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Abstract
Arabidopsis lyrata is a close outcrossing relative of Arabidopsis thaliana, the model organism of
plant physiology and molecular biology. I studied variation in flowering time and the factors shaping
the variation within and between A. lyrata populations in different environments. The role of the two
important proximate factors determining flowering time, day length and temperature, were studied in
climate chambers. The southern A. lyrata populations were found to flower in high frequency and
quicker than northern A. lyrata populations in all studied environments, but the reaction of northern
populations on long day length was found to be stronger than that of southern populations.
Differences in vernalization requirement between A. lyrata populations were found in outdoor
common garden, but in the climate chambers the results of vernalization experiments were not
consistent. Strength and direction of selection on flowering time and other life history traits were
studied in alpine and lowland A. lyrata populations in Scandinavia. Differences in selection were
found both between populations and between years. Grazing sheep caused high levels of damage in
inflorescences in the alpine population. In the lowland population there was less herbivory, caused by
insects and hares. The difference in selection on flowering traits in the two study populations might
be partly caused by selective grazing. Completely outcrossing mating system in A. lyrata is due to
well developed self-incompatibility system. However, biparental inbreeding is likely to exist in
natural populations and it may lead to spatial structuring of genetic variation within populations. I
studied the effects of biparental inbreeding on components of fitness in A. lyrata in three different
environments. I found inbreeding depression after sib-mating to be substantial. Stressful environment
reduced the overall performance of the plants, but had no effect on the magnitude of inbreeding
depression. A literature survey indicates that the observed levels of inbreeding depression in self-
incompatible A. lyrata were higher than those of self-compatible species. This suggests that self-
compatible species have purged some of their genetic load. The genetic basis of flowering time
variation in A. lyrata can be further studied by using A. thaliana molecular tools.

Keywords: Arabidopsis, adaptation, day length, flowering time, inbreeding depression,
mating system, natural selection, self-incompatiblity, vernalization
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1 Introduction 

Evolution is a result natural selection (Darwin 1859), which operates together with 
genetic drift to shape the phenotypic, and finally also the genetic architecture of 
populations (Endler 1986). The change can also be a result of mutation, selection, genetic 
drift, migration and mating system (Hedrick 1985). The genetic composition of a 
population changes due to natural selection if 1) there is phenotypic variation for traits 
under selection, 2) there is a correlation between the trait under selection and fitness, and 
3) the observed variation is heritable (Endler 1986, Falconer & Mackay 1996). Within the 
distribution area of the species, the environmental conditions often vary in space and also 
in time. Sometimes the found variation can be explained with history of the species by 
tying together geological or historical landmarks that have an effect on species adaptive 
evolution (e.g., ice age), mating system and life-history of the species (e.g., Savolainen et 
al. 2000, Lascoux et al. 2004, Kawecki & Ebert 2004). Local environmental conditions 
together with mating system shape the phenotypic variation within populations causing 
spatial structure within species. Inbreeding is likely to lead to increased variation between 
populations and reduced variation within populations (Falconer & Mackay 1996). 

Genetic variation between plant populations has traditionally been studied using 
common garden and transplant approaches (e.g., Turesson 1922, Clausen et al. 1948, 
Stebbins 1950). The differences observed between populations grown in common 
environment (outdoor garden, greenhouse or climate chamber) can be assumed to be due 
to genetic differences between the populations. Correlations between fitness and traits 
under selection can be used to study the role of natural selection in local adaptations.  

Flowering time is for many reasons a suitable trait for studies of distribution of genetic 
variation within and between populations. Traditionally flowering time variation has been 
an important component in studies of plant life history evolution (Turesson 1922, 
Stebbins 1950). The timing of flowering is also most essential for species survival, and is 
shown in many studies to be highly correlated with plant fecundity (e.g., O’Neil 1997, 
Ollerton & Lack 1998, Kelly & Levin 2000, Stinson 2004). 

Arabidopsis thaliana (L.) Heynh. is known as the model species of plant genetics. In a 
developmental genetics research tradition, the genetic pathways potentially influencing 
flowering time variation have been thoroughly explored mainly using A. thaliana 
flowering time mutants (Koornneef et al. 1998, Simpson et al. 1999, Reeves & Coupland 
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2000, Mouradov et al. 2002). These studies have discovered multiple genetic pathways 
that lead to flowering. The most important proximal environmental cues determining 
flowering time are considered to be temperature and day length (reviewed by Reeves & 
Coupland 2000).  

In the past few years the interest towards the relatives of A. thaliana in population 
genetic studies has increased. Many molecular tools developed for A. thaliana can be 
used also for related species (Van Treuren et al. 1997, Mitchell-Olds 2001, Wright et al. 
2003, Kuittinen et al. 2004). The relatives of selfing, annual A. thaliana exhibit a variety 
of mating systems. Closely related perennial species Arabidopsis lyrata has a well 
developed self-incompatibility system (Kusaba et al. 2001), which gives rise to a fully 
outcrossing mating system in natural populations (Schierup 1998, Kärkkäinen et al. 
1999). 

