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Introduction

An essential subject in plant ecology is to understand how a plant interacts 
with its abiotic and biotic environment. Such knowledge can help us under-
stand the abundance and distribution of plants. Further, it will help us under-
stand the life history of a plant species and also to describe the ecological 
processes at work. Many studies have dealt with environmental responses in 
small or short-lived plant species but very few have focused on large and 
long-lived plant species (Diggle, 2002). The response to the environment in 
a long-lived plant species is likely to differ from that in a short-lived small 
species.

Studies of the performance of a large and long lived perennial species 
such as a tree are technically difficult. Common methods such as measuring 
seed set, demographic analyses of the survival and growth of established 
plants, measuring the yearly growth and total plant biomass are by obvious 
reasons difficult to apply. However, monitoring the shoot dynamics in a tree 
crown can reveal differences between trees growing in different environ-
ments, reveal the occurrence of local adaptation, show the occurrence of 
trade-offs, and show if and how trees respond to different kinds of damages. 

This thesis deals with shoot dynamics in mountain birch trees, Betula pu-
bescens ssp. czerepanovii (Orlova) Hämet-Ahti (Betulaceae), which grows 
in the alpine and subarctic areas of Fennoscandia. In northern Fennoscandia, 
the climate is highly variable both during a year and between years 
(Tuhkanen, 1980), nutrient resources are limited (Sveinbjörnsson et al.,
1992; Karlsson & Weih, 1996), and the growing season is short (Tuhkanen, 
1980; Chapin, 1983). The consequences of herbivory are likely to have a 
large impact on plants due to the nutrient status of the mountain birch forest, 
the ability of the trees to propagate via basal sprouts, and previous abiotic 
and biotic stresses (Tenow et al., 2005). 
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Modularity in plants 
Most plant species are modular with two subsystems: the root and the shoot 
system (White, 1979). A module is a subunit of an individual plant which 
grows by repeating these subunits (White, 1979). The difference in size be-
tween, for example, a sapling and a mature tree is the result of a fewer num-
ber of modules in the sapling. Not all modules in a plant are equivalent and 
individual modules are only partly self-maintaining (White, 1979; Tuomi & 
Vuorisalo, 1989). For example, resources invested into reproduction at the 
module level can be derived from a resource pool consisting of all or some 
of the other modules (Tuomi et al., 1983; Diggle, 2002).  

The shoot system of trees 
The shape of a tree crown is a consequence of bud activity. Further, bud 
activity is governed by resource partitioning and apical dominance (Cline, 
1991; Lehtilä et al., 1994). Apical dominance is the mechanism whereby the 
shoot apices suppress other meristems (buds) from elongation or growth. 
There are three different possible fates for a bud: to die, remain dormant or 
grow and develop into a shoot. As a bud breaks dormancy, it can either pro-
duce a new bud (short shoot) as a replacement, or elongate into a long shoot 
and give rise to several buds (Harper, 1980).

Generally, the fate of a bud depends on its location on the branch and on 
the long shoot (Lehtilä et al., 1994). Also, branch age can affect bud growth 
since resources can be withdrawn from less vigorous branches (Maillette, 
1982a). Maillette (1982a, b) hypothesized that limiting resources for growth 
are reallocated from unproductive twigs to more vigorous branches, resulting 
in a pruning of unproductive twigs in favor of more active shoots. 

Trees belonging to the genus Betula have two kinds of shoots (Fig. 1) 
with different functions, short shoots and long shoots (Maillette, 1982a). 
Short shoots exploit the immediate environment while long shoots expand 
the crown volume and produce the axillary buds. Most of the axillary buds 
will later develop into short shoots and thereby expand the leaf area and the 
photosynthetic capacity of the tree. Thus, the growth of a birch tree can be 
described as the expansion of its population of buds. 
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Figure 1. From bottom to top: a vegetative and a reproductive short shoot are de-
picted. Year 0 (middle) shows a parent long shoot with six axillary buds that will 
become short shoots with leaves and two immature male catkins are illustrated. In 
year 1 (top), a new long shoot with four axillary buds have emerged from the parent 
long shoot. The apical bud of the long shoot is aborted if no formation of male cat-
kins occurs.  

Long shoots in Betula spp. are characterized by internodal elongation and 
are more than 5 mm long. New buds are born in the axils of long shoot 
leaves (Fig. 1), thus all short shoots originate as axillary buds on long shoots. 
Betula spp. is monoecious and the apical bud develops into a male catkin or 
is aborted. The second bud, and possible the next lower bud, flush and elon-
gates to a long shoot. New long shoots commonly arise on long shoots pro-
duced in the previous year, but occasionally long shoots are born on short 
shoots (MacDonald et al., 1984).  

Short shoots in Betula spp. are defined by their short internodes and here 
shoots with a stem less than 5 mm long are characterized as short shoots. 
The female inflorescences are born on short shoots. Further, short shoots 
bear the majority of leaf biomass, about 90-95% (Hellström, 1994) and are 
thus highly important for tree photosynthetic gain.  
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The evolution of mountain birch 
Introgressive hybridization is a major contributor to the evolution of new 
plant species and may lead to a higher variability in fitness-governing traits 
(Palmé et al., 2004). Hybridization is also one major mechanism behind the 
adaptation of plant species to new environments and responsible for the oc-
currence of local genotypes (Palmé et al., 2004). The birch genus is no ex-
ception to this and introgressive hybridization is believed to have driven 
much of the evolution within the genus Betula (Howland et al., 1995; Jär-
vinen et al., 2004). Mountain birch, for example, has many traits in common 
with B. nana L. and is most likely a result of introgressive hybridization 
between B. nana and B. pubescens Ehrh. Such hybridizations occur rela-
tively frequently at higher latitudes (Palmé et al., 2004). 

