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along an altitudinal, coastal-inland, gradient in northern Sweden. The altitudinal variation was related
to the distribution of the birch taxa along the gradient.
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periods.

It was concluded that the level of accumulated resources in B. pendula in marginal sites in the Scandes
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INTRODUCTION

Many of the current explanations for tree-lines arise from the correlation between tree
distribution and climate (Kullman 1979, Woodward 1987, Hengeveld 1990, Stevens and
Fox 1991). Low temperatures decrease the photosynthetic rate of plants (Hisler 1982,
Slayter and Noble 1992). As production of generative organs (flowers, seeds, fruits)
requires large quantities of a tree's stored resources, this implies that it takes a relatively
long time to accumulate the resources required for reproduction in cold climates
(Tranquillini 1979, Crawford 1982, 1989). Thus, the frequency of years with good seed
setting decreases toward higher altitudes and latitudes (e.g. Tirén 1935, Hagner 1965,
Hustich 1983). Futher, damage to seedlings due to, e.g., a too short growing period,
frosts, drought, or wind blasting might also be critical for distribution of tree species
toward high altitudes (Tranquillini 1979, Wardle 1981). Sometimes, e.g. fires, herbivory,
or snow pressure modifies the shape of tree-lines (Hustich 1944, Kullman 1979, Stevens
and Fox 1991, Slatyer and Noble 1992). Biotic and abiotic effects on tree-line shape may
be interrelated. The degree of available resources could, for example, alter the chemical
defence of plants against herbivores (Coley et al. 1985). The relative influences of
different abiotic and biotic factors often vary between different parts of a tree's
distribution limit (Haller 1979, Elliott 1979, Pigott 1981, Pigott and Huntley 1981). Not
only recent effects of environmental factors are important as explanations for where a
tree species distribution limit is situated, but also historical events such as distance to the
place where its glacial refuges were situated in relation to the species dispersal capacity
(Prentice 1983).

Studies on different causal connections causing alpine tree-lines have a long tradition
(see e.g. Wahlenberg 1813, Smith 1920). Different ecophysiological and
ecomorphological approaches have been applied (see e. g. Tranquillini 1979, Norton and
Schienenberger 1984, Scott et al. 1987, Crawford 1989, Stevens and Fox 1991). In
addition, temporal phenomena have been incorporated by analyses of age structures (e.
g. Payette and Filion 1985, Kullman 1992), and macro and micro fossils (e.g. Jackson
and Whitehead 1991). Still, relatively few comparative studies of factors affecting
distribution of closely related tree taxa along arctic and alpine gradients have been
published.

The aim of this thesis was to describe and quantify reproduction of three birch taxa
viz. Betula pendula, B. pubescens ssp. pubescens and B. pubescens ssp. tortuosa and to
relate this to their distribution along environmental gradients in northern Sweden. The
altitudinal distribution limit of B. pendula is situated in the bottom of the valleys in the
Scandes, while the distribution of B. pubescens coll. continues up to the alpine tree line.
In the following, B. pubescens ssp. pubescens and B. pubescens ssp. tortuosa are named
B. pubescens and B. tortuosa, respectively.
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OBJECTIVES

I have studied different stages of the reproductive process of Betula pendula, B.
pubescens and B. tortuosa along a regional altitudinal gradient during the period 1984-
1991. The aim has been to examine the recent altitudinal and annual variations in
reproduction of the birches. I particularly adressed the following questions:

1) How does the relationship between reproductive success and altitude differ between
the studied birch taxa?

2) How does the temperature climate affect the annual reproductive patterns of the
studied birch taxa?

3) Is the altitudinal distribution limit of Betula pendula in the Scandes in equilibrium
with the recent climate?

4) How does the degree of pollen limitation differ between birch taxa, and years,
and between low altitude and marginal high altitude populations?

5) Does pollen competition occur in Betula pubescens ?

6) How does survival and growth of seedlings vary depending on site and sowing year?