1.1  Genetic basis of variation in flowering time 

Flowering time distribution in plant populations can be shaped by numerous biotic and 
abiotic factors, such as pollinator activity (Lack 1982, Rathcke & Lacey 1985, Widen 
1991, Freeman et al. 2003), selection for synchrony with members of same species and / 
or other species (e.g., Augsprunger 1981, Rathcke & Lacey 1985), herbivory (e.g., 
Juenger & Bergelson 2000, Pilson 2000, Freeman et al. 2003), temperature (e.g., Totland 
1999, Reeves & Coupland 2000) and drought (e.g., Dudley 1996, Heschel & Riginos 
2005). The final distribution of flowering time is a result of many factors acting together 
in a frame set by underlying genetic architecture (Coupland 1995, Simpson et al. 1999). 

Studies with Arabidopsis thaliana mutants have discovered multiple genetic pathways 
that lead to flowering (e.g., Reeves & Coupland 2000, Mouradov et al. 2002). The 
photoperiodic pathway genes promote flowering in long days; those in the autonomous 
pathway promote flowering independent of day length. The vernalization pathway genes 
are responsive to cold treatments. Other pathways include genes related to sucrose and 
gibberellins (see Blásquez 2000).  

In A. thaliana three weeks cold treatment given to seeds significantly accelerates 
flowering in late flowering, “winter annual”, ecotypes (Napp Zinn 1969, Nordborg & 
Bergelson 1999, Pigliucci & Marlow 2001). The molecular work until now suggests that 
much of the variation is due to the locus FRI (FRIGIDA) and some to the locus FLC 
(FLOWERING LOCUS C) (Johanson et al. 2000, Gazzani et al. 2003). Recently 
Stinchcombe et al. (2004) found some latitudinal variation in A. thaliana ecotypes that 
lacked a major deletion in FRI, and Caicedo et al. (2004) showed that this cline is partly 
due to epistatic interaction with FLC.  

1.2  Local adaptation 

Selection often varies in time and space causing local population to evolve traits that are 
advantageous under local environmental conditions (Kawecki & Ebert 2004). Williams 
(1966) describes adaptation as a phenotypic feature which is a result of past natural 
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selection and improves the fitness of an individual relative to other features. If there is 
local adaptation, genotypes from local population have higher relative fitness than 
genotypes originating from other habitats. Local adaptations are always constrained by 
the genetic architecture of adaptive traits (Slatkin 1994). Random genetic drift may have 
confounding effect on patterns and gene flow may hinder local adaptation (Kawecki & 
Ebert 2004).  

Local adaptation is well known in plants since the classical studies of Turesson (1922) 
and Clausen et al. (1948). Adaptations can be studied by comparing natural populations 
in a common environment (e.g., Jonas & Geber 1999, Kawecki & Ebert 2004), in the 
field (e.g., Stinson 2004), or by conducting reciprocal transplant experiment in species 
natural habitats (e.g., Turesson 1922, Clausen et al. 1948, Stebbins 1950). Recently local 
adaptation has been demonstrated in Lythrum salicaria (e.g., Olsson & Ågren 2002), 
Brassica nigra (Kruskopf-Österberg et al. 2002), Beta vulgaris (Boudry et al. 2002) and 
Thymus vulgaris (Ehlers & Thompson 2004). 

Adaptive traits under selection often show clinal variation along environmental 
gradients, especially in species with wide distribution (Endler 1977). Many abiotic 
environmental factors, such as light conditions and temperature, change gradually along 
with latitude and altitude. The environmental variation may give rise to selection that 
causes plants to adapt. The earliest studies of clines in plant species are those by Langlet 
(1936, cited by Stebbins 1950) in Pinus sylvestris for genetic variation in clorophyll 
content, and a classical study by Clausen et al. (1948) in Achillea species. Latitudinal 
clines in the timing of growth cessation in forest trees, such as Pinus sylvestris or Betula 
pendula are well known (Eiche 1966, Mikola 1982, García-Gil et al. 2003, Li et al. 
2003). 

Variation in flowering time suggests adaptation to the length of the growing season. 
The important determinants of flowering time, temperature and day length have strong 
latitudinal gradients. The existence of latitudinal clinal variation in flowering time has 
been shown in many studies (e.g., Daucus carota: Lacey 1988, Beta vulgaris ssp. 
maritima: Van Dijk et al. 1997 and Boudry et al. 2002, Lythrum salicaria: Olsson & 
Ågren 2002) and along altitudinal gradients (e.g., Arabis fecunda: McKay et al. 2001, 
Potentilla pulcherrima: Stinson 2004).  

