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1. Introduction 

The search for mechanisms that determine the distribution of plants may be 
just as old as the subject of plant geography, which was pioneered by 
Alexander von Humboldt (1769–1859). Humboldt already recognized the 
influence of climate on the distribution of plant species. Later it was slowly 
appreciated that the geological past held further clues to the understanding of 
present-day species distributions (Lang, 1994). Unconsolidated sediments 
from lakes and bogs hold abundant plant remains that are often well 
preserved and thus make it possible to reconstruct the past vegetation once 
present at or near these places (e.g., Blytt, 1876; Andersson, 1896). Time 
scales for such sediments spanning the late-Quaternary period can be readily 
obtained using various physical dating techniques. Thus by studying several 
sediment sequences in a geographical region it is possible to reconstruct 
changes in plant abundance through time and space.  

By far the most abundant plant remains to be found in sediments are 
pollen, which are usually identifiable to generic and sometimes specific 
level. Before being deposited on a lake or bog surface, pollen mixes in the 
atmosphere so that the pollen composition of the surface sediment can be 
taken as a statistical sample of the vegetation surrounding the study site 
(Birks and Birks, 1980; Jacobson, 1988). Most boreal and temperate trees 
produce ample pollen and thus leave a good record of their past abundance. 
Studies of fossil tree pollen from lake and bog sediments are comparable to 
ancient permanent plots (Jacobson, 1988), which allow studies of 
competitive interaction between tree populations (e.g., Bennett and Lamb, 
1988).  

Almost all of Scandinavia was covered by continental ice during the last 
glacial maximum (Donner, 1995), which left an immense number of lakes 
and under the prevailing climate peat lands formed throughout the Holocene. 
The tree flora is species poor and spread into Scandinavia after the retreat of 
the continental ice. Some tree genera are only represented by one taxon, 
which makes it often possible to assign a pollen type to a species with a 
known ecology. These conditions well-suit Scandinavia as a natural 
laboratory to study the movement and interaction of tree populations on 
timescale of 10,000 years. Only one species of Picea is known to have 
occurred in Fennoscandia during the late-glacial and Holocene, so Picea
pollen and macrofossil finds can be assumed to belong to Picea abies. The 
spread of Picea abies into Scandinavia occurred late in the Holocene and can 
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thus be easily studied by the analyses of pollen and macroscopic remains 
from abundant lake and bog sediments. 

The Holocene history and distribution of Picea abies in Scandinavia 
attracted the attention of scientists already during the late 19th century. Early 
works rested solely on the stratigraphic position of macroscopic Picea abies
remains. Gløersen (1884) was the first to devise a detailed study on the 
spread of Picea abies and realized that the tree only appeared in parts of 
Norway at a time when human activity had already significantly altered the 
landscape. His findings were corroborated by results from contemporary 
scientist like Sernander (1892) and Andersson (1896) who postulated a 
spread of Picea abies from east to west. The utilisation of pollen analyses 
combined with radiometric dating of the sediments made it possible to 
compare the timing of the regional expansion of the tree. Aario (1965) and 
Aartolahti (1966) were the first to study the regional pattern of Picea abies
expansion in Finland. Moe (1970) and Tallantire (1972, 1977) compared 
pollen records from Fennoscandia to map the spread of Picea abies. Sub-
continental summaries devised by Huntley and Birks (1983), Lang (1994) 
and Gliemeroth (1995) also contain information on the regional appearance 
of Picea abies in Scandinavia and, like the earlier works, indicate an east to 
west spread of the tree.  

Recent finds of Picea abies megafossils from the Swedish Scandes have 
yielded late-glacial and early-Holocene ages (Kullman, 2000, 2001, 2002), 
challenging the traditional interpretation of a mid to late-Holocene arrival of 
the tree in Scandinavia. Furthermore these finds lead Kullman (2000, 2001) 
to the assumption that Picea abies survived the last glacial maximum on the 
Norwegian coast and spread into Sweden from the west. Picea abies
produces abundant pollen, which is rarely found in early-Holocene 
sediments from Scandinavia. If the radiometric dates of these megafossil 
finds are not effected by errors (e.g., Wohlfarth et al., 1998), they can only 
indicate the presence of a small number of Picea abies trees in Scandinavia 
during the early-Holocene. However, the implications of these early small 
Picea abies populations on the spread or population expansion of the tree in 
Scandinavia are still uncertain.

This study aims to:  
• reconstruct the pattern of the spread of Picea abies into 

Scandinavia;
• assess the significance of early-Holocene megafossil finds of Picea 

abies;
• evaluate some of the factors that probably influenced the spread of 

Picea abies into Scandinavia. 
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2. Ecology of Picea abies

Picea abies is a forest tree with a boreal and montane distribution (Hultén 
and Fries, 1986). The distribution area can be divided into the northeast 
European boreal distribution and disjunct areas in the central European 
mountains (Figure 2:1). The genetic structure of Picea abies shows 
pronounced geographical separation between these two distribution areas 
(Lagercrantz and Ryman, 1990; Vendramin et al., 2000; Sperisen et al., 
2001; Collignon et al., 2002), which underlines the postulation of two 
distinct glacial refugia from pollen data (Huntley and Birks, 1983; Lange, 
1994).

Figure 2:1 Distribution of Picea abies in Europe after Schmidt-Vogt (1977) and 
general areas considered in this study. The thick broken line encircles the western 
part of the north European distribution; the shaded area indicates the central 
European distribution of Picea abies. Cross-hatching marks the region from which 
new palaeoecological studies were carried out. Horizontal-hatching marks the area 
included in the revision of pollen diagrams. 
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The distribution of Picea abies can be described by a heat sum of 600 
growing degree-days after bud burst, which is higher than the value for many 
other boreal species (Sykes et al., 1996). However a maximum mean 
temperature of the coldest month of -1.5°C has to be used to describe the 
southern limit of the natural distribution. Dahl and Mork (1959) postulate a 
relationship between temperature, respiration and growth in Picea abies,
which Skre (1972, 1979) compared to the distribution of the tree in 
Scandinavia (Dahl, 1998). The indices calculated by Skre (1972, 1979) 
identify Picea abies as a continental tree with high summer temperature 
requirements but a low threshold of 2.6°C for initiation of bud and shoot 
growth. Incremental growth of Picea abies is influenced by different 
parameters in different regions. Precipitation has the strongest effect on 
growth at low latitudes and low altitudes, but temperature is of increasing 
importance at higher latitudes and altitudes (Mäkinen et al., 2002). 

Picea abies prefers moist soils with high seasonal water storage 
(Schmidt-Vogt, 1977; Sutinen et al., 2002). In the boreal forest it is found to 
occupy the more nutrient-rich soils, where it grows together with Betula
pubescens, Populus tremula and Salix caprea (Sutinen et al., 2002). The tree 
has a high water use efficiency under unlimited water supply (Cienciala et
al., 1994) but a low ability to reduce its water consumption under water 
shortage, which leads to drought stress and damage (Cienciala et al., 1994; 
Rothe et al., 1999; Dohrenbusch et al., 2002). The water consumption and 
susceptibility to drought is highest in late spring and early summer when 
apical shoot growth occurs (Schmidt-Vogt, 1977). However Picea abies has 
a good ability to recover from drought damage and normal growth may be 
regained within two years (Dohrenbusch et al., 2002). Nevertheless the 
availability of water seems to be an important factor within and at the 
distributional limit of the tree. This is exemplified at the distributional limit 
of Picea abies in Poland, which parallels the 600 mm isohyet, and 
occurrences at locations with lower precipitation coincide with ample 
groundwater availability (Zoller, 1981). 