On Iceland, pollen analysis indicates that birch woodlands were expand-
ing in the northern parts about 8500 yr B.P. (Hallsdóttir, 1995). Between 
7200 yr B.P. and 1100 yr B.P., when Norse settlers arrived, Iceland was 
more or less forested with sparse birch woodlands at the coast that gradually 
became denser further inland (Hallsdóttir, 1995). Today, only fragments of 
birch woodlands remains. Icelandic mountain birch trees could originate 
from the east but it is also possible that B. pubescens arrived from Scotland 
and hybridized with B. nana on Iceland (Caseldine, 2001). 

In the Swedish Scandes, megafossil data indicates that B. pubescens oc-
curred in sheltered areas about 12 000 year B.P. (Kullman, 2004). Kullman 
(2002, 2004) hypothesize that mountain birch forests existed during the gla-
ciation in ice-free refugia. The existence of such ice-free areas is supported 
by geological evidence but their role as refugia for trees is much debated (cf. 
Birks et al. 2005). Alternatively, mountain birch trees could have immi-
grated from areas with a more favorable climate or, possibly, the mountain 
birch did evolve locally through hybridization (Brochmann et al., 2003).  

Bryant et al. (1989) suggest that there has been a co-evolution between 
boreal woody plants, among them the mountain birch, and boreal mammals, 
especially hares. For example, Icelandic birches have fewer chemical de-
fenses against winter browsing mammals compared to birches from Finland 
and Siberia (Bryant et al., 1989). Iceland had no browsing mammals before 
the Norse settlers arrived (Darlington, 1957) and, thus, a co-evolution be-
tween trees and mammals has had a shorter time to operate. 

Defoliation and chemical defense 
Defoliation reduces the amount of available resources for the actual module 
being defoliated and possibly also for the whole tree. Since leaves, shoots, 
and inflorescence primordias in Betula spp. normally are formed one year 
before they emerge (MacDonald & Mothersill, 1983; MacDonald et al.,
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1984), it is likely that some of the consequences of herbivory appear after a 
time lag of one year or more after damage. Further, birch trees increase the 
production of carbon based secondary metabolites following defoliation 
events, a mechanism called delayed induced response (DIR) (Haukioja et al.,
1985; Ruohomäki et al., 1996).  

It is possible that carbon based secondary metabolites in plants are an ac-
tive defense system (Ruohomäki et al., 1996). Although they may as well be 
by-products from metabolic processes, with herbivore repellent properties 
and thus retained (Ruohomäki et al., 1996). Currently it is believed that DIR 
is a consequence of nutritional stress after defoliation, leading to a surplus of 
carbon, rather than an active defense system (Tuomi et al., 1984). Any 
growth limiting environmental factor increasing the availability of carbon 
would then increase the production of secondary metabolites and, accord-
ingly, nutritional surplus should result in less amounts of secondary metabo-
lites in the birch (Tuomi et al., 1988; Ruohomäki et al., 1996). 

The most important mountain birch herbivore is caterpillars of the ge-
ometrid Epirrita autumnata Bkh. (Geometridae, Lep.), which has population 
cycles of about ten years (Tenow, 1972; Haukioja et al., 1988). Depending 
on the density of the E. autumnata population, the mountain birch is exposed 
to more or less severe defoliation events (Tenow, 1972; Bylund, 1995; Ruo-
homäki et al., 2000; Tenow & Bylund, 2000). Secondary metabolites pro-
duced by mountain birch trees have, among other things, a negative effect on 
the reproductive capacity in E. autumnata (Haukioja et al., 1985; Ruo-
homäki et al., 1992). 

Birch performance in relation to climate 
My study was conducted in northern Fennoscandia which is characterized by 
strong environmental gradients over relatively short distances. Generally, in 
northern ecosystems low temperatures and a short growing season are 
probably the major factors controlling plant performance (Chapin & 
Kedrowski, 1983; Körner & Larcher, 1988). Plants are affected directly by 
temperature through a reduced photosynthetic rate and slowing down of 
metabolic processes. Indirect effects, such as a lower nutrient turnover rate 
and a shorter growing season are important. For example, low soil tempera-
tures slow down the release of nutrients leading to limited nitrogen availabil-
ity and reduce the growth of the mountain birch (Karlsson & Weih, 1996). 

Thaw-freeze cycles are another cause of damage to buds and shoots. 
They have been linked to dieback in northern hardwood forests (Cox & Zhu, 
2003) and in several Betula species (Sperry, 1993; Sperry et al., 1994). The 
critical temperature for freezing damages of buds and shoots increases when 
winter dormant plants are exposed to repeated thawing and freezing (Olien, 
1967; Lund & Livingston, 1998). The rates of these thaw-freeze cycles are 
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important where slow rates do not lead to damage while rapid cooling rates 
do (Sutinen et al., 2001).  

Aims of this thesis 
The general objective of my thesis is to study how environmental variations 
affect the performance of long shoots in mountain birch, Betula pubescens
ssp. czerepanovii. By performance I here mean long shoot elongation, the 
number of buds produced on these long shoots and the number of male cat-
kins produced. The study was primarily carried out on mature trees in situ,
but one experiment was done on young saplings in an experimental garden. 