Until recently the genetic basis of adaptive variation has been mainly studied with 
methods of quantitative genetics (e.g., Falconer & Mackay 1996). The ecological genetics 
literature has described hundreds of cases of measurements of natural selection (Endler 
1986, Kingsolver et al., 2001, Hereford et al. 2004), but the genetic or molecular basis of 
the fitness variation is rarely known. On the other hand, geneticists have advanced in 
understanding of the genetic basis of quantitative variation, which often underlies fitness 
variation, but have restricted studies to the laboratory conditions. The genetic loci 
responsible for variation in some traits are rather well characterised, such as bristle 
number in Drosophila melanogaster (Long et al. 2000, Robin et al. 2002), or flowering 
time in Arabidopsis thaliana (Koornneef et al. 1998, Mouradov et al. 2002). However, 
for these well characterized traits, the fitness consequences of the phenotypic variation in 
natural populations have not been adequately documented and the natural population 
ecology of the above mentioned model species is poorly understood (e.g., Pigliucci & 
Marlow 2001, Weinig et al 2003, Gardner et al. 2005). Information on the fitness 
consequences of the genetically well understood phenotypic variation can help to 
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interpret the forces that generate the genetic architecture of species and patterns of 
nucleotide diversity at the underlying loci.  

1.3  Measuring phenotypic selection in natural populations 

The role of selection in maintaining variation between populations and giving rise to 
locally adapted populations can be studied by analyzing the variation in strength and 
direction of selection within and between populations (Wade & Kalisz 1990, Dudley 
1996, Kawecki & Ebert 2004). The two commonly used methods are the multiple 
regression method described by Lande and Arnold (1983) and the path analyses 
(reviewed by Kingsolver & Schemske 1991). Path analysis is based on a path diagram 
that represents hypothetical causal relationships between traits of interest. By utilizing 
multiple regression or correlation analysis the idea is to discover the path that best 
explains the covariance among traits (Fairbairn & Reeve 2001). The method is very 
flexible and should give realistic description of biological relationships, but for path-
analyses there is no single standard method for analyses of selection (Fairbairn & Reeve 
2001). The multiple regression method is more often used in the literature, and thus the 
comparisons between different selection studies are possible (Endler 1986, Kingsolver et 
al. 2001, Hereford et al. 2004). The method by Lande and Arnold (1983) is easily applied 
to field collected data. Traits are observed and measured in a population undergoing 
selection, and multiple regression is performed on the traits and the measure of relative 
fitness. The result of the method are linear (Si) and non-linear (Cii) selection differentials, 
which are measures of total selection on a trait, and selection gradients, that measure 
direct selection on the trait (βi), or combination of traits (γij), independent of other 
correlated traits. The non-linear selection can be studied by including the quadratic terms 
in the regression model (γii). The estimates describe the concavity (γ<0) or convexity 
(γ>0) of the regression curve. The bivariate non-linear selection gradients (γij) describe 
the effect of selection on a combination of traits. However, the resulting fitness surface 
may not reveal actual peaks or valleys in the selection surface, and thus the quadratic 
estimates cannot simply be interpreted as traditional stabilizing (γ<0) or disruptive (γ>0) 
selection (Brodie et al. 1995, Fairbairn and Reeve 2001).  

The method by Lande and Arnold (1983) has been widely used in measuring selection, 
and several reviews have attempted to draw general conclusions on the strength of 
selection. Endler (1986) paid special attention to cases of strong selection, whereas 
Kingsolver et al. (2001) concluded that directional selection on average was week, with a 
median of 0.16 (mean 0.22). An opposite view of the strength of selection was presented 
by Hereford et al. (2004), who found very strong total selection in their review. They 
used mean-standardized gradients (βμ) instead of commonly used variance standardized 
gradients (βσ). Mean-standardization gives a proportional change in fitness for a change 
in trait value, as βμ for fitness is 1.  

Mitchell-Olds and Shaw (1987), Wade and Kalisz (1990) and Stinchombe et al. (2002) 
discussed several points to be aware of when conducting a multiple selection analyses 
and especially when interpreting the results. Multicollinearity between the estimates of 
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studied traits and environmentally induced covariances causing bias on the estimates are 
considered to be the two most severe draw-backs of the multiple regression method.  

1.4  Inbreeding depression 

Pattern of the distribution of genetic variation within and between populations can partly 
arise due to differences in mating systems. Plant species possess vast variety of different 
mating systems have an effect on distribution of genetic variation and spatial structuring 
in plant populations. According to theoretical predictions, outcrossing species are 
expected to maintain higher levels of genetic variability within populations than 
inbreeding species (Charlesworth & Charlesworth 1985). Inbreeding causes an increase 
in the frequency of homozygotes and decreases the frequency of heterozygotes in 
population.  

Detrimental effects of inbreeding are related to increased homozygosity (Charlesworth 
and Charlesworth 1987). Inbreeding depression is measured by δ= 1 – ws/wo where ws 
and wo are fitness of selfed and outcrossed progeny, respectively. In self-incompatible 
species such as Arabidopsis lyrata outcrossing is obligate (Schierup 1998), and any form 
of inbreeding can be assumed to result inbreeding depression. Currently there is little 
information about inbreeding depression on self-incompatible species (e.g., Husband & 
Schemske 1996, Schierup 1998, Byers & Waller 1999). 