STUDY SPECIES

The Scandinavian tree-shaped birches Betula pendula, B. pubescens and B. tortuosa are
distributed over wide parts of boreal Eurasia (Hultén 1970). B. pendula is often found in
relatively dry and warm habitats and often on morainic and sandy soils. B. pubescens
coll. is more confined to moist sites and grows often on organic soils (Arnborg 1946,
Sarvas 1948, Barth 1949). In Scandinavia, B. pendula has its altitudinal distribution limit
at the bottom of the valleys in the Scandes. B. pubescens continues its distribution above
the limit of B. pendula and merges gradually into B. tortuosa at higher elevations. B.
tortuosa is the dominating tree species in the Scandinavian subalpine forest. These birch
taxa show the same sequential altitudinal distribution in the Scottish Highlands (Forbes
and Kenworthy 1973) and in the Ural Mountains (Makhnev and Mamaev 1973).

B. pendula is diploid (2n=28), while B. pubescens coll. is tetraploid (2n=56) (Johnsson
1974). The shape of B. tortuosa varies depending on site conditions (Kallio and Mékinen
1978). It is generally a smaller tree than B. pendula and B. pubescens, and is often
polycormic. All three birch taxa may produce basal stem sprouts, and B. tortuosa, also
root suckers (Kallio and Mikinen 1978, Koop 1987). Ecotypic variation in
morphological variables was demonstrated by Pelham et al. (1988) in a study of Scottish
birches. Davy and Gill (1984) observed phenotypic plasticity in leaf shape when
tetraploid trees were transplanted into heath or bog. Hagman (1971) states that the
degree of self and interspecific compatibility must be considered very low in both B.
pendula and B. pubescens. Johnsson (1974) reported that the germinability of seed after
selfpollination is low for both B. pendula and B. pubescens (0% - 3 %). Hybrids between
B. pendula and B. pubescens may rarely occur (Hagman 1971, Brown et al. 1982).
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Johnsson (1974) reported that four of seven artificial crosses between B. pendula and B.
pubescens gave a small proportion of filled seeds (0.2% - 1.5 %; a total of more than 20
000 seeds were examined). B. tortuosa (2n=56) is suggested to have developed through
introgressive hybridisation between B. pubescens, B. pendula, and B. nana (dwarf birch)
in northern Scandinavia (Kallio et al. 1983). Its low, vertically spread growth form, and
high capacity of stump and root sprouting, may be an effect of Betula nana genes
(Vaarma and Valanne 1973).

The studied birches are monoecious, anemophilous, dichogamous trees, with male and
female flowers in separate inflorescenses (catkins). Each female catkin contains about
200 flowers. The flowers lacks perianth and have two free styles. The ovary is two-celled
with one anatropous ovule in each cell (Sedgley and Griffin 1989, Atkinson 1992). The
catkins are formed the year before flowering. Female catkins are first enclosed by scale
leaves (winter buds) while male catkins are visible already at the end of the summer the
year before flowering. B. pendula starts flowering about one week before B. pubescens,
but towards higher altitudes and latitudes this time difference fades out. The pollen
grains are small; B. pendula 22.1 + 1.9 mm, B. pubescens; 25.0 + 2.2 mm and B.
tortuosa;, 26.2 + 2.2 mm (Means + SD, according to Prentice 1981). Most of the pollen
is deposited within a distance of a few tree crown diameters (Andersen 1970), but long
distance dispersal of 600 km has been reported (Wallin et al. 1991). The small winged
seeds ripen in August - September, later towards the north and higher altitudes. Most
seeds are dispersed in the autumn, but seed fall may continue throughout the winter.
Sarvas (1948) observed that in B. pendula seed dispersal declined exponentially with
distance from seed source, and very few seeds travelled more than 50 m. Occasionally,
long seed transports, especially on wind-blasted snow surfaces may occur (Helms and
Jgrgensen 1925, Matlack 1989). Birches have an enormous seed production capacity.

Sarvas (1948) estimated the seed fall in a birch stand to be 53 200 filled seeds per m’.
But the size of birch-seed crops varies greatly from year to year. A B. pendula crop
amounting to 20 % of the best seed crop occurs only every third year, and intervening
crops may be only 5-10 % of a good seed year (Sarvas 1948). The small birch seedlings
are very sensitive to drought and competition from surrounding vegetation (Hough 1937,
Perala and Alm 1990). Therefore, scarified ground cover highly improves successful
seedling recruitment (Kinnaird 1974, Miles and Kinnaird 1979). Betula pendula may
become 300 years old, while B. pubescens ages faster (Barth 1949). An age of 240 years
for a B. pubescens tree has been noted (P-A. Esseen, pers. comm.). Because of their
stump sprouting capacity it is, however, difficult to obtain exact information on the
lifespan of a birch genet.
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SUMMARY OF PAPERS I -V

(I) Reproductive patterns of Betula pendula and B. pubescens coll. along a regional
altitudinal gradient in northern Sweden

One purpose of this study was to investigate if the range limit of B. pendula in the study
area is in equilibrium with the present climate. Another purpose was to investigate if the
higher situated distribution limit of B. pubescens coll. compared with B. pendula is
largely conditioned by some mechanism affecting reproductive success.