The distributional limit in the southwest where moisture is not a limiting 
factor is difficult to explain by temperature and it may be possible that Picea 
abies is still spreading in this direction. However, beyond the 0°C January 
isotherm Picea abies grows fast, producing low-density wood which is 
structurally weaker and more susceptible to fungal infection than slower 
growing trees (Zoller, 1981). Bradshaw et al. (2000) suggest that wind 
damage could be a factor that controls the southern and western range limits.  

Picea abies is monoecious, generally reaching flowering maturity at an 
age of 30-40 years and starting ample seed production at 50 years, but in 
dense stands not before the age of 70 years (Zoller, 1981). Self-fertilization 
is possible but results in seedlings with little vigour and a large number of 
empty seeds (Schmidt-Vogt, 1986). Pollen production varies between years 
(Ambach et al., 1969; Luomajoki, 1993; Nikkanen, 2001). In Finland pollen 
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production decreases and flowering variability increases from south to north 
(Luomajoki, 1993). In boreal climates the amount of pollen and seed 
production is positively correlated to degree-days or mean June–July 
temperatures of the previous year (Luomajoki, 1993; Selås et al., 2002). 
Seed mast occurs at intervals of 3 to 5 years in southern Norway and 
intervals increase with latitude (Schmidt-Vogt, 1986; Selås et al., 2002). 

At high latitudes flowering years do not necessarily result in years with 
production of viable seeds, as seed maturation is dependent on a mean 
temperature of 10°C for June to September (Schmidt-Vogt, 1986).  Seed 
maturation in Picea abies requires a lower heat sum than in Pinus sylvestris
(Almqvist et al., 1998). Seeds reach maturity in autumn of the flowering 
year, but do not disperse before they have dried out to a water content of 
18% (Schmidt-Vogt, 1986). Seed dispersal can begin in autumn of the 
flowering year (Aas, 1962), but is most frequent in late winter and spring of 
the following year, and may still occur during summer of the following year 
(Heikinheimo, 1932; Hofgaard, 1993a). Heikinheimo (1932) found that seed 
dispersal in the boreal forest in Finland occurs at a time when an ice crust 
covers the snow on which the seeds can be transported by wind for almost 
unlimited distances.  Seeds that are already shed in autumn are susceptible to 
frost (Aas, 1962). 

Seed germination is positively correlated to annual precipitation (Ohlson 
and Zackrisson, 1992). Germination and seedling survival are also dependent 
on the substrate of the seedbed (Ohlson and Zackrisson, 1992; Hofgaard, 
1993b) and is most successful on decomposing wood (Hofgaard, 1993b) and 
on mineral soil (Brang, 1998). Picea abies is able to act as a pioneering tree 
(Zoller, 1981), as can be observed along the Swedish Baltic coast, where it 
grows on newly emerging land. The young seedlings are most susceptible to 
drought after germination during mid-June until the end of July (Brang, 
1998). In a coniferous forest in central Sweden, Leemans (1991) found a 
survival rate of seedlings of 1% in the first year and 0.6% after four years 
and identified drought to be the major cause of death. Light conditions are of 
importance for the growth of young seedlings (Leemans, 1991), but 
successful and vital seedlings are often observed away from the centre of the 
forest gap (Dai, 1996; Brang, 1998, de Chantal et al., 2003). This finding can 
be explained by the higher risk of drought damage in places with frequent 
direct radiation (Dai, 1996; Brang, 1998) or competition with the light 
demanding Pinus sylvestris (de Chantal et al., 2003).  

Frey (1983) studied the influence of snow cover on damage and survival 
of planted seedlings by artificially removing the snow from one plot and 
comparing it to another under natural conditions. Nearly all of the Picea
abies seedlings in the plot without snow cover showed desiccation damage 
and 20% did not survive the first winter while 70% of the seedlings under 
snow cover did not show any damage. During late winter and early spring 
solar radiation increases, causing the temperature in the needles to rises, 
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which induces increased transpiration that cannot be compensated for 
because soil and tree tissues are frozen (Baig and Tranquillini, 1980). On the 
other hand a deep and long lasting snow pack will increase the risk of fungal 
infection (Frey, 1983; Brang, 1998; Stöckli, 2002). At and above the tree 
line needles may not always fully complete their cuticular development and 
are therefore susceptible to desiccation (Baig and Tranquillini, 1980).  

In order for Picea abies to withstand low winter temperature dormancy is 
induced in buds and cambium (Skre, 1988). Frost can be damaging in early 
autumn before hardening or after bud burst. Late frosts are most damaging 
between the appearance of new needles and completed shoot elongation 
(Dormling, 1982; Hannerz, 1994). However, the risk of late frost damage is 
reduced when the seedlings grow under a canopy (Langvall and Ottosson 
Löfvenius, 2002). 

Picea abies is able to regenerate by layering (Wang et al., 2003), which is 
of importance near the altitudinal limits of the tree where years with seed set 
become rare (Arnborg, 1943). Through vegetative propagation the tree is 
able to survive for hundreds of years (Kullman 1995). 

In brief Picea abies can be characterised as a continental, shade tolerant tree 
that is susceptible to drought and dominates the better soils in the boreal 
forest. Its seeds are readily dispersed over vast distances, but its reproductive 
success depends on the coincidence of various climatic parameters.  
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3. Methods 

Three different approaches were used to investigate the spread of Picea
abies in Scandinavia.

I Sediment cores were obtained from four small lakes in 
central Sweden and studied using palaeoecological techniques 
to gain insight on biotical and abiotical factors that might 
influence the spread of Picea abies (Paper I and II). 

II Published pollen diagrams from Fennoscandia and adjacent 
areas were selected to obtain ages for predetermined features 
and thresholds of the Picea abies pollen curve and to analyse 
their geographical distribution (Paper III). 

III The rise of Picea abies pollen quantities was simulated from 
models imitating the frontal spread of a dens population and 
compared to the Picea abies curves obtained from the four 
sites (Paper IV).  

I The choice of sites is important for the questions that are addressed in 
palaeoecological investigations (Jacobson and Bradshaw, 1981; Jacobson, 
1988). This study used sediments from small lakes (100 to 300 m diameter) 
that do not border extensive wetlands and have no permanent inflow, so that 
the pollen accumulating in the sediments mirrors the composition of the 
upland forest within a few kilometres around the lakes (Jacobson and 
Bradshaw, 1981; Sugita, 1993). Site selection was based on a survey of 
topographical maps and subsequent field evaluation of possible lakes, which 
were chosen to represent different physiographic and climatic settings in 
central Sweden (Figure 3:1). Accessibility was a further constraint during 
fieldwork, which was especially difficult in the mountain areas. The four 
selected lakes are Holtjärnen, representing an inland but not montane site 
(Paper I); Klotjärnen, situated closest to the Baltic (Paper I); Abborrtjärnen, 
located within a mountain area that is influenced by mild Atlantic air flow 
(Paper II); and Styggtjärnen, situated in the mountains with a more 
continental climate (Paper II). The greatest distance between the sites 
measures over 350 km between Holtjärnen in the south and Abborrtjärnen in 
the north. 