The two main theories explaining inbreeding depression are dominance and 
overdominance (e.g., Wright 1977). According to the overdominance hypothesis, outbred 
progeny perform better because they have a larger portion of heterozygous loci and some 
of these loci are overdominant. According to the (partial-) dominance hypothesis, outbred 
progeny perform better because their deleterious, mainly recessive alleles tend to be 
masked in the heterozygous condition. The two hypotheses are related to models for 
maintenance of genetic variation in populations (Charlesworth & Charlesworth 1987, 
1995). The dominance hypothesis corresponds to the mutation-selection model and the 
overdominance hypothesis to the heterozygote advantage model.  

Previous studies of inbreeding in plant populations have almost completely focused on 
the detrimental effect of self-fertilization compared with outcrossing (e.g., reviewed by 
Charlesworth & Charlesworth 1987, Uenoyama et al. 1993, Husband & Schemske 1996). 
Biparental inbreeding may occur in self-incombatible (SI), as well as self-compatible 
(SC) plant taxa, especially as a result of spatial genetic structuring within populations. A. 
lyrata has gravity dispersed seeds, and thus dispersal is greatly localized around maternal 
plants (Schierup 1998). This together with insect pollination and somewhat restricted 
gene flow is likely to result sib-mating and spatial structuring within the populations 
(Levin 1988, Heywood 1991, Cheplick 1993, Linhart & Grant 1996, Sweigart et al. 
1999). In self-incompatible species mating among relatives is the only way to achieve 
inbreeding.  

It is imporant to consider the effects of inbreeding in different life stages. Husband and 
Schemske (1996) showed that the expectations differ between selfing and outcrossing 
plants. An earlier study by Kärkkäinen et al. (1999) found significant inbreeding 
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depression in A. lyrata. However, that study focused on early inbreeding depression, 
whereas the later stages have not been studied before. 

The level of inbreeding depression has been shown to vary in different environments. 
Inbreeding depression is more severe in stressful environments (e.g., Dudash 1990, 
Hauser & Loeschcke 1996, Husband and Schemske 1996). Environmental conditions of 
habitats of natural populations differ, and thus mating system can have varying effects on 
genetic variation within populations, and as a result enhance the differentiation between 
the populations. 

1.5  Goals of this work 

The goals of this work are to study the patterns of flowering time variation in Arabidopsis 
lyrata, an otcrossing perennial, and compare the finding to the related weedy selfer, 
Arabidopsis thaliana. The first studies deal with the variation in flowering time between 
southern and northern A. lyrata population. To understand the variation more deeply, the 
populations were studied in different environmental conditions for the role of the 
important proximate factors that influence the distribution of flowering time in natural 
populations, day length and temperature.  

I was also interested in the patterns of natural selection in two A. lyrata populations 
that inhabit contrasting environments, and where we knew the populations were 
genetically diverged. Thus, phenotypic selection was measured in the two environments. 
I also studied the effects of selfing and other levels of bi-parental inbreeding on flowering 
time variation and other life history traits. 



2 Material and Methods 

2.1  Study species and populations 

2.1.1  Arabidopsis lyrata; a close relative of Arabidopsis thaliana 

The genome of Arabidopsis thaliana was published in 2000 (Arabidopsis Genome 
Initiative 2000). Accessions (ecotypes) of A. thaliana have natural variation in many life 
history and physiological traits (Alonso-Blanco & Koornneef 2000), and the genetic basis 
of this variation can be studied utilizing the vast knowledge of the genome of this species. 
In past few years the interest towards the relatives of A. thaliana in population genetic 
studies has increased (Van Treuren et al. 1997, Mitchell-Olds 2001). Arabidopsis lyrata 
(L.) O'Kane & Al-Shehbaz is one of the closest relatives of A. thaliana based on RFLP 
studies of cpDNA, and sequences of rbcL (Price et al. 1994). A. lyrata has been 
previously known under the names Cardaminopsis petraea (ssp. petraea) or Arabis 
lyrata (ssp. lyrata), and was transferred to the genus Arabidopsis by O’Kane and Al-
Shehbaz (1997). The close systematic position of A. thaliana and A. lyrata has been 
confirmed in many studies of genus Brassicaceae using both cpDNA and nuclear 
sequences (Koch et al. 1999, 2000 and 2001). The proportion of synonymous 
substitutions between the two species ranges between 10-15%, and the proportion of 
aminoacid changing nonsynonymous substitutions the divergence level is about 1.2%. 
Koch et al. (2000) estimated the divergence time between the species to be about 5 MY 
based on Adh and Chs sequences. 
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Table 1. Comparison between Arabidopsis thaliana and A. lyrata. 