The reproduction of B. pendula and B. pubescens coll. was measured in a number of
populations along an altitudinal gradient across northern Sweden during the period 1984-
1989. Almost no viable seeds were produced in altitudinally marginal B. pendula sites,
suggesting that the altitudinal distribution of this species is in equilibrium with the
present climate. Further, the viability of seeds showed a much steeper altitudinal decrease
for B. pendula than for B. pubescens coll.. The production of viable seeds and the
seedling density were much lower in marginal high altitude populations of B. pendula
than in B. pubescens coll. populations in the same area. The main reason for failure of
seed germination was that the seed was empty (due to no pollination, failure of
fertilisation, or abortion of the embryo). Attacks by gall midges (Semudobia spp.)
strongly decreased the quality of the seed crop in high altitude, marginal B. pendula
populations. These populations were heavily attacked every year, while the percentage of
Semudobia attacked seeds was much lower for B. pendula populations in the lowlands,
and for B. pubescens in both lowland and mountain populations. The relatively large
attacks on B. pendula in the mountains is suggested to be an effect of a low defence
capacity due to resource limitation of these trees. The weight of B. pubescens coll. seeds
was strongly positively correlated with altitude, which not was the case for B. pendula.
The number of stump sprouts was about three times higher in B. tortuosa than in B.
pendula and B. pubescens. This result supports the hypothesis that vegetative
reproduction would become more important than generative reproduction toward colder
high altitude areas (e. g. Crawford 1982, 1989). The percent germinable seeds showed a
stronger positive correlation with the temperature sum of the growth period of the year
preceding the summer of seed maturation than with the temperature sum of the growth
period when seeds matured. This indicates that negative effects of low temperatures on
initiation of flower primordia may be more important than negative temperature effects
on seed maturation for production of germinable seeds.

(II) Reproductive variability and pollen limitation in three Betula taxa in northern
Sweden.

This study examined the effect of pollen supply on the production of viable seeds. The
pollination varied considerably between birch taxa, years, and altitude. In mountain
populations, usually only a few percent of the flowers contained pollen tubes at all, and if
so - often only one pollen tube, indicating high degree of pollen limitation. Pollen
supplementation, however, only slightly increased the percent germinable seeds. In some
cases, a slightly increased seed germination rate was also noted after supplemental
pollination. The natural pollination in coastal populations was mostly larger than in
mountain populations, and supplemental pollination had no significant effect on seed
quality in coastal populations. An examination of seeds deriving from supplementally
pollinated flowers, showed that apart from pollen limitation, also other factors such as
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insect predation and limitations of maternal resources for seed maturation, may largely
alter the quality of the seed crop.

(III) Pollination density - effects on pollen germination and pollen tube growth in
Betula pubescens Ehrh. in northern Sweden.

Study II showed a slight positive effect of pollen addition both on seed germinability and
seed germination rate. As competition between male gametes may improve the quality of
plant offspring (see e. g. Mulchay and Mulchay 1987), I hypothesised that these signs of
increased seed quality might have been due to increased pollen competition in enlarged
pollen populations.

An jn vitro test showed highly significant correlations between the germinability of B.
pubescens pollen grains and the number of pollen grains per volume of growth medium.
A controlled pollination experiment indicated that both maternal and paternal identity
may affect the growth rate of pollen tubes through the styles. Increased pollination
tended to increase the length of the longest pollen tube per style, but not the mean length
of the pollen tubes. If flowers collected from natural B. pubescens populations were
examined, the level of significance for the correlation between number and lengths of
pollen tubes per style was very low - lower than the same correlations of the
experimental data. This suggests that pollen competition would be rare in B. pubescens
in natural situations.

@V) Survival and growth of Betula pendula, B. pubescens ssp. pubescens and B.
pubescens ssp. tortuosa seedlings in northern Sweden.