Cores were collected in winter from the frozen lake surface using a 
modified Livingstone piston corer (Wright, 1967). In the laboratory the cores 
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were described visually, and magnetic susceptibility and loss on ignition at 
500°C was measured. Volumetric subsamples of 0.5 cm3 were taken 
continuously for pollen analyses using modified plastic syringes. Sample 
preparation followed Bennett and Willis (2001), except that samples were 
not sieved, in order to allow maximum detection of stomata (Paper I, II). 
Standard pollen counts of at least 1000 pollen grains and spores were 
counted out on nearly all samples. Extended counts of Picea abies pollen 
against Lycopodium spores were conducted for the section from the 
continuous curve downward until the beginning of discontinuous frequent 
finds of Picea abies pollen (Paper IV). 

Figure 3:1 Location and characteristics of the study sites. a) Relief image of central 
Sweden with circles indicating the study sites. b-e) Topographical maps around 
Holtjärnen, Klotjärnen, Styggtjärnen and Abborrtjärnen. f) Bathymetric maps of the 
lakes, isobaths at 1 m intervals. The broken lines show the 0.5 m interval. 
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At Holtjärnen and Klotjärnen macrofossil analyses were carried out on the 
same set of cores that was used for pollen analyses. Sediment slices of 1 to 2 
cm thickness (10 to 30 cm3) were wet sieved using a set of nested sieves 
with mesh widths of 2, 1, 0.5 and 0.25 mm (Paper I). All macroscopic 
charcoal fragments were counted in the samples analysed for macrofossils. 
Microscopic charcoal fragments were tailed during standard pollen counts. 

A time control for each sequence was established using six radiocarbon 
age determinations (Paper I, II). Terrestrial macrofossils were used for 
radiocarbon dating where possible, and 2 cm3 of bulk sediment was collected 
from levels where the core segment did not yield sufficient terrestrial plant 
remains. The radiocarbon ages were calibrated against the IntCal98 
calibration curve (Stuiver et al., 1998) with the BCal online system 
(http://bcal.shef.ac.uk). A polynomial curve was fitted through the weighted 
averages of the probability distributions using psimpoll 4.10 (Bennett, 
2003).  

Pollen analytical results were explored using statistical zonation 
techniques on the independent datasets (Bennett, 1996) and principle 
component analyses (PCA) on the covariance matrix of the taxon-combined 
percentage data. Both techniques were used to display the main trends and 
compare the sites to one another in order to recognise regional vegetation 
change.

II During the last 40 years a large number of well resolved pollen records 
were published that, when viewed together, yield information on the spread 
of trees, which cannot be gained from a few selected studies (e.g., Huntley 
and Birks, 1983; Delcourt and Delcourt, 1987). Pollen stratigraphies with 
chronologies based on at least one radiocarbon date or on varve counts from 
the north European distribution of Picea abies were selected independent of 
the size or type of the investigated sites. Age estimates were obtained for the 
beginning of the continuous curve, the rise of the curve, for the first 
occurrence of 1%, 3%, 5% and 10% Picea abies pollen values and for the 
maximum abundance of Picea abies pollen. The maximum proportion of 
Picea abies pollen was also recorded. In order to reduce artefacts when 
comparing percentage values between sites the thresholds were based on the 
sum of total terrestrial pollen and spores. Diagrams that did not yield 
sufficient information to apply this sum were omitted. 

While extracting age information from the pollen records, accompanying 
information, such as sedimentology, was examined in order to omit features 
of the Picea abies curves that may not have been caused by an increased 
abundance of the tree. Ages were obtained through linear interpolation, if a 
desired feature of the Picea abies curve was not near an age determination 
and no age-depth model was available from the original publication. The 
obtained ages were subsequently calibrated using the calibration curve of 
Stuiver et al. (1998), unless an age-depth relationship based on calibrated 
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data was available. In this way information was extracted from a total of 332 
pollen records.

The software package ArcView 3.2a (Redlands, California) was 
employed to display and interpolate between the data points using Lamberts 
equal area azimuthal projection. An inverse distance weighted (IDW) 
interpolator was used in the interpolation, which returned relatively smooth 
surfaces, but allowed the visualisation of outliers (Paper III). 

III Studies on the relationship between pollen composition in surface 
samples and the surrounding vegetation have led to numerical models 
describing the pattern of dispersal and deposition of pollen (e.g., Prentice, 
1985; Sugita, 1993). Computer programs have been developed based on 
these relationships, which allow the simulation of pollen spectra at a 
sampling point in a modelled landscape (Sugita, 1994; Davis and Sugita, 
1997; Gaillard et al, submitted). The Polflow (Bunting and Middleton, pers. 
comm.) program was used to simulate the shape of the Picea abies pollen 
influx curve that would be recorded at a sampling site when a front of mixed 
Picea abies forest moves into a forest without Picea abies (Davis and Sugita, 
1997). Further scenarios were constructed to explore how geography of 
expanding populations may influence the shape of the increasing Picea abies
curve (Paper IV). Picea abies pollen accumulation rates and Picea abies
pollen concentrations obtained from the four sites (Paper I, II), were 
compared to the patterns found in the modelled scenarios as well as with 
models of population growth.  
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4. Results

4.1. Vegetation history of central Sweden seen in a 
PCA-plot
The overall pattern of the vegetation development around Holtjärnen, 
Klotjärnen, Abborrtjärnen and Styggtjärnen follows a similar trend as 
indicated by the PCA plots (Figure 4:1). The first axis, explaining the largest 
variance, splits the samples according to their proportion of Picea abies
pollen versus pollen from broadleaved trees. Samples pre-dating the arrival 
of Picea abies are clustered in a narrow band stretching between the 
eigenvectors for the deciduous trees on one side and Pinus sylvestris on the 
other. Interesting to note is the opposite sense of the eigenvectors for Alnus
and Pinus sylvestris and that the eigenvector for Picea abies is perpendicular 
to them. 

The Holtjärnen record comprises the longest period of time captured in 
the sediments of the four lakes. The three bottommost samples from 
Holtjärnen indicate an open landscape with Empetrum nigrum, while the 
oldest samples of the three other sites already show the presence of trees at 
least close to the site. The first zone in the Holtjärnen sequence is dominated 
by Betula pollen, which is probably of long distance origin. The second zone 
at Holtjärnen and the first zone in the other three records is characterised by 
a high abundance of Pinus sylvestris pollen. The expansion of Alnus, in 
which probably both Alnus incana and Alnus glutinosa participated, occurs 
between 9500 and 9000 cal. BP at all four sites. At Abborrtjärnen and 
Styggtjärnen where pollen from temperate taxa are not important the 
proportion of Alnus and Betula pollen versus Pinus sylvestris pollen 
influences the position of the samples in the PCA plot. In comparison 
Klotjärnen and Holtjärnen records show low variability in Alnus pollen and 
the sample position away from the Pinus sylvestris eigenvector is determined 
by their abundance of the other deciduous taxa.  
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Figure 4:1 Principal component analyses of the taxon combined pollen percentage 
data from Holtjärnen, Klotjärnen, Abborrtjärnen and Styggtjärnen. The first two 
axes are significant and explain the variance to 50% and 15% respectively. The 
broken line in the plot of eigenvectors marks the space of the sample plots. 