More specifically, I address the following questions, where brackets indicate 
what paper it is discussed in: 

How do mountain birch long shoot characteristics vary over time? 
What is the relationship between long-shoot performance and par-
ent shoot characters? How does defoliation affect long-shoot 
growth? Are the relationships between characteristics of long 
shoots and the parental long shoot altered by defoliation? (I)
What are the differences and similarities of long-shoot growth 
along a maritimy/continentality gradient of ca 700 km compared to 
a local gradient of less than 10 km? Are differences in long-shoot 
performance and bud population growth, at a local and a regional 
scale, related to environmental variables? (II)
What are the patterns of variation in bud population growth rate 
along the east-west gradient, compared with the altitudinal gradi-
ent? In what way are bud population growth rate along the east-
west gradient, compared with the altitudinal gradient, affected by 
climatic factors? And, for the altitudinal gradient, how does freez-
ing damages alter the demographic patterns? (III)
How do mountain birch shoot populations recover after severe 
freezing damage? (IV)
What is the response to complete experimental defoliation among 
mountain birch saplings originating from Iceland and Sweden? 
Does fertilization alter responses to defoliation? (V)
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Methods

Study species 
Mountain birch, Betula pubescens ssp. czerepanovii, is a monoecious, de-
ciduous tree common in subalpine and subarctic areas of Fennoscandia. The 
distribution range of mountain birch also includes southwestern Greenland 
and the eastern Kola Peninsula (Wielgolaski, 2005). Mountain birch trees 
can be multistemmed which is thought to be an adaptation to recurrent se-
vere damages (Haukioja, 1991). Thus, the individual genet is likely to be 
older than its above ground parts. In this thesis, tree is used synonymously to 
the above ground parts.  

In the Abisko area, the long shoots of mountain birch develop during late 
June and July (Kauhanen, 1987). In paper I, a “parent” long shoot is the 
previous year long shoots on which a new long shoot are produced (Fig. 1).  

Study sites (I – IV)
The studied trees were multistemmed and of similar age and size. The study 
sites were classified into different forest communities according to Wehberg 
et al. (2005). The sites were, from east to west (Fig. 2):  

The eastern-most site was close to the Kevo Subarctic Research Station 
(69°45’N, 27°03’E) in northern Finland. The climate is continental and 
the forest where the study took place is very sparse and xeric, and of 
shrub-like Empetrum character. (II, III)
One site was close to the Abisko Scientific Research Station (ANS) 
(68°21’N, 18°49’E) in northern Sweden. Here, the climate is intermediate 
between maritime and continental. The forest is closed, moist to xeric, 
and of Empetrum-Myrtillus character. (I, II, III)
There were four sites along the slope of Mount Njulla (68°21’N, 18°46’E) 
in Abisko National Park at four different levels, 420, 450, 520 and 550 m 
above sea level, about 3 km west of ANS. Here, the forest is closed, moist 
to xeric, and of pure Myrtillus character. (II, III, IV)
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One site was near Björkliden (68°25’N, 18°40’E), about 10 km west of 
ANS. The climate is of more maritime character than in Abisko. The for-
est is closed, moist to xeric, and of Cornus-Myrtillus character. (II, III)
The most western site was close to Melbu (68°31’N, 14°48) in Vesterålen 
on the north-western coast of Norway. The climate is oceanic and the for-
est is closed, wet to moist, and of herb-rich Geranium character. (II, III)

Figure 2. Map showing the main study areas in Norway, Sweden and Finland. 
Abisko also includes the sites at Björkliden and at Njulla. 

Statistical analyses
In paper I, I studied the relationship between long shoots and their parental 
characteristics (Fig. 1), and how long-shoot characteristics were affected by 
defoliation. I used generalized estimating equations (GEE) since observa-
tions within one individual long shoot are correlated (Diggle et al., 2002).
GEE is an extension of generalized linear models for correlated data (Liang 
& Zeger, 1986).

The MIXED procedure in the statistical software SAS (SAS for Windows 
8.02) was used for statistical analyses in papers II, IV and V. Here, analysis 
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of variance and repeated measure of variance were done by fitting a wider 
class of generalized linear mixed models. To identify differences in perform-
ance between sites or treatments, Tukey-Kramer tests were done for a multi-
ple comparison adjustment of the P-values and confidence limits for the 
differences between least square means (LS means). Observations were done 
on the same individual each year, thus the repeated statement in MIXED was 
used to specify covariance structures for repeated measurements. The vari-
ables long-shoot length, number of meristems and number of new buds were 
log-transformed to normalize these variables. I also performed a variance 
component analysis (VARCOMP procedure) to estimate the contribution of 
each effect to the variance of the dependent variable.  

In paper II, Pearson correlation analysis was done on normalized values 
of long shoot characteristics versus ecological zonation, altitude, latitude, 
longitude, temperature, global radiation, and precipitation. I used the yearly 
means per site to avoid pseudoreplication. 

Demographic analysis of bud populations (III)
An organism’s life history is governed by the allocation of resources be-
tween reproduction, maintenance and growth over time (Watkinson & 
White, 1985). Demographic analysis can be used to compare life-history 
strategies. Vital phases in the life cycle of an organism can be quantified by 
matrix models. Further, the long-term mean population growth rate, , can 
be used as a measure of fitness (Caswell, 2001). Genetic variation, biotic and 
abiotic environmental factors influences the -value. By applying the popu-
lation concept on buds growing within a tree, I am able to compare and de-
scribe differences in tree growth. Moreover, sensitivity analysis tells what 
will happen to  if transitions which are part of the life cycle change 
(Caswell, 2001). In paper III I analyze the population of buds in mountain 
birch trees by applying stage-classified matrix models (Fig. 3). 

L A MCDSS

Figure 3. Life cycle graph for buds in Betula pubescens ssp. czerepanovii. The four 
classes are lateral (i.e. axillary) buds (L), dormant buds + short shoots (DSS), apical 
buds (A), and male catkins (MC). The transition period is one year. 
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A pooled matrix was created for each site based on the individual tree ma-
trices. From the pooled matrix, I calculated the long-term population growth 
rate ( P) and the damping ratio ( p = 1/| 2|, where 1 is the dominant (largest) 
eigenvalue and 2 is the second largest eigenvalue). A high damping ratio 
will result in a faster convergence to the stable stage distributions. A boot-
strap resampling method (Caswell, 2001) was used to calculate the variance 
and the standard error for . Values from 30 – 60 matrices per site, i.e. one 
matrix per tree, were resampled 10 000 times to receive variances, standard 
errors, and mean population growth rates, B. The sensitivity of  to changes 
in the matrix elements was calculated using the pooled matrices.  

