits are effectively wind dis-
persed, especially over winter snow in a treeless landscape
(HH Birks unpubl.), it is difficult to say whether single
tree-birch macrofossils derive from local presence or re-
mote growth in the valley below.

All four sites show the insensitivity of pollen percent-
ages as a record of local birch-tree presence and abun-
dance. Apart from the period of early Holocene abundance
at Dalane, the pollen influx records also do not reliably
indicate the abundance of trees. Influxes are high (c. 2000–
3000 grains cm−2 y−1) at both Dalane and Grostjørna, al-
though the concentration of macrofossils is much greater
at Grostjørna, even during the period of highest influx (up
to 6000 grains cm−2 yr−1) in the early Holocene at Dalane.
This difference may reflect differences in the efficiency
of the lakes as pollen and macrofossil traps; Grostjørna
has an overall greater concentration of macrofossils es-
pecially in the mid Holocene. The basin characteristics
influencing pollen and macrofossil sedimentation are vir-

tually unknown, and the same factors probably influence
the taphonomy of the fossils in different ways.

Pinus sylvestris

Due to its high pollen production and efficient dispersal,
it is difficult to determine what values of pollen percent-
ages and influx permit the presence of pine to be inferred
with confidence (Hicks and Hyvärinen 1999; Birks et al.
1996). At Dalane, pollen percentages and influx both peak
around 10000 cal b.p. (Fig. 6), whereas the macrofossils
peak slightly later, indicating the time of local expansion of
pine. The decrease in macrofossils is reflected in the pollen
influx, whereas the pollen percentages are insensitive. At
Grostjørna both pollen and macrofossils indicate a contin-
uous pine-forest during the last 10000 years. However, the
macrofossils give a more varied and detailed picture, first
with an increase of pine from around 10000 cal b.p., then
a pine-maximum between c. 9000–6000 cal b.p., followed
by a lower level until the present.

At Lille Kjelavatn, pollen percentages are as high or
higher than at Grostjørna throughout the sequence. How-
ever, the influx is c. 800 grains cm−2 yr−1 after 6500 cal b.p.,
which is less than half that at Grostjørna (mean c.
2000 grains cm−2 yr−1). Macrofossils, however, provide
more precise information, suggesting the early Holocene
development of pine-forest with a maximum density from
9000 to 5000 cal b.p. The decrease in pollen influx, whilst
the macrofossils suggest a stable local population (Fig. 6),
may be due to reduced pollen production as temperatures
were gradually decreasing. The point at which pine disap-
pears from the area cannot be determined from the in-
flux values alone, but the lack of macrofossils after c.
4000 cal b.p. strongly indicates when pine most likely dis-
appeared. This sequence clearly shows the importance of
studying macrofossils at high altitudes, where it is diffi-
cult to distinguish between low local production and long-
distance transported pollen. This is also the case at Hole-
budalen, where the few macrofossil records suggest when
single pine trees may have been present nearby. However,
small fragments of pine must be interpreted with care, and
the same applies to the absence of macrofossils. The pine
pollen influx is higher than at Lille Kjelavatn (c. 600–
1000 grains cm−2 yr−1; Figs. 5a and 6) illustrating the
difficulty of interpreting influx values in terms of local
presence of trees, especially pine (Hicks and Hyvärinen
1999).

Alnus spp.

Macrofossils were found only at the lowland sites (Fig. 6),
suggesting that Alnus never grew at 1000 m elevation. Ex-
cept for the percentage and influx peaks between 9500
and 8500 cal b.p., the pollen and macrofossils correspond
well at Dalane and Grostjørna. The low pollen percentage
and influx at Lille Kjelavatn and Holebudalen indicate a
long-distance source of Alnus pollen, although clumps of
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immature pollen were found in the mid Holocene at Hole-
budalen. Such clumps are not unambiguous evidence of
local alder presence (but see Moe 1998). Kullman (1998)
recorded Alnus glutinosa cones at 830m a.s.l. in central
Sweden dated to 7310 b.p. (c. 8000 cal b.p.).

Corylus avellana

At Dalane and Grostjørna macrofossils indicate the local
presence of Corylus during the second peak in the pollen
percentage and influx curves. Most of the other pollen peaks
are reflected in the macrofossils at Dalane. The discontin-
uous macrofossil record of Corylus may be explained by
the distance from the lake at which it was growing or by
the poor dispersal, preservation, and difficult identification
of its bud-scales. At Lille Kjelavatn and Holebudalen there
were no macrofossils (Fig. 6) and the relatively low pollen
influxes represent long-distance pollen dispersal. Percent-
ages at Holebudalen are as high as at Grostjørna but obvi-
ously should not be interpreted at face value.