At Klotjärnen the temperate taxa expand only at about 7700 cal. BP, 
which is mirrored in the shift in position of samples assigned to zone II and 
III. The relative abundance of pollen from deciduous trees declines between 
zones III and IV at Holtjärnen (5680±70 cal. BP) and Klotjärnen (5660±50 
cal. BP) and between zones II and III at Abborrtjärnen (5620±50 cal. BP) 
and Styggtjärnen (5200±50 cal. BP). Although the vegetation composition 
differs between Holtjärnen and Klotjärnen in the south and Abborrtjärnen in 
the north there zone boundaries, which mark the same direction of change, 
are simultaneous. The most prominent change in vegetation composition at 
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the four sites is marked by the increase of Picea abies pollen at the sites. 
This increase occurs over a longer period of time at Abborrtjärnen and 
Styggtjärnen, while it appears to be more rapid at Holtjärnen and Klotjärnen. 
The impact of humans on the vegetation is depicted in the Holtjärnen and 
Klotjärnen records for the last 500 years. Earlier activities around Holtjärnen 
and Klotjärnen or any activity around Abborrtjärnen and Styggtjärnen are 
difficult to detect in the records.  

4.2. Deducing the presence of Picea abies near the 
study sites
Macrofossil analyses on the core from Klotjärnen yielded the oldest Picea
abies bud scale in a sediment slice where the two adjacent pollen samples 
contained 0.3 and 0.6 percent Picea abies pollen. Picea abies pollen 
accumulation rates (PAR) for these two samples amount to 30 and 50 grains 
cm-2 y-1. These values are similar to observed values at the present day
latitudinal Picea abies limit in Finland (Hicks, 1994, 2001). Thus the 
threshold of 1% Picea abies pollen or a PAR of 50 grains cm-2 y-1 give a 
good indication for the presence of the tree near the sampling site. 
Additionally the relative low pollen production of Picea abies in 
Scandinavia (Sugita et al., 1999) makes the beginning of the continuous 
curve a valuable criterion for regional if not local presence (Birks, 1989).  

If the expansion of small populations is presumed as the cause for the 
rising Picea abies curve (Bennett, 1988), then the beginning of the 
exponential increase of Picea abies pollen abundance might already indicate 
the early presence of the tree. All the above criteria and thresholds are listed 
in Table 1 for the four study sites. This comparison indicates that Picea
abies populations established or started to expand at different times around 
the four sampling sites.  

Table 1. Age (cal. yr. BP) of Picea abies presence near the four investigated sites as 
deduced from different indicators and doubling time for the complete increase of 
Picea abies pollen accumulation rates at Holtjärnen, Klotjärnen and Abborrtjärnen 
as well as for Picea abies concentration at Styggtjärnen 

Percentage 
threshold

(1%)

PAR threshold 
(50 grains
cm-2 y-1)

Beginning of 
the continuous 

curve

Beginning of 
the exponential 

increase 

Doubling time in 
years 

(95% confidence) 

Holtjärnen  2480±40 2580±40 2860±40 3260±40 145  (125–173) 
Klotjärnen 2880±40 2950±40 3380±50 3620±50 134  (120–152) 
Abborrtjärnen 3050±30 3170±30 3480±40 4180±50 174  (158–193) 
Styggtjärnen 3400±50  4010±50 4210±40 226  (200–260) 
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4.3. Forest fires and the increase of Picea abies pollen
Information on the occurrence of fires can be drawn from charred particles 
in the pollen slides, tallied during standard counts as well as from the 
charcoal particles counted in the samples analysed for macrofossils at 
Holtjärnen and Klotjärnen (Figure 4:2). Pollen types that are indicative for 
human activity are scarce at Holtjärnen and Klotjärnen before 500 cal. BP 
and throughout the records from Abborrtjärnen and Styggtjärnen. Therefore 
the non-arboreal pollen (NBP) curve may best be used as an indication of 
canopy opening through forest disturbance. The plot of the NAP curve and 
the charcoal counts beside the Picea abies curve allows the visual 
comparison between these indicators of disturbance and the rise of the Picea 
abies curve (Figure 4:2).  

Figure 4:2 Comparison between Picea abies and non arboreal pollen (NAP) 
percentage curves and charcoal records from the four study sites. Charcoal values at 
Holtjärnen, Klotjärnen and Abborrtjärnen are expressed as concentrations and at 
Styggtjärnen as percent of the pollen sum.  

Microscopic charcoal particles at the two mountain sites Abborrtjärnen 
and Styggtjärnen are less numerous than at Holtjärnen and Klotjärnen and 
show no association with Picea abies percentage values. At Holtjärnen and 
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Klotjärnen maximum numbers of microscopic and macroscopic charcoal 
were found after the rise of Picea abies. The last peak in macroscopic 
charcoal at Holtjärnen precedes a drop in the Picea abies pollen proportions, 
while previous low charcoal counts coincide with a peak in Picea abies
percentages. At Klotjärnen maximum macroscopic charcoal particles occur 
at the end of the Picea abies rise and coincide with a drop in Picea abies
percentage values. Continuous counts of macroscopic charcoal at Klotjärnen 
span the time of the exponential increase of Pica abies pollen accumulation 
rates, but do not indicate major fire events before Picea abies pollen are 
abundant. Thus disturbance through fire may not have been an important 
factor for the establishment or expansion of Picea abies around these sites. 
However the shift in vegetation composition may have facilitated fires.  

At Abborrtjärnen the rise of Picea abies is associated with an increase in 
NAP pollen. Yet the rise of NAP pollen coincides with a decrease in fern 
spores and most likely indicates a change in the composition of the forest 
floor species rather than increased human activity. However the initial 
increase of the Picea abies curve at Abborrtjärnen is preceded by a drop in 
the values for loss on ignition at 500°C, which coincide with a peak in 
Juniperus pollen (Paper II). At Styggtjärnen NAP proportions start to rise at 
about 6000 cal. BP. Here the increase may mirror a lowering of the tree line 
or the onset of paludification around the lake, but most likely not increased 
human activity. The Holtjärnen and Klotjärnen records show no changes in 
the NAP values before the rise of Picea abies.

Forest disturbance may have facilitated the establishment of Picea abies
at some of the sites, but the four records show no strong indication that 
large-scale disturbance was a necessary prerequisite for the Picea abies
population expansion around the sites. 

4.4. The broader view beyond central Sweden 
All interpolations over the time when certain features of the Picea abies
pollen curve were reached, except from the timing of maximum values, 
show a general pattern of an ESE to WNW spread of the tree (Paper III). The 
rise of the Picea abies curve varies from a sudden and steep rise in most 
Norwegian diagrams to a slow increase over more than 1000 years in many 
Russian diagrams. This circumstance made it problematic to determine a 
time for the rise of the curve in many diagrams and the interpolation of this 
feature was therefore omitted.  



22

Figure 4:3 Interpolation of the time the 5% Picea abies pollen threshold was 
reached in pollen records from Fennoscandia and adjacent areas depicted as 
smoothed isochrones in 500-year intervals. Data sources are given in Paper III and 
also include Abborrtjärnen and Styggtjärnen. Circles and open squares show the 
position of pollen records indicating outlying Picea abies populations deduced from 
the 1% threshold or the continuous curve (open squares = 9000 cal. BP, filled circles 
= 7000 cal. BP, open circles = 5000 cal. BP). Filled squares mark diagrams with 
late-glacial Picea abies pollen exceeding 3%.  