In paper III, I performed a randomization test (Monte Carlo) to evaluate 
the statistical significance of differences in the long-term population growth 
rate between trees. The test growth rate, , was calculated from matrices 
obtained by random shuffling of transition rates between the two groups. 
The null hypothesis, that  does not differ from what could be expected by 
chance, was rejected if the observed value was outside the 95% confidence 
interval for the Monte Carlo distribution.

Comparisons of seedlings of different origin (V)
In paper V, I hypothesize that mountain birch trees from Iceland are more 
vulnerable to defoliation than trees from Sweden since Icelandic birches are 
not adapted to re-occurring defoliation events. Caterpillars of E. autumnata
cause large-scale mortality of mountain birch forests in Fennoscandia but not 
on Iceland. Further, Icelandic birches have a poorer chemical defense against 
browsing mammals in comparison with birches from Finland and Siberia 
(Bryant et al., 1989). I studied whether fertilization alters the responses of 
mountain birch to defoliation. If the effects of defoliation are due to nutri-
tional stress, then fertilization would reduce the negative effects of defolia-
tion.

The experiment was conducted under ambient conditions in the experi-
mental garden at Abisko Natural Research Station (68° 21' N, 18° 46' E, 380 
m a.s.l.), about 200 km north of the Arctic Circle. Seeds of mountain birch 
were collected from two populations: in Jokkmokk, Sweden (66° 62' N, 19° 
83' E) and in Akureyri, Iceland (65° 68' N, 18° 12' E). Seeds were sown in 
peat in June 1995 and grown under ambient conditions until June 2001 when 
the experiment was initiated. I studied the responses to complete defoliation. 
Saplings were grown under two fertilization regimes, 1 g N m-2 season -1 and 
10 g N m-2 season -1 which simulates the natural nutrient conditions in a poor 
and a rich mountain birch forest (Weih, 1998).  
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Results and discussion 

Relationship between long shoots and their parent (I)
In this study, all long-shoot characteristics studied showed a temporal vari-
ance, most likely depending on climate. Among non-defoliated trees, I found 
that the number of buds and the length of long shoots increased initially. It 
was followed by a decline in the final two years of the study. According to 
Maillette (1982a, b), growth activity in Betula spp. strongly reduces as the 
branch ages, and new leader shoots develop further up in the tree canopy. 
However, in my study, variation in long-shoot activity coincided with varia-
tions in mean annual summer temperature and global radiation. Thus, the 
decreased growth activity observed in this study is likely to be due to cli-
matic conditions during the five-year study period rather than to aging of the 
shoots.

The main objective was to examine the relationship between the behav-
iour of mountain birch long shoot and their parent shoots. Bud number was 
positively affected by parent long-shoot length, but negatively affected by 
parent internode length and parent bud number. The length of new long 
shoots increase if the parent shoot is longer, and these new shoots will 
probably also have more axillary buds. But if the internode length, i.e. the 
distance between two axillary buds on a long shoot, increases then there are 
fewer buds on the long shoot. The negative effect of parent bud number 
could indicate a cost for producing these. I am not aware of any previous 
analyses regarding potential costs for producing axillary buds. I expected 
that defoliation would increase costs since this treatment removes a substan-
tial part of the reserves of a tree and can be expected to enhance resource 
competition (Karlsson & Weih, 2003; Karlsson et al., 2005). However, the 
relationship between bud number and parent long shoot characteristics was 
not altered by defoliation. 

Further, production of new long shoots was affected negatively by parent 
long-shoot length. Parent internode length and parent bud number had a 
positive effect on the number of new long shoots. As stated above, a longer 
long shoot has more (axillary) buds which in turn increase the number of leaf 
bearing short shoots. The relationship was altered by defoliation probably 
since the conditions for growth were changed. After defoliation damaged or 
dead shoots are replaced and, consequently, a parent long shoot produces 
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more new long shoots. For each of the long-shoot characteristics studied 
there was at least one negative effect of parent performance. Such negative 
relationships may indicate that parent shoots experienced a cost that nega-
tively affects performance of their progeny. 

The production of new long shoots decreased in the year of defoliation 
followed by increased production one year later. Further, there was about 
three times higher frequency of long shoots born on short shoots both in the 
year of defoliation and one year after defoliation. Differences between con-
trol trees and defoliated trees were significant and show how mountain birch 
trees respond to severe defoliation events (Fig. 4). The progress of recovery 
among defoliated trees begins with an increased production of long shoots 
emerging from dormant buds or short shoots. Further, the recovery in moun-
tain birch trees begins with an increased number of buds per long shoot and 
number of new long shoots one year after defoliation. This increases the leaf 
area and restores the photosynthetic capacity in the mountain birch. 
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Figure 4. Effects of defoliation on A) long-shoot length, B) internode length, C) 
number of meristems, and D) number of new long shoots. Defoliation was per-
formed in 1998 = time 0. Changes are in percent and are retrieved from a GEE 
analysis. Significance levels; n.s. = not significant, ** P < 0.01, and *** P < 0.001. 
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Environmental effects on long shoot performance (II)
I studied variability in long-shoot performance in the mountain birch at two 
spatial scales and in relation to climatic factors. The two spatial scales were 
(1) a regional scale (ranging over 700 km) along an east-west gradient in 
northern Fennoscandia, and (2) a local scale (10 km) within Abisko National 
Park (Sweden). As expected, the highest growth with more and longer long 
shoots, more meristems, and larger leaves was found at the western-most site 
in the regional comparison. The western-most site has a more favorable cli-
mate than the other sites. Surprisingly, the second strongest growth was 
found at the high-altitude site in the Abisko area, which could be due to a 
relatively long growing season (the number of days when soil temperature 
exceeds 0°C) at this site.  