The performance of birch seedlings was studied through sowing experiments in 12 sites
along an altitudinal gradient across northern Sweden during the period 1984-1991. At
each site, seeds were sampled from local birches and sown both on prepared sowing
plots and on intact ground vegetation. The pattern of germination, emergence, and
survival of seedlings differed considerably between different birch taxa, as well as
between sites and sowing years.

Differences between B. pendula and B. pubescens in initial density of seedlings per
sowing plot was more affected by differences in the viability of the seeds than by survival
of the established seedlings. This indicates that environmental influences that affects seed
viability may have a relatively larger impact on interspecific differences in seedling
abundance than influences affecting the performance of the seedlings.

Seedling survival decreased along a gradient towards the tree-line. The seedling
density at high altitude marginal sites was, however, larger for B. pubescens than for B.
pendula, due to better seed quality in B. pubescens in the mountain area.

Light penetration had a relatively large effect on growth of birch seedlings. In shady
conditions, the seedlings never exceeded 2-3 cm in height.

Scarified ground was necessary for establishment of birch seedlings.

(V) Regeneration of Betula pendula and B. pubescens coll. above and below the
natural altitudinal distribution limit of B. pendula in south east Norway.
Transplantation experiments of plant species outside their recent range is a useful method
to get knowledge of whether the species is in equilibrium with the present climate, or not
(Woodward 1987). As trees have long pre-reproductive stages, often many decades,
such experiments usually examine the performance of seedlings and saplings, but not
later stages of their life cycles. In this study, I have used a B. pendula stand, planted
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about 250 m above the natural altitudinal range of the species in the area. The initial
cohort was planted during the period 1877-1902 (Bgrset 1954). This gave the
opportunity to get a measure also on the performance of later stages in the life cycle of
this tree, outside its natural range. The reproduction in the B. pendula plantation was
compared with the reproduction in a control population of naturally established B.
pendula, situated below the altitudinal B. pendula limit, and also with the reproduction
of B. pubescens coll. above and below the B. pendula limit.

Data were collected in the autumn of 1989. No younger trees or seedlings were found,
in the plantation and almost no viable seeds were produced in 1989. The age structure of
30 sampled trees indicated that most of the trees present today were established by
natural regeneration of the planted trees in the 1920's - 1930's. Climatic data (The
Norwegian Meterological Institute) suggests slightly warmer summers during this period.
These results indicate that B. pendula may regenerate successfully above its altitudinal
range limit, but only occasionally during climatically favourable periods. In contrast,
seedlings and saplings occurred, and the seed germinability was relatively high in 1989 in
the lower situated naturally established B. pendula stand.

B. pubescens coll. showed higher seedling density and higher density of catkins per
tree than B. pendula, both below and above the B. pendula limit. Seed germinability was
also much higher for B. pubescens above, but not below, the B. pendula limit.

CONCLUSIONS AND FUTURE STUDIES

Differences in seed set, establishment and survival of seedlings, and in the capacity of
stump and root sprouting affects the spatial separation of the Scandinavian birch taxa
along the altitudinal gradient. The importance of climatically determined differences in
production of viable seeds, and in sprouting capacity, increases towards marginal
populations at high altitudes.

The production of viable birch seeds as well as the success of seedling establishment
vary strongly between years. For B. pendula, the production of viable seeds decreases,
with increasing altitude every year, but this general pattern is not found in B. pubescens.
An explanation of this difference could be that B. pendula is badly adapted to the
relatively low amount of rescources that is available in the marginal mountain area in the
Scandes, and that these trees therefore seldom reaches the level of accumulated
resources that are necessary for successful completion of the whole reproductive cycle
from pollination to mature seeds. In contrast, B. pubescens seems to be able to
accumulate enough resources for successful seed set also at relatively high altitudes. The
altitudinal pattern revealed by this study is similar to that found in a study of the
latitudinal variation in seed set of B. pendula and B. pubescens coll. over many years in
Finland (Koski and Tallquist 1979). The frequency of good seed years decreased toward
higher latitudes and this decrease was slightly more apparent for B. pendula than for B.
pubescens coll. (Fig. 1).

To get a closer understanding of the interactions between climatic variations and the
reproduction of forest trees, long term data on forest tree reproduction, e.g. the above
mentioned publication by Koski and Tallquist (1979), should be correlated with climatic
records from weather stations nearby. Such an approach could be used to construct a
model to predict the effects of an increased "greenhouse effect" (see e.g. Roberts 1989)
on boreal forests.
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