The use of the 1% threshold and the continuous curve as indications for 
the regional presence of Picea abies reveals that the tree spread fast during 
the early Holocene and established outpost populations far to the east (Figure 
4:3). Early populations of Picea abies on the Scandinavian peninsula seem 
to be confined to the mountains and the coastal land, where they can 
frequently be detected after 6000 cal. BP. However, these outpost 
populations only expand later in the Holocene. The 5% threshold may be 
taken as an indication for the time Picea abies becomes frequent near a site. 
The interpolation over the time this threshold was reached gives the 
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impression of a moving front (Figure 4:3). Nevertheless, maximum 
Holocene Picea abies pollen percentages occur only after 4000 cal. BP in 
most of the sites included in the study (Paper III). 

4.5. Moving front – a model?
The comparison of the rise of the Picea abies curve in the records from 
Holtjärnen and Klotjärnen with the pattern depicted in Figure 4:3 suggest a 
front-like movement of a well-defined Picea abies distribution limit. Small 
Picea abies pollen abundances would be caused by the approaching front 
and the rise of the curve could be interpreted as the time the distribution 
limit has reached the surrounding of the lake.  

Figure 4:4 Comparison between the rise of pollen accumulation rates (PAR) at 
Holtjärnen = filled circles and model results from the moving front scenario scaled 
to a spreading rate of 300 m year-1 = open triangles, and 30 m year-1 = open circles. 
PAR and pollen loadings as well as their natural logarithms were standardized by 
subtraction of the mean and division by the standard deviation to facilitate 
comparison. 
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The overall offset of the rise of the curve at Holtjärnen compared to 
Klotjärnen amounts to about 500 years and the distance between the sites is 
about 150 km, resulting in an apparent rate of spread of 300 m year-1 for the 
moving front. The change in Picea abies pollen accumulation rates that 
would be caused by such a scenario is compared to the empirical values 
obtained from Holtjärnen in Figure 4:4. If the model is scaled with this rate 
of spread it predicts an almost instantaneous increase. A better fit is obtained 
with a rate of 30 m year-1, but the plot of the natural logarithm indicates that 
regardless of the scale a faster than exponential increase is obtained for the 
modelled rise of the curve. Yet the Picea abies pollen accumulation rate at 
Holtjärnen follows an exponential trend over the main rise of the curve. Also 
the increase of Picea abies pollen abundance in the other three studied sites 
follows an exponential, logistic or linear trend, but a faster than exponential 
trend was not observed in the data. Furthermore, in order to fit the model to 
the empirical curves, it is necessary to use a rate of spread one order of 
magnitude lower than needed to explain the pattern in Figure 4:3.  

These results, are of course, dependent on a particular numerical model of 
pollen dispersal, and different results might be obtained with a different 
model. However the Picea abies macrofossil record from Klotjärnen shows a 
similar exponential increase as the pollen accumulation rate at the site (Paper 
IV). This coincidence suggests that the Picea abies population around 
Klotjärnen expanded from a small number of trees that established in the 
catchment of the lake. Near Styggtjärnen Picea abies grows in a belt around 
the mountain Sånfjellet but is rare in the wide valleys surrounding the 
mountain. Consequently, in this geographical setting, a moving front model 
would not be applicable per se. Altogether, the moving front model is not 
adequate to explain the observed patterns. These are therefore best explained 
by the expansion of Picea abies populations from a few founder individuals. 
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5. Discussion 

5.1. The direction and pattern of spread
The late-glacial macrofossil and pollen occurrence of Picea abies from 
Sweden was first discussed more than 80 years ago (von Post, 1918). Also 
Lindquist (1948) reviewed early occurrences of the pollen type in Sweden, 
but influenced by his taxonomic studies on Picea abies, postulated a refuge 
area on the Norwegian coast. Fægri (1949) reviewed Lindquist’s (1948) 
argument, but disagreed with the taxonomic considerations and argued that 
the Picea abies distribution in Norway can be best explained by the theory of 
recent immigration from the east.  

This early discussion was based entirely on stratigraphic evidence without 
the possibility of an independent dating control. Kullman (2000, 2001) 
presented an array of radiocarbon dated Picea abies megafossils and used 
the geographical trend in the data as an indication that the tree survived full 
glacial conditions on the coast of Norway. The oldest finds of Picea abies
remains with late-glacial ages are from the top of the mountain Åreskutan 
(Kullman, 2002), which is about 200 km east of postulated refuge areas on 
the Norwegian coast. No pollen record reviewed from the nearest coastal 
region indicates early-Holocene presence of Picea abies (e.g., Ramfjord, 
1982; Vorren et al., 1990). Moreover, the only radiocarbon dated pollen 
stratigraphy on the Scandinavian peninsula that may be taken as an 
indication for the early Holocene presence of the tree (Tönningfloarna; 
Lundqvist, 1969) is situated east of the mountain chain. 

In addition the boreal tree remains from Åreskutan that date to late-glacial 
ages (Kullman, 2002) still represent only a single locality of such finds. 
Although the existence of ice-free areas within the mountains during the 
late-glacial seems likely (McCarroll and Nesje, 1993; Dahl et al., 1997; Rye 
et al., 1997), recent studies of lake sediments from high mountain lakes do 
not corroborate the finds of late-glacial tree growth in the mountains (Eide, 
2003; Hammarlund et al., in press). It is possible, however, that some of the 
older megafossil finds originate from the time before the last glacial 
maximum and became later contaminated with younger carbon (Wohlfarth et
al., 1998). 

Pollen analytical evidence from Fennoscandia and adjacent areas 
compiled in Paper III clearly indicates a spread of Picea abies from east to 
west. Many Russian and Byelorussian pollen records show abundant Picea 
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abies pollen during various stages of the late-glacial (e.g., Matveev et. al., 
1993; Arslanov et. al., 1999). Although, late-glacial Picea abies pollen in 
these deposits may be due to long distance transport, they could also indicate 
the presence of Picea abies as a constituent of small groves in a cold steppe 
like environment southeast of the Baltic ice sheet (Frenzel, 1960). Thus, the 
distribution area of Picea abies during the late-glacial may have extended far 
west and north close to the margin of the continental ice. Therefore it is not 
surprising to find Picea abies trees participating in the early forest 
establishment in northwestern Russia at the beginning of the Holocene 
(Wohlfarth et al., 2002; Wohlfarth et al., 2004). However, Picea abies
populations remained small during the early Holocene. Towards the west, 
Picea abies pollen is generally scarce or missing in early Holocene lake and 
bog sediments. A number of pollen records from eastern and northeastern 
Finland are an exception of this general trend (Kanerva, 1956; Vasari, 1962; 
Sorsa, 1965; Tolonen, 1967) as they indicate abundant early Holocene Picea
abies pollen, but show subsequent declining values. The investigations of 
Vasari (1962) and Tolonen (1967) confirm this pollen evidence with 
macrofossil finds. The early-Holocene Picea abies remains from the 
Swedish Scandes (Kullman, 2000, 2001) may be viewed in conjunction with 
these Finnish finds and taken as an indication of a rapid early-Holocene 
spread at low Picea abies population densities. However, in the absence of 
strong biostratigraphic evidence for the presence of the tree during the early-
Holocene, it may be that the spread in the Scandes Mountains occurred later 
during the Holocene at low population densities. 