Correlations between several of the climatic variables and long-shoot pa-
rameters were found. For example, catkin production showed a positive cor-
relation with summer temperature in the current year, while a negative corre-
lation with number of long shoots was found. On the other hand, the number 
of long shoots was negatively correlated with temperature in the previous 
year. Also the global radiation and the precipitation showed correlations with 
several long shoot characteristics. The correlation between long shoot char-
acteristics and temperature in the previous summer probably reflects the 
ability of the trees to store resources for growth of next year after a favorable 
summer. Mountain birch trees commonly use resources produced in the pre-
vious year (Haukioja et al., 1990). Alternatively, a warm summer could re-
sult in buds and primordia which are fully developed and thus give a good 
start for the next year’s growth. 

0.2

0.4

0.6

0.8

1.0 Kevo
N450
N550
Björkliden
Melbu

N
o.

 o
f c

at
ki

ns
/lo

ng
 s

ho
ot

1999 2000 2001 2002 2003

a

b

c

d

ab

Figure 5. Annual mean numbers of catkins per long shoot at Kevo, Njulla 450, 
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letter are not significantly different (Tukey-Kramer test for differences between least 
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The production of male catkins seems to be synchronized over the whole 
study area (Fig. 5). Furthermore, there was a positive correlation between 
male catkin production and temperature in the current summer. It has previ-
ously been shown that there is a cost connected to reproduction (Karlsson et 
al., 1996; Henrikson & Ruohomäki, 2000), which probably explains why 
flowering is not a yearly event. However, summer temperature and resource 
availability cannot alone explain the observed synchronization. One possible 
explanation is that evolution has driven mountain birch trees towards a syn-
chronization of flowering to increase the chance of cross-fertilization. 

Structural dynamics of bud populations (III)
By applying the population concept on buds growing within a tree, I was 
able to compare and describe differences in tree growth. I studied the bud 
population dynamics of mountain birch trees at two scales: along an altitud-
inal gradient and an east-west gradient. At both scales, the variation in mean 
population growth rate, , was of the same magnitude. Along the east-west 
gradient, the longest growing season was found at the Melbu site. However, 
along the altitudinal gradient was the growing season longer at the high-
altitude (550 m a.s.l.) site than the sites further down. These differences in 
local-climate are probably explained by the topography, which determines 
the radiant loading differences across landscape (Oke, 1996). In addition, the 
direct-beam radiation increases on north-facing slopes at higher latitudes 
(Oke, 1996).  

Variations in population growth rate between years along both gradients 
show the occurrence of temporal effects on bud populations. All trees in the 
study, except those growing at Njulla 450 (at 450 m a.s.l.), had viable bud 
population growth rates, ranging between 1.02 and 1.27. Further, the signifi-
cant differences in growth rates between sites indicate the presence of spatial 
effects. Environmental factors such as a harsh climate (Maillette, 1987), 
herbivory (Haukioja et al., 1990), and site specific factors acting at a micro-
environmental level, such as nutrient availability (Weih et al., 1998) are 
potentially important for bud demography in mountain birch trees. Thus 
variations in  are probably due to differences between individual trees and 
by differences in the local-environment. 

Along the altitudinal gradient, there were significant differences in  of 
bud populations between trees damaged by freezing and undamaged trees. 
As I also found differences between years, all differences found cannot be 
due to damages. Even though  is a measure of the long-term population 
growth rate and should be interpreted accordingly, there were significantly 
decreased growth rates among freezing damaged trees in the year after dam-
ages. But freezing damages cannot explain the negative population growth at 
Njulla 450 since it has not, to my knowledge, occurred at this site during the 
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1980s and 1990s. Why undamaged trees at Njulla 450 have a lower  than 
damaged trees at Njulla 420 and Njulla 520, are probably explained by a 
higher bud activity among damaged trees compensating for freezing dam-
ages.

Along the east-west gradient, the highest population growth rate (1.27) 
was found in Kevo. Could it be possible that these trees, which were se-
verely defoliated by caterpillars of E. autumnata in the mid 1960s, have a 
high population growth rate because of damages experienced over 40 years 
ago? After a similar event in the Abisko valley in the mid 1950s, Tenow and 
Bylund (2000) suggested that recovery in mountain birch trees would take 
about 75 years. In their study, trees damaged in 1955 had not fully recovered 
shoot density in 1988. Further, in stage-classified models, populations with a 
high  converge slower to stable stage (Caswell, 2001). Thus it is possible 
that mountain birch trees which have experienced damages some decades 
ago still have a high bud activity today compared to other trees.  

The sensitivity analysis showed that, along both gradients, there was a de-
crease in the number of lateral (L) and apical (A) buds with time, while the 
number of dormant buds and short shoots (DSS) increased with time which 
increases the bud bank. Maillette (1982a, b) suggests that a decreased pro-
duction of new active lateral buds can be a consequence of aging. Results 
from a study by Karlsson & Weih (2003) do, however, not indicate any such 
pattern. Maybe it should instead be interpreted as a change in function? 
When the tree crown has become larger, twigs and branches gradually lose 
their roles as exploiters. Instead, they become more important for creating a 
bud reserve. Thus, the increased number of DSS serves as a bud bank for 
future use. Both the ability to change function and the occurrence of a bud 
bank should be advantageous in a fluctuating environment where events of 
severe biomass losses due to herbivory or freezing damages are irregular, but 
not uncommon. 