Ulmus glabra

Apparently, the population density of U. glabra needs to
be fairly high for its local presence to be registered in the
sediments as macrofossils (Fig. 6). The reason probably
lies in the poor preservation of the bud-scales and in their
poor dispersal to the lake. Nevertheless, the records of Ul-
mus bud-scales at Dalane around 9000 cal b.p. coincide
with peaks of pollen percentages and influx, confirming its
local presence. A relatively rapid decrease in influx values
from the maximum is followed by a gradual decrease in
percentages and influx. At Grostjørna only one macrofos-
sil of Ulmus was found, just after the pollen influx peaks,
confirming local growth. As at Dalane, Ulmus decreased
from c. 5000 cal b.p. Pollen percentages at Lille Kjelavatn
and Holebudalen were at least as high as in the lowlands,
again demonstrating the percentage exaggeration effect of
abundant pollen production in the lowlands. The low pollen
influx values and absence of macrofossils give no evidence
for local growth of Ulmus near these lakes.

Tilia cordata

At Dalane pollen and macrofossils correlate well, both for
the time of arrival and the relative abundances (Fig. 6).
At Grostjørna macrofossils are present where the pollen
records show a large double peak, but the pollen record
begins much earlier with low values. At Lille Kjelavatn
and Holebudalen there were no macrofossils and the low
pollen influx values suggest no local growth of Tilia, but
a detectable and consistent record of long-distance trans-
ported pollen is notable for such a relatively heavy and
insect-dispersed pollen type. Kullman (1998) recorded a
T. cordata inflorescence at 526 m a.s.l. in central Sweden,
dated to 6980 b.p. (c. 7800 cal b.p.).

Quercus spp.

It is difficult to decide when Quercus arrived at Dalane from
the pollen percentage and influx curves (Fig. 6). However,
the macrofossils clearly indicate its latest time of arrival
and this coincides with increases in the pollen curves. At
Grostjørna the pollen influx peak around 4000 cal b.p. in-
dicates that Quercus arrived earlier than indicated by the
single macrofossil record at c. 2500 cal b.p. In general, in
forested areas, occurrence of macrofossils of upland trees
in lake sediment may be more or less accidental. At Lille
Kjelavatn and Holebudalen pollen influx and percentages
are very low (Fig. 6) and macrofossils are absent. Con-
sequently, the influx curves only reflect the expansion of
Quercus in the lowlands.

Picea abies

Increased influx values about 1500 cal b.p. at Dalane
(Fig. 6) may indicate the arrival of spruce in the area, even
though macrofossils are not present until c. 700 cal b.p. This
may be a result of limited macrofossil dispersal in forested
areas when trees are not growing next to the lake or the in-
flowing streams. At Grostjørna there is a good correlation
between pollen percentages and influx, but the values are
low and the absence of macrofossils makes it difficult to
say when Picea arrived locally. It is rare near the site today.
The pollen percentages at Lille Kjelavatn are much higher
than at any other site, due to the exaggerated representation
of long-distance pollen from spruce populations spreading
up the valley from the east. Even at Holebudalen the per-
centages are as high as at Dalane where spruce was locally
present. However, the influx values are extremely low at
both sites.

The vegetation history of the Setesdal valley is sum-
marised in the time-space diagram (Fig. 7). The largely
climatic differentiation of the vegetation zones along the
altitudinal gradient has always been present through the
Holocene. In the early Holocene Betula was the first
tree, closely followed by Pinus. Both reached altitudes
around 1000 m very rapidly, perhaps via the eastern low-
lands. Deciduous trees entered southern Setesdal early
in the Holocene, reaching their greatest abundance at
Dalane where they dominated the forests throughout the
Holocene; the site today is in the Nemoral vegetation
zone (Moen 1998). Deciduous trees were never so abun-
dant at Grostjørna, with their greatest expansion c. 9000–
5500 cal b.p. and the forests were dominated by Pinus and
Betula throughout the Holocene. Today the site is in the
Southern-Boreal zone of Moen (1998) and the surround-
ing forests are dominated by Pinus with deciduous trees in
locally favourable habitats, such as south-facing cliffs. At
1000 m open birch- and pine-forest occurred around Lille
Kjelavatn until climate cooling resulted in the loss of pine
c. 4000 cal b.p. Betula gradually decreased and it is at its
climatic limit there today. 150 m higher, birch was the only
tree present in any abundance in the early Holocene up to c.
5000 cal b.p., after which the woodland became open and
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Northern-Boreal in character. By about 2500 cal b.p., the
tree-line had descended below Holebudalen and it became
surrounded by low-alpine vegetation, a situation that has
continued until today.