The further spread of Picea abies into Fennoscandia was delayed until 
about 7000 cal. BP and followed a pattern of a travelling wave at large 
population densities (Figure 4:3). This wave was preceded by small outpost 
populations, which established or expanded a few thousand years before they 
coalesced with the wave front. The early occurrence of Picea abies pollen in 
the Scandes Mountains is of special interest. Due to the slow expansion of 
these populations at high altitude (Paper IV) there might in principle be a 
considerable time gap between their successful establishment and the time at 
which the population had attained a size that is detectable palynologically. 
This gap may explain some of the discrepancy between the radiocarbon 
dates for Picea abies megafossils obtained by Kullman (2000, 2001) and 
ages deduced from pollen records. This consideration supports the 
observation that populations within the Scandes Mountains established or 
started to expand earlier than east of the mountain chain.  

However pollen records from the Swedish east coast also indicate the 
presence of small Picea abies populations already before 5000 cal. BP (e.g., 
Persson, 1981; Risberg and Karlsson, 1989). The long tail of scattered pollen 
finds preceding the rise of the Picea abies curve in many Swedish pollen 
records may also be attributed to small possibly scattered occurrences of the 
tree. These tails, which were closer investigated at Holtjärnen and 
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Klotjärnen, often date back to 6000 cal. BP. At that time Picea abies
populations were still small east of the Baltic and thus the quantity of long 
distance transported Picea abies pollen must have been low. Assuming the 
scattered occurrence of the tree in Sweden several thousand years before 
Picea abies populations increase (von Post, 1924, 1930), raises the question 
of why we observe the wave like pattern of expanding populations. Should 
not an early- to mid-Holocene spread at low population abundance lead to an 
individualistic expansion with different rates in different environments and 
thus result in a patchy and erratic spread in time and space? The Holocene 
spread of Alnus glutinosa in the British Isles is a well-documented example 
for this kind of spread (Bennett and Birks, 1990). 

5.2. Disturbance and barriers 
Many palaeoecological investigations from Fennoscandia indicate that the 
rise of Picea abies pollen is associated with disturbance in the form of fire or 
human impact (e.g., Huttunen, 1980; Bradshaw and Hannon, 1992; 
Almquist-Jacobson, 1994; Segerström, 1997; Hörnberg et al., 1999). These 
findings could suggest that disturbance was important for the spread of Picea
abies or might even explain the late spread of the tree (e.g., Huttunen, 1980). 
Results obtained in this study do not corroborate this hypothesis. Instead 
they indicate that fires were more frequent after the expansion of Picea
abies. The connection between disturbance and the spread of Picea abies is 
considered in the following as it may have implications on a regional scale. 

Forest fires have a positive effect on seedling establishment and growth, 
as they release nutrients that are fixed in the forest litter (DeLuca et al., 
2002; Wardle et al., 2003). However, frequent fires result in a domination of 
Pinus sylvestris, while long periods without fires favour Picea abies
(Bradshaw and Zackrisson, 1990). As a shade tolerant tree Picea abies is not 
in need of large forest openings and viable seedlings are often observed 
away from the centre of the forest gap (Dai, 1996; Brang, 1998; de Chantal 
et al., 2003). Yet fires and other human induced disturbance have also the 
effect that they reduce the abundant species at a site and thus increase the 
chance for invading species to become established (Green, 1982). In a 
similar way land uplift continuously provides new areas ready for 
colonisation with propagules from near or distant sources. The fact that 
Picea abies seeds are often shed in late winter, when they can be blown over 
long distances on ice crusted snow or on frozen water surfaces 
(Heikinheimo, 1932) makes the coastal land of central and northern Sweden 
excellent entry points for the spread of the tree.

The number of Picea abies seeds that have reached the Swedish east coast 
via the Baltic may however have been low and populations may have only 
expanded slowly. Thus, the Baltic Sea did not pose an insurmountable 
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barrier to the spread of Picea abies but slowed its progress until the 
populations increased in size on the eastern side of the Baltic. The pattern of 
spread coincides with the proposed mechanism of Picea abies establishment 
in the coastal areas of central and northern Sweden. Disturbance through 
human activity on the other hand should have been largest in southern 
Finland and central and southern Sweden. Yet these areas show no deviation 
from the general pattern of spread. Moreover Picea abies might have been 
present in central Sweden over several thousand years of human activity 
without becoming a dominant tree. Therefore the successful establishment of 
Picea abies might have been assisted by disturbance on a local scale and a 
secondary expansion may be well explained by human impact, but different 
mechanisms have to be identified to explain the general pattern of spread.  

5.3. The effect of climate 
A change in Holocene climate has become the most widely discussed reason 
for the late spread of Picea abies into Fennoscandia (Tallantire, 1972, 1977; 
Huntley, 1988; Bradshaw and Hannon, 1992; Bradshaw et al. 2000). On the 
other hand the expansion of Picea abies is often used to deduce a change in 
climate (e.g., Seppä and Poska, 2004), which complicates this discussion as 
it leads to circular arguments. Furthermore, climate is a broad concept and 
its change is often reconstructed in terms of annual or mid-July air 
temperature and annual precipitation (e.g., Heikkilä and Seppä, 2003; Rosen 
et al., 2003). Although these parameters influence the growth of the tree 
(Mäkinen et al., 2002) its distribution limits may be set by different climate 
parameters that influence the regeneration of the tree (Tallantire, 1972, 
1977). The frequency of weather events such as late-frost, early summer 
drought and winter freeze-thaw cycles as well as the length of snow cover 
may be more important determining variables for the distribution of Picea
abies than, for example, the mid-July temperature. Such climatic parameters 
are difficult to reconstruct. Tallantire (1977) argues that their present day 
pattern in Fennoscandia broadly coincides with the pattern of the spread of 
Picea abies.

The simultaneous change in vegetation composition around Holtjärnen, 
Klotjärnen and Abborrtjärnen during the mid-Holocene can be interpreted as 
a result of a shift in atmospheric circulation pattern. The timing of this 
change broadly coincides with the onset of a progressive cooling of sea 
surface temperatures of the Norwegian Sea (Calvo et al., 2002) as well as the 
multitude of environmental changes or events summarized by Magny and 
Haas (2004). However, the spread of Picea abies seems to be unaffected by 
this shift in atmospheric conditions, although frequent scattered occurrences 
of Picea abies pollen can often be traced back to about 6000 cal. BP in 
pollen diagrams from Sweden. Thus this shift in climate parameters may 
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have facilitated the successful establishment of small populations on the 
Scandinavian peninsula, particularly in the mountains (Rosen et al., 2003; 
Segerström and von Stedingk, 2003), but it probably did not have a large 
influence on the regional spread of the tree.