 A. thaliana A. lyrata Reference 

Life history annual perennial  

Mating system selfing outcrossing (Schierup 1998, Kärkkäinen et al. 1999) 

Distribution continuous scattered (Hulten & Fries 1986, Jalas & Suominen 1996) 

Chromosome number (2n) 10 16 (Jones 1963) 

Genome size 0.16 pg 0.49-0.52 pg (Arabidopsis Genome Initiative 2000,  
Bennett & Leitch 2004, Dart et al. 2004 

The most important differences, and similarities, of A. thaliana and A. lyrata are 
presented in table 1. A. thaliana is a selfing annual plant, whereas A. lyrata is perennial, 
with sporophytic self-incompatibility system (Schierup 1998). The mean heterozygosity 
in the populations is high (Van Treuren et al. 1997). Despite fully out-crossing mating 
system, selfed seeds can be produces in A. lyrata by enforced bud pollination (Paper IV). 
Flowering in Arabidopsis is promoted by long days (Koornneef et al. 1998).  

Based on measures with flow cytometry genome size of A. lyrata is 0.49-0.52 pg (2C 
–value, Dart et al. 2004), compared with the estimate for A. thaliana of 0.16 pg (1C –
value, Bennett et al. 2004). A. lyrata has eight chromosomes, whereas A. thaliana has 
five (Jones 1963). The gene order is similar to that of A. thaliana, with the exception of 
few large chromosomal rearrangements (Kuittinen et al. 2004). A. lyrata and A. thaliana 
can be crossed (Mesicek 1967, Redei 1974), and Nasrallah et al. (2000) used embryo 
rescue to produce viable offspring from hybrid seeds.  

2.1.2  Study populations 

The populations included in the thesis are presented in the distribution maps of 
Arabidopsis thaliana and A. lyrata in fig. 1. The A. thaliana populations used in the 
experiment in Paper I are described in detail by Kuittinen et al. (1997).  
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Fig. 1. Distributions of Arabidopsis thaliana and A. lyrata. Locations of A. lyrata study 
populations are marked in the map: 1. Karhumäki, Russia, 2. Höga Kusten: Mjällom and 
Stubbsand, Sweden, 3. Spiterstulen, Norway, 4. Reykjavik, Iceland, 5. Plech, Germany, 6. 
Poteply (Bohemia), Czech Republic and 7. Mayodan, North Carolina, USA. 

A. lyrata population in Karhumäki (Russia) grows on sandy banks of River Kumsa. The 
population is estimated to be quite small consisting of only few hundreds of plants. The 
distribution area of A. lyrata in Sweden covers an area in west coast called Höga Kusten. 

 Arabidopsis lyrata 

12
34

5
6

7 
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The samples used in the thesis were collected from two locations: Mjällom and 
Stubbsand. Mjällom population is also called in our studies as “Storsand”, “Höga 
Kusten” or simply referred as “Sweden” in the figure of Neighbor-joining tree Paper I. 
Mjällom population grows in rocky seashore, where A. lyrata individuals appear right 
above the littoral zone. The habitat of Stubbsand population is a sandy sea shore about 
100km north from Mjällom. The large Norwegian A. lyrata population Spiterstulen is 
situated in lower oroarctic vegetation zone (Ahti et al. 1968), i.e., middle alpine belt 
(Jonsell et al. 1995) at 1106 m a.s.l. Habitat is a rocky riverbank that floods several times 
after thawing. Seed sample from Reykjavik is a part of large, continuous distribution of 
A. lyrata in Iceland. In Plech A. lyrata individuals grow among other vegetation at the 
forest understory, on big rocks inside the forest. The Bohemia population from the Czech 
Republic is large and grows on a hillside along the bank of the brook Lodĕnice, Poteply, 
340 m a.s.l. The North American A. lyrata population from Mayodan, The North 
Carolina, was included only in Neighbor-joining tree in Paper I to compare the sequence 
level variation in A. lyrata populations. 

A. lyrata ssp. petraea populations differ significantly with respect to morphological 
characters such as trichomes (Kärkkäinen et al. 2004), isozyme loci (Jonsell et al. 1995), 
microsatellite loci (Van Treuren et al. 1997), and sequence variation (Savolainen et al. 
2000, Ramos-Onsins et al. 2000, Wright et al. 2003). Descriptions for Eastern European, 
Siberian and North American populations are somewhat contradictory and there seems to 
be taxonomic uncertainties (Hultén & Fries 1986, Jonsell et al. 1995).  