Transition from L and/or DSS to L (Fig. 3) reflects the production of new 
long shoots and, consequently, the increment of tree crown volume. The 
transition from L to DSS gives information about the size of the bud bank 
and short shoots. Trees growing in less favorable environments appear to 
have a higher production of L from DSS. This result further supports the 
hypothesis of DSS act as a bud bank which is especially important for trees 
growing in highly variable environments.  
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Recovery after winter thaw-freeze injuries (IV)
I studied the recovery of mountain birch shoot populations after severe freez-
ing damage which occurred during wintertime. Already in 1929, Langlet 
suggested that damage to shoots on trees were caused by fluctuating tem-
peratures due to inversions. Empirical evidence of such fluctuations before 
damage events has indeed been found. For example, detailed measurements 
have shown rapid changes (within minutes) of the ambient air temperature 
from 14°C to +1°C repeatedly during one day (Holmgren, unpubl). A new 
event of freezing damage occurred during my study period and the tempera-
ture recordings indicate that similar fluctuations happened during this event 
(Fig. 6). My measurements were at an hourly basis and could not detect 
these rapid temperature changes, but the measurements indicate that at least 
three thaw-freeze cycles occurred. The critical temperature for freeze dam-
age is increased when winter dormant plants are exposed to repeated thawing 
and freezing (Olien, 1967; Lund & Livingston, 1998). The rates of these 
thaw-freeze cycles are important; slow rates do not lead to damages while 
rapid cooling rates do (Sutinen et al., 2001). Consequently, the damages 
studied on mountain birch along the slope of Mt Njulla in the Abisko Na-
tional Park are most likely the result of rapid thawing and freezing. 
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Figure 6. Results from temperature measurements at Mt Njulla in Abisko National 
Park, Sweden. Hourly readings of the ambient air temperature (°C) at the four sites 
on the 3rd of February 2002.  
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Recovery in mountain birch trees after freezing damage begins with an 
increased leaf area and an increased bud production. In the following season, 
these buds will most likely become short shoots and thus increase the leaf 
biomass further. One year after freezing damage, the recovery continues 
with an increased bud production and an increased long-shoot production. 
The latter remains at a high level for two years after damages. These activi-
ties restore the photosynthetic capacity of the tree, both in a short-term and a 
long-term perspective. Furthermore, the proportion of long shoots born on 
short shoots increased among freezing damaged trees, probably reflecting a 
reduced apical dominance following the high mortality among long shoots. It 
is evident that short shoots and dormant buds are important as a back-up to 
re-create the shoot and bud population after severe damage events. In the 
present study, recovery after freezing damage appeared to continue for about 
three years.  

Responses in two provenances to defoliation and 
fertilization (V)
Differences in the performance among mountain birch saplings grown in a 
common garden could to a large extent be explained by their origin (Fig. 7). 
For example, an overall analysis of the variance showed that the studied long 
shoot and leaf characteristics were significantly affected by the origin and 
the mother-tree. Further, mother-tree was in most cases the second largest 
contributor to the variance among the studied variables. This indicates that 
the factors determining growth are to a large degree inherited. Likewise, in a 
study of high- and low-altitude mountain birches it was shown that differ-
ences in metabolic responses to temperature and fertilization are inherited 
(Weih & Karlsson, 1999). However, year was the largest contributor to the 
variance in my study, which probably reflects variations in the climatic con-
ditions during the study. None of the effects included in the analysis was 
larger than the error term. 

My main objective was to study the response to complete experimental 
defoliation among mountain birch saplings originating from Sweden and 
Iceland, and whether they differ in response. I found, for example, that the 
production of new long shoots and the relative height of saplings were sig-
nificantly reduced as a consequence of defoliation (Fig. 7). This response 
was less pronounced among Icelandic saplings. In addition, saplings origi-
nating from Iceland and Sweden also responded differently to fertilization 
and defoliation. Long shoot length was significantly affected by the origin × 
defoliation interaction and leaf nitrogen showed a significant response to the 
interaction effects origin × defoliation and origin × fertilization.  
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Figure 7. Mean values of A) number of long shoots, B) number of buds, C) long-
shoot length, D) leaf area, E) leaf weight, and F) N concentration for mountain birch 
saplings originating from Iceland and Sweden per year and treatment combination. 
Defoliation was performed in 2001. C = control, D = defoliated, FL = Fertilization 
low and FH = Fertilization high. Letters show the result from a post-hoc test of dif-
ferences between years and defoliated/non-defoliated trees. Results with same letter 
are not significantly different (MIXED procedure, P > 0.05). 

There was a defoliation event by E. autumnata in 2002, one year after the 
experimental defoliation. At this event, E. autumnata showed a preference 
for Swedish saplings resulted in twice as high defoliation among Swedish 
saplings compared to the Icelandic ones. Further, non-defoliated saplings 
were more exposed to natural defoliation than saplings defoliated the previ-
ous year. The differences in response to natural defoliation seen in this study 
are further evidence for the presence of inherited differences between moun-
tain birch trees from Sweden and Iceland. It has been shown that Icelandic 
birches have a less effective chemical defense against winter browsing 
mammals compared to birches from Finland and Siberia (Bryant et al.,
1989). Bryant et al. (1989) suggest that boreal birch trees have co-evolution 
with boreal hares. 

With this hypothesis in mind, I expected that mountain birch trees from 
Iceland would be preferred by E. autumnata since the level of defense 
chemicals in these trees should be lower. While in Swedish birches, the level 
of repellent chemicals would be higher and especially repelling to E. autum-
nata. Why then are mountain birch saplings from an environment without 
recurring defoliation events less preferred by E. autumnata? It is possible 
that Swedish mountain birch have a different chemical signature to which 
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(Swedish) E. autumnata are adapted and, accordingly, Icelandic birches are 
less preferred. 

The second objective was to study if fertilization alters the responses to 
defoliation. My results showed that fertilization does not decrease the effects 
of experimental defoliation except for leaf nitrogen concentration. However, 
increased nutrient availability affected five out of eleven studied variables 
among non-defoliated saplings: the production of new long shoots, the num-
ber of buds, leaf area, leaf nitrogen concentration, and the number of twigs. 
Earlier studies on mountain birch seedlings (< 1 yr) have found a pro-
nounced response to increased nutrient availability (Weih and Karlsson, 
1997). These seedlings were grown under the same fertilization regimes and 
in the same experimental garden as the saplings in my study. Thus, the dif-
ferent responses to fertilization among saplings are likely due to the age dif-
ference, since a good availability of nutrients is more important for the 
emerging seedling than for six year old saplings. 
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Conclusions

In this thesis I have shown that shoot characteristics of mountain birch are 
influenced by a series of different factors. There are indications of several 
trade-offs between different long shoot characteristics, e.g. I found a nega-
tive effect of parent bud number on long-shoot length (I). This may indicate 
a trade-off between crown volume expansion and leaf area expansion. I have 
also shown that parent shoots that experience defoliation produce progeny 
with reduced performance.  