Additional information on the change of Holocene climate parameters 
may be drawn from the oxygen isotope record from Lake Tibetanus near 
Abisko, northern Sweden (Berglund et al., 1996). This record indicates a 
pronounced influence of Atlantic air masses during the early-Holocene and a 
subsequent gradual decline of this enhanced zonal atmospheric circulation 
until about 6000 cal. BP (Hammarlund et al., 2002). If it could be shown that 
this pattern of atmospheric circulation change affected all of Fennoscandia it 
would be a possible candidate to explain the delayed spread of Picea abies.
Mild winters with frequent freeze-thaw cycles may have limited the tree to 
more continental regions during the early Holocene. However the oxygen 
isotope record shows rather stable conditions after 6000 cal. BP, thus 
changes in atmospheric circulation pattern may not explain the wave like 
pattern of the spread of Picea abies. Nevertheless as the distribution of the 
tree is determined by different parameters on different limits, the spread of 
Picea abies may also have been influenced by changes of different climate 
parameters through time. Still it remains questionable if climate change 
could have produced the observed pattern of spread. 

5.4. Competition, adaptation and ancestry
Competition under changing soil conditions is another scenario that may be 
used to explain the late migration of Picea abies in Fennoscandia. In fact the 
late-glacial and early-Holocene pollen record from the lake Pastorskoye on 
the Karelian Isthmus (Subetto et al., 2002) shows an abrupt end to slowly 
rising Picea abies values at the rise of Alnus pollen concentrations. It could 
be argued that Alnus species were able to out compete Picea abies on the 
young soils and that Picea abies had a stronger competitive power on older 
soil types. This hypothesis conflicts with the observation that Picea abies is 
forming dense stands along the coast of the Baltic where it grows on virgin 
ground, which recently emerged from the sea.  

It may however be possible that the Picea abies genotype, which grew 
closest to the receding ice-front during the late-glacial, was a weak 
competitor under the early-Holocene climate settings. Today, Picea abies
trees are known to be well adapted to the climate and environmental 
parameters of their native region for example through the timing of bud burst 
(e.g., Langlet, 1960; Dormling, 1982). Although some characteristics that are 
expressed in different climatic regions may be only phenotypic (Saxe et al., 
2001), others are shown to be genetic (Bozhko et al., 2003). Thus, gene flow 
from better adapted more southerly populations though pollen and seed 
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dispersal or slow adaptations of the northern populations may explain the 
delayed spread of Picea abies into Fennoscandia.  

The geographical distribution of genetic markers in Picea abies
populations reveals that southern Swedish populations have their ancestry in 
different areas on the eastern side of the Baltic (Sperisen et al., 2001). 
Propagules from Picea abies populations from the Baltic States may have 
reached central Sweden already during the mid-Holocene. These genotypes 
should have been well adapted to the climate in central Sweden. However 
the first outpost populations in central Sweden that were reconstructed from 
pollen diagrams also stayed at low population density until they were 
reached by the wave of expanding populations.  

5.5. Population size and propagule pressure 
A prominent feature common to all interpolations presented in Paper III is 
the wave like pattern of the spread of Picea abies into Fennoscandia. This 
pattern is especially pronounced when thresholds representing a high Picea
abies population density are used. It is this feature, which contradicts most 
of the explanations for the late spread of the tree.  

Picea abies seed years in the boreal climate are scarce when compared to 
other boreal trees, seedling survival is generally low and depends highly on 
the weather condition during the following year (Hofgaard, 1993a). The 
pollen grains of Picea abies may not be transported over long distances and 
thus pollination events may be rare if individual trees are widely scattered. 
Self-fertilisation, although possible, results in lower numbers of seedlings, 
which are less competitive (Schmidt-Vogt, 1986). In the light of these 
factors it is conceivable that small outpost populations expanded only 
slowly. On the other hand it was shown earlier that a frontal movement of a 
dense population cannot explain the shape of the rising Picea abies curve 
(Paper IV).

Thus a relatively large population might be necessary to produce a huge 
number of vital seeds so that a small proportion of seeds can be transported 
over several tens of kilometres. Such a permanent seed supply over 
relatively long distances can facilitate the expansion of small, scattered 
populations, which once rapidly expanding may be the source of new 
propagules (Clark et al., 1998). The resulting wave would stretch over 
several hundreds of kilometres between fully expanded populations and 
areas where populations only start to expand. This scenario would explain 
the wave like pattern of spread as well as the delayed spread across the 
Baltic and the observation of small outpost populations, which did hardly 
expand before reached by the travelling wave.  

However, the situation might have been different in the Scandes 
Mountains. A low fire frequency and the long survival of independent clones 
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near the tree line may have facilitated the slow expansion of scatted outposts. 
Additionally, seed dispersal may have been channelled in valleys or across 
mountain plateaus. Thus the spread and expansion should be more variable 
than east of the mountain chain.  

5.6. Problems and perspectives 
Ongoing studies on the geographical distribution of DNA markers in Picea 
abies will uncover the ancestry among the northwest European Picea abies
populations and thus allow evaluation of possible migration routes 
(FOSSILVA members, pers. comm.). Results from these studies are also an 
important prerequisite for the application of DNA markers to fossil material. 
This may help to unravel the question whether the delayed spread was 
caused by the spread of a different genotype than that formerly present in 
northwestern Russia. Additional palaeoecological reconstructions from 
northwestern Russia and eastern Finland are necessary to document the 
early-Holocene fate of Picea abies in this key region, and if possible, supply 
material for fossil DNA studies.  

In order to test the hypothesis that an unfavourable early-Holocene 
climate delayed the spread of Picea abies independent climate 
reconstructions are needed from the same region. Palaeoecological studies 
covering the early Holocene vegetation history of the mid-boreal forest in 
Finland and Sweden may give additional information on possible early-
Holocene outposts of the tree. In this respect a reinvestigation of the 
Tönningfloarna site (Lundqvist, 1969) would be valuable. The Holocene 
spread of Picea abies still holds many secrets and may give valuable insights 
into the mechanisms of tree migration.  

5.7. Other Holocene tree spreads 
Many plants show vast range shifts as a result of glacial and interglacial 
cycles (Bennett, 1997). For the time period from the last glacial maximum 
until the present, the patterns and dynamics of spreads for many trees with 
wind-dispersed pollen have been reconstructed in a number of regions (e.g., 
Davis, 1976; Huntley and Birks, 1983; Delcourt and Delcourt, 1987; Birks, 
1989). Comparisons of patterns between species and regions can give 
valuable insight into mechanisms that control the spread and expansion of 
tree populations. By far the most common pattern depicted on isochrone and 
isopollen maps are frontal shifts of distribution limits. The use of iso-lines in 
these diagrams may suggest a front-like spread of a dense population (Davis 
and Sugita, 1997). However, this mechanism of spread should cause pollen 
values to increase faster than exponential (Paper IV). Other investigations on 
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the character of rapidly increasing pollen values from different species in 
different regions have also found exponential and lower than exponential 
increases, but a faster than exponential increase has not been observed 
(Tsukada, 1982; Bennett, 1983, 1988; MacDonald and Cwynar, 1991; 
McLeod and MacDonald, 1997). However, all these investigations found 
that rising pollen values did correspond well to exponential and logistic 
growth models. The concept of a travelling wave of expanding populations 
is a better-suited picture of Holocene tree migrations in general than a front-
like spread. This scenario agrees also with the outcome of population models 
that use ‘fat tails’ to describe long distance seed dispersal, which can explain 
the fast rates of spread that are observed in the palaeoecological records 
(Clark et al., 1998). 
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6. Conclusions

Picea abies entered the Scandinavian peninsula from the east at different 
times on different pathways. It was probably among the early colonising 
trees at the beginning of the Holocene in northwest Russia, eastern and 
northeastern Finland. Small outpost populations may have established as far 
east as the Swedish Scandes. However, Picea abies population expansion 
was initially low and even locally declined after an initial increase in these 
regions. The further spread can be separated into (i) a spread at low 
densities, which gave rise to small outpost populations and (ii) a wave like 
spread after 8000 cal. BP at high Picea abies population density. The mid- to 
late-Holocene spread, which assumes a front-like pattern may not represent a 
moving front of a dense Picea abies population, but rather a wave of 
expanding populations. 