Evidence for human activity is relatively slight at all the
sites. In the lowlands grazing probably occurred since c.
5000 cal b.p., but appreciable cereal cultivation is only reg-
istered after c. 1500 cal b.p. Southern Setesdal is unsuitable
for large-scale farming and today it is still largely forested.
The mountains were used for summer grazing for at least
5000 years (Plantago lanceolata pollen) and this activity,
combined with tree felling, may have been a factor in the
reduction of high altitude forests, in addition to climate
cooling.

Conclusions

The main trends in the vegetation development at the four
sites throughout the Holocene are summarised in Fig. 7. At
all sites except Lille Kjelavatn (where the sequence only
covers 9000 years), pioneer vegetation on mineral soils
became denser and humus content increased. A tempera-
ture maximum during the first half of the Holocene was
followed by a cooling from around 5000 cal b.p. that is es-
pecially well demonstrated through the changes in the tree-
lines and tree-limits at Holebudalen and Lille Kjelavatn.

At all sites the pioneers Betula and Pinus arrived first. At
Dalane and Grostjørna, temperature increase allowed the
establishment of Alnus and Corylus. The progressive in-
crease of temperature and maturation of soil through time
facilitated the growth of broad-leaved trees such as Ulmus
and Tilia, which are also better competitors for abiotic fac-
tors such as light. The establishment of Quercus was not
restricted by temperature, since it has similar temperature
demands to Tilia. Most likely, gradual soil acidification
and consequently reduced competition allowed Quercus
to become established locally. The pollen records of Picea
demonstrate its spread from the east into upper Setesdal and
its late and rather ineffective spread into southern Setesdal.
It is absent naturally from the middle of the valley today.

Macrofossil concentration and pollen influx for trees gen-
erally correspond well at the lowland sites, Dalane and
Grostjørna, except for Corylus, Fraxinus, and Ulmus, where
the macrofossil evidence is unreliable, due to poor repre-
sentation and/or preservation. The pollen influx and per-
centage curves show a striking lack of variation through
the Holocene for most of the tree taxa. The macrofossil
record is more precise for well-represented taxa, showing
local arrivals and disappearances and changes in popu-
lation densities. At Lille Kjelavatn and Holebudalen the
pollen record of Betula would be impossible to interpret
without the macrofossil record. In addition, it is possible to
separate dwarf- and tree-birch macrofossils. Pinus is well
represented by pollen and the record of stomata is valu-
able in forested sites. Pollen percentages are misleading at
the high-altitude sites with low local pollen productivity.
The interpretation of the history of pine at Lille Kjelavatn
(1000 m) depends entirely on the macrofossil record. Alnus

pollen and macrofossil records generally correspond well
in the lowlands. However, Alnus pollen is present at sites
that were always above the altitudinal limit of Alnus spp.

The pollen and macrofossil data provide both contrasting
and complementary views of vegetational change in the
Setesdal valley during the Holocene. The contrasts arise
from the fact that the two proxies record the vegetation
composition at different spatial scales. In addition, differ-
ent production, dispersal and preservation of pollen and
macrofossils, and different site characteristics influencing
taphonomy differentiate the records. Because macrofos-
sils are derived from areas near the lake, they can reflect
vegetation patterns at the scale of the altitudinal gradient.
In contrast, much of the pollen collected in the lake sedi-
ments comes from greater distances and hence it integrates
the forest composition over a broad area encompassing a
wide range of elevations. In order to track tree movements
during the Holocene over an altitudinal gradient covering
a relatively small spatial distance, macrofossil evidence
of local tree presence is essential (see also Jackson and
Whitehead 1991; Barnekow 1999; Wick and Tinner 1997;
Tinner and Theurillat 2003). The inherent problems with
sediment dating and with both pollen analysis and macro-
fossil analyses are highlighted in the Setesdal study. Gen-
eral climatic conclusions can be drawn, but a denser con-
centration of well-dated sediment sequences is probably
needed to test hypotheses of migration lags and rates of
vegetational response to climate change.
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