Further, I have compared the variation in long-shoot characteristics in 
mountain birch at two scales (II). I found that variation in long-shoot per-
formance was of the same magnitude at a local scale as at a regional scale 
and that the difference in long-shoot performance to some extent can be ex-
plained by environmental variables. However, a variance component analy-
sis showed that the variation among individual trees was of the same degree 
as the between-year variation. This suggests that genotypic variation and/or 
local environmental differences between and among sites are of great impor-
tance and thus should be addressed in future studies.  

The demographic study (III) of bud populations in mountain birch trees 
growing in different environments showed that dormant buds and short 
shoots fulfill important functions in a fluctuating environment and as an 
adaptation to recurring damages of different origin and severity. Further-
more, extensive damages increase the long-term bud population growth rate. 

Plants growing in cold environments are considered to be well adapted to 
low winter temperatures, yet there are several observations of freezing dam-
age on trees growing in such environments. Following such damage, fewer 
but larger leaves emerge on mountain birch trees (IV). Damages were com-
pensated for with increased number of buds on long shoots produced the 
same year and one year after damages. Moreover, there were more new long 
shoots born on short shoots among damaged trees. This shows the impor-
tance of short shoots for recovery after damages.  

Differences in the performance among mountain birch saplings grown in 
a common-garden at Abisko could to a large degree be explained by their 
origin (V). Further, saplings from Sweden and from Iceland responded dif-
ferently to defoliation. I also studied if fertilization alters the responses to 
defoliation. However, my results show that fertilization does not decrease 
the effects of experimental defoliation.  
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Summary in Swedish 

Hur påverkas skottdynamiken hos fjällbjörk av olika 
miljöfaktorer? 
I nordligaste Skandinavien dominerar fjällbjörken landskapsbilden och är 
oftast det enda skogsbildande trädet. Fjällbjörkens utbredningsområde inklu-
derar även Island, sydvästra Grönland samt östra Kolahalvön. Stora tempera-
turvariationer och kort tillväxtsäsong tillhör några av de livsvillkor som 
växtligheten ovan polcirkeln måste klara av. Detta innebär att vegetationspe-
rioden blir extra betydelsefull för växterna.  

Skadeangrepp på vegetationen är inte ovanliga i norra Skandinavien, t ex 
förekommer på fjällbjörk angrepp av fjällbjörkmätarlarv. Denna larv kan, 
vid riktigt höga populationstätheter, ta död på stora områden med fjällbjörk 
genom att äta upp trädens alla blad och knoppar. Fjällbjörkmätaren finns i 
Svergie, Finland och Norge men längs norska kusten är den mindre vanlig. 
På Island saknas fjällbjörkmätaren och fjällbjörkskogen där upplever inga 
liknande skador. 

Björkar fortplantar sig vanligtvis sexuellt och träden bär både hon- och 
hanhängen. Pollen släpps från hanhängen och förs med vinden till mottagliga 
honblommor. Dessa befruktas för att på hösten ha utvecklat mogna frön. 
Fröna sprids med vinden men transporteras oftast inte särskilt långt. Hos 
fjällbjörk är även vegetativ fortplantning vanlig vilket troligen beror på svå-
righeter för fröet att etablera sig i den alpina miljön. Det är mer troligt att en 
livskraftig planta kommer upp om trädet skjuter nya skott från roten. I fjäll-
trakterna är det därför vanligt att fjällbjörkar består av flera stammar av olika 
ålder.

Expansion eller fotosyntes? 
På fjällbjörken finns två typer av skott, kortskott och långskott (Figur 1), 
vilka har olika funktion. Kortskotten (< 5 mm) är till största delen fotosynte-
tiserande genom att de bär den största andelen av bladbiomassan medan 
långskotten (> 5 mm) är ansvariga för trädkronans expansion samt nybildan-
de av knoppar. Olika typer av skott varierar i exempelvis olika överlevnad, 
sexuell och vegetativ fortplantningsförmåga. Individuella skillnader förklarar 
en del av dessa variationer men faktorer som temperatur, ljusinstrålning och 
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skador på skotten kan spela en avgörande roll för trädets tillväxt. En ökad 
kunskap om trädets arkitektur och biomassaproduktion är därför viktig. För 
att nå detta har jag studerat en del av de faktorer som styr tillväxten hos 
fjällbjörken.

I min studie har jag markerat ett flertal enskilda skott från ett visst år och 
dessa har följts under fem växtsäsonger. Allt som hänt med skottet och dess 
knoppar har registrerats. Det kan vara t ex bildande av hon- eller hanhängen, 
knoppar som dör eller förblir i vintervila och bildandet av nya skott. Med 
hjälp av dessa data har jag kunnat utläsa skillnader i tillväxtmönster, skott- 
och knoppdynamik mellan träd från olika klimatregioner. Bland annat har 
jag kunnat påvisa att hos fjällbjörken är vilande knoppar och kortskott en 
viktig reserv vid skadetillfällen men denna reserv är även resultatet av en 
anpassning till en mycket variabel livsmiljö. Flertalet av egenskaperna hos 
ett nybildat långskott påverkas av vilka erfarenheter långskottet som det föds 
på har. Till exempel, om ett föräldralångskott erfar något som innebär ett 
ökat uttag av resurser såsom bildande av hanhängen eller någon form av 
skada, blir dess nybildade långskott mindre och har färre knoppar. 