2.2  Experiments 

2.2.1  Genetic variation and environmental effects on flowering time 

We studied the effect of temperature and day length on flowering time variation in 
Arabidopsis lyrata populations. We grew several populations of both species in outdoor 
common garden experiment in the Botanical garden of University of Oulu, Finland 
(65o01’N, 25o28’E) (I). Few A. thaliana populations were also included into the first 
common garden experiment. Prior to planting, seeds were exposed to 4 week cold 
treatment in + 4 oC. The experiment was carried out for two seasons and thus the plants 
were exposed also to natural winter temperatures. Plants were checked daily for 
flowering and survival. To add the day length factor we performed two experiments with 
several A. lyrata populations in controlled environments in climate chambers (I, II). We 
exposed half of the plants to + 4 oC, but the cold treatment was now given to young non-
flowering rosettes. A. lyrata is a perennial species, and the rosettes experience natural 
winter prior to flowering in early summer. After the cold treatment the plants were grown 
in two day lengths: Short day (14 hours light : 10 hours dark) and long day (20 hours 
light : 4 hours dark). The light sources in the chambers were metal halide lamps (Osram 
Power Star HQI-T 400 W/DH, Osram, Germany. Measured light intensity was 8000 lux). 
Temperature in both chambers was 20ºC ± 2ºC, and humidity was to be in the range of 
75-85%. Plants were checked daily for flowering and the number of rosette leaves was 
counted at flowering start to estimate plant size. 
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2.2.2  Phenotypic selection in natural populations 

Based on the results from our common garden and growth chamber experiments, we 
conducted experiments to study the factors behind the variation in flowering time 
distributions in Arabidopsis lyrata populations in two Scandinavian populations: 
Spiterstulen, Norway and Stubbsand, Sweden. There are only few studies that have data 
on selection from more than one year and have also included comparison between several 
populations (e.g., Boudry et al. 2002, Stinson 2004). In Spiterstulen 150 non-flowering 
rosettes were permanently marked in the beginning of the summer 2000. Rosettes were 
studied for flowering start, end of flowering, rosette size, number of flower shoots, 
amount of herbivore damage and reproductive success. The same rosettes were studied 
also in 2001 and 2002. In 2000 and 2002 the marked plants were observed 3-7 times in a 
week. In 2001 the site was visited only three times: at the beginning of the summer to 
catch the flowering start, during the peak flowering and in the end of the season to 
harvest seeds.  

We used total number of fruits as fitness estimate, and studied the correlation between 
fitness, timing of reproduction and other life history traits applying the multiple 
regression method for estimating selection (Lande & Arnold 1983). Prior to the analyses 
we standardized all the traits to mean = 0, SD =1.  

2.2.3  Bi-parental inbreeding 

Biparental inbreeding in Arabidopsis lyrata was studied in greenhouse conditions in 
Oulu, Finland (65o01’N, 25o28’E) and Heteren, The Netherlands (51o57’N, 5o40’E). We 
used progeny from set of controlled crosses performed with plants originating from 
population in Karhumäki, Russia. The two-generational crossing design included such 
crosses that inbreeding levels within progeny were: f = 0 (outcross), f = 0,125 (half sib 
mating), f = 0,25 (full sib mating) and f = 0,5 (enforced selfing through bud pollination). 
The first experiment was established to Heteren in autumn 1996. Plants were grown in a 
greenhouse in a randomized block design. Flowering start and survival was checked 
daily. Plants were harvested after 28 weeks. Dry weight of reproductive and vegetative 
parts was measured from the samples. The experiment was replicated in Oulu because of 
poor performance of plants in Heteren. One reason for low survival and flowering 
proportion may have been the light conditions. Oulu is situated closer to the latitude of 
the original population in Karhumäki, and the light environment in Oulu is more natural 
long day. In Oulu the experiment was started in January 1998. Competition within and 
between inbreeding levels was added to the design. Otherwise the design, treatments and 
observation of the plants were as similar as possible to those in Heteren.  



3 Results and discussion 

3.1  Geographic pattern of variation in flowering  

Our results show geographic pattern in flowering probability and flowering time variation 
along south-north cline between Arabidopsis lyrata populations in environmentally 
uniform growing conditions in growth chambers and outdoor common garden (I, II), and 
also in the field, in the natural habitats (III). The populations were found to differ in their 
response to temperature and day length (I, II). Similar patterns of population 
differentiation between north and south have been documented for many species (Thomas 
& Vince-Prue 1997). In some species, such as long-lived trees, the clines for timing of 
growth or reproduction can be very steep (Mikola 1982).  

3.1.1  Common environments 

We detected significant differences in probability to flower between northern and 
southern Arabidpsis lyrata populations. Flowering probability tells about the primary 
decision of a plant to reproduce or not in given environment (Simpson et al. 1999). Like 
A. thaliana, A. lyrata is a long-day plant, and all populations are more likely to flower 
and to flower sooner in long than in short days. We found A. lyrata populations from 
Central Europe to be significantly more likely to flower in short days than the North-
European populations. The populations from both south and north increased flowering in 
long days compared to short days, but the effect was strongest in the northern Spiterstulen 
population (II). The results in Paper I from growth chambers are based on quite small 
sample sizes, and there the effect of long days on flowering of southern populations was 
not significant. Vernalization of the young rosettes increased flowering probability of the 
northern populations, but within the southern populations the effect was not consistent. 
This significant difference between the populations in response to day length, i.e., the 
population by day length interaction, suggests that the populations differ with respect to a 
specific physiological response to photoperiod. These patterns were not as apparent for 
the time to flowering. In growth chambers the southern populations flowered first, and all 
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populations flowered faster in long than short days, but the interaction term was 
significant in only one of the two comparisons between long and short days. Altogether, 
the results do suggest different responses to day length in the southern and northern 
populations, and there are likely to exist genetic differences between the northern and 
southern populations in genes of the photoperiodic pathway involved in promoting 
flowering.  