Early outpost populations on the Scandinavian peninsula cluster in the 
mountains and along the east coast. Picea abies populations in the Scande 
Mountains seem to expand individually after 6000 cal. BP. Small 
populations in central Sweden on the other hand remain low until they are 
reached by the wave of expanding populations.  

The pattern of spread may not be explained by disturbance through fire 
and human activity, which certainly had a local influence on the 
establishment and expansion of the tree. Changing climate parameters during 
the Holocene are likely to have had an impact on the spread of Picea abies
into Scandinavia. Adaptation and gene flow may have equally well, played 
an important roll in the spread. However, which of these two factors is 
responsible for the late spread remains unclear. In addition, population 
dynamics and propagule pressure are likely to be important factors that 
shaped the spread of Picea abies.
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8. Summary in Swedish 

Våra landlevande växter kännetecknas av stabila livsmiljöer, trots detta så 
migrerar populationer över stora kontinenter till följd av glaciala-
interglaciala perioder. Dessa förlopp sker över tidsperioder som är omöjliga 
för oss att faktiskt observera. Men det finns metoder för att analysera 
växternas migration. Sediment i sjöar och mossar bäddar in och bevarar 
växtrester som dateras med kol14 metoden och därmed kan man fastställa när 
växterna levde. Pollen är den växtdel som bevaras i störst utsträckning. Det 
faktum att pollen från olika arter blandas i atmosfären innan de faller ner till 
jordytan ger en god statistisk representation av vegetationen i omgivningarna 
runt sjöar och mossar. Analys av pollen och andra växtrester i sediment från 
olika lokaler gör det möjligt att rekonstruera förändring i växternas 
utbredningmönster i tid och rum.  

Den etablerade teorin gällande granens invandring till Skandinavien är att 
den spred sig från nordöst för cirka 3 000- 4 000 år sedan. Nya fynd av 
granved och kottar (megafossil) från den svenska fjällkedjan har daterats till 
8 000 år eller äldre och har därmed utmanat den rådande teorin om 
tidpunkten för granens etablering i Skandinavien. Dessutom stöder dessa 
fynd en tes om att granen kan ha överlevt istiden vid Norges kust och 
därifrån invandrat till Sverige västerifrån när livsbetingelserna återigen blev 
gynnsamma.  

Avhandlingen syftar till att;  
(i) rekonstruera granens spridningsmönster i Skandinavien;  
(ii) utvärdera betydelsen av megafossil fynden;  
(iii) utvärdera några av faktorerna som kan ha påverkat granens 

utbredning i Skandinavien.  

Studien utgörs av tre olika delar.  
(I) Provtagning av sjösediment från fyra sjöar på olika platser i centrala 

Sverige. Dessa sediment analyserades med avseende på pollen och 
fysikaliska sedimentegenskaper. Dessutom analyserades kolpartiklar och i 
vissa fall makrofossilrester. Resultatet av dessa undersökningar ger en 
detaljerad bild av granens spridningsdynamik i centrala Sverige. Vidare ges 
en bild av att störningar såsom mänsklig påverkan eller skogsbränder inte 
nödvändigtvis har varit en förutsättning för granens expansion. Resultaten 
klarlägger också konkurrensen mellan trädarterna under de senaste 10 000 
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åren samt en förändring i vegetationens sammansättning för ungefär 5 000-
6 000 år sedan. I tre av sjöarna äger denna förändring rum vid samma 
tidpunkt och detta indikerar en förändring i atmosfärcirkulationen över 
centrala Sverige.  

(II) En sammanställning av publicerade pollendiagram ifrån 
Fennoskandia och närliggande regioner gjordes för att rekonstruera granens 
regionala spridningsmönster, vilket endast är möjligt med ett stort antal 
studier som grund. Tidpunkterna för viktiga förändringar av procentandelen 
gran i pollendiagrammen fastställdes och med hjälp av geografiska 
informationssystem interpolerades dessa tidpunkter mellan de olika 
lokalerna. Resultatet av analysen ger en bild av att granen invandrade till 
Skandinavien österifrån vid olika tidpunkter och via olika korridorer. Granen 
var troligen en av de tidigaste pionjärträdarterna i nordvästra Ryssland, östra 
och nordöstra Finland i början av holocen, möjligen koloniserade mycket 
små granpopulationer också den svenska fjällkedjan. Pollendata kan dock 
inte bekräfta granens spridning i Skandinavien tidigare än för 8 000 år sedan. 
Expansionen av små populationer i nordvästra Ryssland och Baltikum var 
till en början måttlig. Framåtskridandet därefter kan delas in i (i) spridning 
av små populationer till enstaka lokaler (ii) en frontliknande spridning som 
började för 7 000 år sedan, i tätare bestånd. Spridningen över Östersjön gick 
via Åland samt via Norra och Södra Kvarken. I Sverige kan små 
populationer möjligen ha förekommit redan för 6 000 år sedan i 
Mälarregionen, på östkusterna i Bottenviken och Bottenhavet samt i 
fjällkedjan. Granen kan dock inte betraktas som vanligt förkommande i 
Skandinavien förrän tidigast för 4 000 år sedan. Granpopulationen migrerade 
då över området likt en skarpt avgränsad front från nordöst mot söder och 
väster.

(III) Denna hypotes testades med hjälp av en matematisk landskapsmodell 
som simulerar mängden granpollen i en punkt mot vilken migrationsfronten 
rör sig. Resultaten av simuleringen jämfördes med granpollenkurvans form i 
de fyra lokalerna och de modellerade och de empiriska kurvorna skiljer sig 
åt. En exponentiell tillväxt av populationen ger en bättre förklaring av 
pollenkurvornas utseende. Till följd av detta resultat uppstår ett alternativ till 
tesen om en massiv frontliknande spridning av granen, nämligen ett mer 
vågliknande spridningsmönster. Tänkbart är att stora populationer spred sina 
frön hundratals kilometer till områden där små populationer etablerades. 
Deras expansion i sin tur gav upphov till spridning, återigen över långa 
distanser och en etablering av små populationer så att en slags vågformig 
expansion uppstod. Möjligen sker expansionen hos de små populationerna 
först när densiteten uppnår ett visst tröskelvärde.

Frågan om granens relativt sena inträde till Skandinavien kvarstår dock. 
Troligen fanns det gran vid istäckets sydgräns och träden borde därmed ha 
kunnat sprida sig norrut relativt snabbt efter avsmältningen. Trots ett, 
generellt sett, mildare klimat efter istiden kan möjligen andra viktiga 
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klimatparametrar ha varit för ogynnsamma för en omedelbar spridning av 
granen västerut. En förändring i dessa parametrar kan ha förbättrat 
förutsättningarna för granens spridning. Möjligt är också att en långsam 
anpassning eller tröga genflöden mellan nordliga och sydligare populationer 
ha fördröjt expansionen.  
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