Figur 1. Kortskott och 
långskott hos björk. Hon-
hängen bildas på kort-
skott. År 0 syns ett för-
äldralångskott med sex 
knoppar och två omogna 
hanhängen i toppen. År 1 
har ett nytt långskott 
bildats på föräldra-
långskottet. Om inget 
hanhänge bildas aborteras 
knoppen i toppen. Knop-
parna i bladvecken på 
långskottet år 0 har bildat 
nya kortskott år 1. 
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Klimatets inverkan 
För att undersöka hur skott- och knoppdynamiken hos fjällbjörkar som växer 
i norra Europa påverkas av klimatet har jag studerat jag tre olika områden: 
norska kusten, svenska fjällen och nordligaste Finland. Vegetationsperiodens 
längd, temperatur och nederbörd är exempel på faktorer som skiljer sig åt 
mellan dessa tre områden. Jag har jämfört klimatets påverkan på fjällbjörk 
på regional såväl som lokal skala. 

Variationerna i långskottens egenskaper var i min studie av samma stor-
lek vid jämförelse regionalt och lokalt. Flertalet av karaktärerna påverkades 
direkt av klimatfaktorer under sommaren (juni-augusti). Dessa faktorer var 
lufttemperatur och solinstrålning innevarande och föregående sommar samt 
nederbördsmängden innevarande sommar. Dock berodde många av egen-
skaperna på individen, vilket leder till slutsatsen att variationen mellan geno-
typer och det enskilda trädets miljö är av största vikt.  

Knopparna förfryser 
I Abisko har det vid ett flertal tillfällen förekommit att fjällbjörkar förblir 
kala fram till midsommartid. Detta har uppkommit längs samma fjällslutt-
ning och fram till nyligen har orsaken varit en gåta.  Temperaturmätningar 
under vinterhalvåret avslöjade slutligen orsaken. I januari och februari 
strömmar varm luft in från Norge och denna lägger sig i ett lager över den 
kalla luften i dalen. Under dagen rör sig luften sakta upp och ned, ett fem-
tiotal meter i vardera riktningen. Detta leder till att knopparna på träden väx-
elvis tinar och fryser ett flertal gånger under dagen. När våren sedan kommer 
är dessa knoppar så skadade att löven inte slår ut. Jag har undersökt vilken 
strategi fjällbjörken har för att överleva sådana typer skador. 

Trots att fjällbjörken anses vara väl anpassad till det klimat den växer i 
har dessa växelvisa frysningar påtagliga effekter. Som en följd av frysning-
arna slår färre blad ut på träden, vilket delvis kompenseras av att varje blad 
är större. Dessutom bildas det fler knoppar på varje långskott i två år efter 
det att skadorna uppkommit. Dessa knoppar kommer troligen att bli kortskott 
vilka på sikt återställer trädets fotosyntesförmåga. Ytterligare ett sätt att åter-
hämta sig efter frysskadorna är genom en ökad långskottsproduktion från 
kortskott. Normalt bildas de nya långskotten på fjolårets långskott. 
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Ursprungets betydelse 
Bildandet av nya arter och en ökad genetisk variation inom en art kan bero 
på hybridisering (korsning mellan två närbesläktade arter). Även anpassning 
hos växter till nya miljöer och förekomsten av lokala artvarianter kan till-
skrivas hybridisering. Man vet att olika björkarter kan hybridisera med var-
andra och särskilt vanligt är detta ju längre norrut man kommer. Den kortare 
växtsäsongen i kombination med lägre temperatur leder till att blomningen 
hos de olika björkarterna sker samtidigt. Vissa björkhybrider är livskraftiga 
och fertila medan andra korsningar inte är lika dugliga. Fjällbjörken är ett 
exempel på en livskraftig hybrid mellan glasbjörk och dvärgbjörk.  

Det finns indikationer på att små områden med fjällbjörkskog kan ha exi-
sterat i den svenska fjällkedjan redan för 12000 år sedan under den senaste 
istiden, vars tillbakadragande började för ca 9300 år sedan. På Island ska det 
ha funnits områden med fjällbjörk från för 8500 år sedan och fram till dess 
att vikingarna koloniserade ön. Man har kunnat visa att isländska björkar har 
ett sämre försvar mot vinterbetande däggdjur, främst harar, jämfört med 
björkar från Finland och Sibirien. Däggdjur introducerades på Island i sam-
band med koloniseringen medan däggdjuren i Finland och Sibirien har en 
längre historia. Slutsatsen man drog från detta var att björken i Finland och 
Sibirien är resultatet av en samevoultion med vinterbetande däggdjur.  

I en experimentträdgård odlades plantor med ursprung från Island och 
Sverige. Resultaten visar på tydliga skillnader som beror på plantornas ur-
sprung. Isländska björkplantor har bl a fler och längre långskott med fler 
knoppar medan de svenska plantorna har större och tjockare blad. Dessa 
skillnader kvarstår även när plantorna får extra tillskott av näring som mot-
svarar nivån i en näringsrik fjällbjörkskog. Plantor med olika ursprung rea-
gerar inte olika på låg respektive hög näringstillgång. Däremot reagerar plan-
torna olika på experimentell avlövning som efterliknar fjällbjörk-
mätarlarvens angrepp. Plantor med svenskt ursprung producerade färre 
långskott under ett par år medan de isländska bibehöll en produktion på 
samma nivå som oskadade plantor. Detta leder till att de isländska plantorna 
återhämtar sig snabbare efter omfattande skador.  

När plantorna utsattes för en naturlig defoliering av fjällbjörkmätare ett år 
efter den experimentella visade det sig att larverna föredrar svenska plantor 
före de isländska. Resultatet är oväntat. Eftersom isländska fjällbjörkar na-
turligt inte upplever återkommande tillfällen av avlövning, borde de ha lägre 
nivåer av försvarssubstanser i bladen. Dessa substanser påverkar fjällbjörk-
mätarlarvernas tillväxt och utveckling negativt. Därför borde larverna välja 
bort plantor med höga halter av försvarssubstanser.  
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