The evidence of vernalization on flowering in A. lyrata populations is not consistent. 
In outdoor common garden we found significant differences in vernalization response 
between northern A. lyrata populations (I). Without seed vernalization, a small proportion 
of the plants from Karhumäki, Russia flowered, but plants from the Swedish Mjällom 
population (from the same area as the Stubbsand population) and the Icelandic Reykjavik 
population did not flower at all. The Karhumäki population showed a response already to 
four weeks of seed cold treatment, as nearly one half of the plants flowered. After 
experiencing a natural winter as full grown rosettes in the common garden, high 
proportion of all populations flowered. In climate chambers we used rosette 
vernalization, which yielded significant differences between northern and southern 
populations in one (I), but not in the other experiment (II). In both growth chamber 
experiments cold treatment speeded up flowering in all populations, and the effect was 
strongest in Northern populations. Later experiments have suggested that the time used 
for vernalization in the current experiments may have been too short to have large effect 
(Kuittinen et al., unpublished). 

3.1.2  Natural habitats 

We found evidence of altitudinal variation in timing of flowering with respect to early 
summer temperature in Arabidopsis lyrata (III). The early summer in the high-elevation 
Spiterstulen, Norway is much colder than on the coast in Stubbsand, Sweden. However, 
there was only one week’s difference in the average timing of flower initiation between 
the populations (June 13 for Spiterestulen, June 6 for Stubbsand). Thus, the Spiterstulen 
population starts flowering at a much lower accumulated temperature sum than the 
Stubbsand population. In high-altitude population in Spiterstulen plants tend to flower in 
synchrony, whereas in low-altitude population in Stubbsand the onset of flowering is 
more gradual through the season. A. lyrata in Spiterstulen reacts to higher temperatures 
very quickly, and flowering starts within few days in the whole population. High 
synchrony in flowering within a population is considered adaptive, and is often regarded 
to promote cross-pollination (Augsprunger 1981, Rathcke & Lacey 1985). In an 
unpredictable alpine environment, early flowering is a secure response for successful 
reproduction, even if total fruit set is reduced (Kudo 1993). The more gradual flowering 
might result from lower herbivory pressure late in the season (e.g., Pilson 2000), or better 
pollination success related to longer total flowering time (Preston 1991, Ratchke 2003).  
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3.2  Phenotypic selection in natural populations 

It is likely that natural selection has given rise to the pattern of population differences in 
Arabidopsis lyrata, a perennial species. The view of the relative stability of the 
populations is supported by the large scale correlations of geographical and genetic 
distances between populations (Jonsell et al. 1995, Van Treuren et al. 1997). We found 
significant differences in patterns of selection between A. lyrata populations and also 
between the years at individual locations (III).  

We found significant selection for early flowering in Spiterstulen in 2000. The result is 
in accordance with our studies in climate chambers and common garden, where we have 
most often found Spiterstulen to flower faster than Swedish populations (Mjällom, 
Stubbsand) (Papers I and II, Okuloff, 2004, unpublished M.Sc. thesis). However, there 
was variation in selection between years and between Spiterstulen and Stubbsand 
populations. Differences have been found in the strength and mode of selection on 
flowering time between populations and years also in other studies (e.g., Ollerton & Diaz 
1999). In their review, Ollerton and Lack (1992) discuss the idea, that flowering 
phenology in fact might under relaxed selection. According to Ollerton and Lack (1992) 
genetic variation in flowering time is often found within and between plant populations, 
but in many cases there is no detectable selection. This can maintain variation, and also 
give arise to random genetic variation in population as a result of genetic drift and 
colonization events. According to Hedrick and Waits (2005) selection need not be 
efficient in all years, or even in all generation, to result genetic changes. In perennial 
species, such as A. lyrata, low seed set in one year does not count a lot for life time 
fitness (Ollerton & Lack 1992). 

The selection on flowering time in A. lyrata is related to the length of the growing 
season, but the exact agents of selection are still not known. Temperatures, pollinators, 
and herbivores could have an influence, as well as their interactions. Directional selection 
for early flowering has often been demonstrated (Kelly & Levin 2000). In high-altitude 
Spiterstulen population this can be due to short growing seasons available for seed 
maturation, as e.g., in the alpine Rhododendron (Kudo 1993). Selection for earliness can 
also be due to pollinators, as in Senecio (Widen 1991). On the other hand, patterns of 
pollinator availability can give rise to stabilizing selection (Augspurger 1981, Ollerton & 
Diaz 1999). Since selection for early initiation of flowering was strongest in the 
environment with the shorter growing season and in the colder year, it is likely related to 
the climatic factors, directly via pollinators. Supplemental pollination experiments are 
needed to clarify this issue.  

The total number of shoots and the rosette sizes were also quite similar in the 
populations, but the number of fruits produced was much higher in Stubbsand. Shoot 
herbivory reduced fitness as measured by fruit production in both populations and all 
study years. The effect was significant in all cases except in 2002 in Stubbsand. An 
interesting finding is that in Spiterstulen, plants with high herbivory damage had a higher 
total number of shoots than those with less damage. The climate in the summer 2002 was 
warmer in both locations, but A. lyrata in Spiterstulen was able to react to favourable 
conditions by producing high number of floral shoots and high number of fruits despite of 
severe herbivory (52% compared to 22% in 2000). In Spiterstulen prolonged flowering in 
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the end of the season had a positive impact on fitness even with high levels of herbivory. 
This could partly be due to that herbivores notice large plants more easily than small 
ones. In a study by Weinig et al. (2003) A. thaliana plants damaged by rabbits produced 
on average 3.1 basal branches, whereas those without rabbit damage produced 1.3 
branches.  

Selection rarely acts on a single trait alone, and correlational selection is likely (Lande 
& Arnold 1983, Blows & Brooks 2003). Blows and Brooks (2003) argue based on their 
survey using canonical analysis, that although nonlinear selection is commonly found to 
be weak, it may be still be strong in at least on one of the composite traits. The actual 
target of selection may be a combination of traits, which has not been considered and 
measured by researchers (Blows &Brooks 2003). As a conclusion it is urged that also the 
small estimates of nonlinear selection should be published to get a more comprehensive 
view of how selection works on correlated characters in nature.  

The average strength of linear selection was between 0.3 and 0.5, for quadratic 
selection in Spiterstulen about 0.2, for Stubbsand less than 0.1. Our study is typical of the 
studies included in the review article by Kingsolver et al. (2001), where four traits and 
fitness were studied on average in 135 individuals. In this comparison, our estimates are 
higher than the averages in the review. Kingsolver et al. (2001) concluded that directional 
selection on average was weak, with a median of 0.16 (mean 0.22). Hereford et al. (2004) 
reviewed selection 38 studies, and applied mean standardization instead of variance 
standardization. Hereford et al. state that the choice between the standardization methods 
is that of researchers: in some cases the change in trait variance is more biologically 
interesting than the change in trait mean. It should be also remembered that the mean 
standardization can only be used for traits that can be measured on a true ratio scale, 
where the origin of the scale is not arbitrary (Hereford et al. 2004).  

In addition, in the published estimates a bias on the strength of selection can be caused 
by the weak statistical power to detect selection. Hersch and Phillips (2004) showed by 
using calculations and simulations based on the statistical properties of selection 
coefficients that sample size together with the strength of selection relative to the 
opportunity of selection have an effect on detecting total selection (selection 
differentials). The power of detecting direct selection (selection gradients) is more 
complicated and depends on the relationship between the correlations of each trait and 
fitness and the pattern of correlation among traits. Because of this, even studies with large 
sample sizes and multiple replications might fail to reveal weak direct selection. Our 
study has rather small sample sizes, but the strength of selection was relatively high, as 
discussed above. 

Kingsolver et al. (2001) showed that the estimates of quadratic selection are 
distributed symmetrically around zero. This observation differs from the analysis by 
Endler (1986), who found negative values of quadratic selection to be more common and 
interpreted this as evidence of stabilizing selection acting in most populations. If this is 
true, the rareness of stabilizing selection requires rethinking of the role of it in adaptation 
and maintenance of genetic variation in quantitative traits (Kingsolver et al. 2001). We 
found little evidence of stabilizing or disruptive selection in A. lyrata populations. The 
only large (but not significantly different from zero) non-linear selection gradient was for 
shoot herbivory in Spiterstulen in 2002.  
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Mitchell-Olds and Shaw (1987) considered multicollinearity to be the most serious 
factor causing bias on selection estimates. To use of resampling techniques (jackknife or 
bootstrap) in significance estimation, as we did, is one way to handle difficulties in 
statistical testing of multiple regression estimates (Mitchell-Olds and Shaw 1987). We 
also investigated multicollinearity between selection estimates with Variance Inflation 
Factors (VIF) described by Fox and Monette (1992). We found no evidence for 
multicollinearity in multivariate linear analysis of selection gradients (III). However, 
when we added non-linear and interaction terms, high VIF values appeared, especially in 
association to total shoot number. The way to avoid multicollinearity is to reduce number 
of factors in the analysis, either by simply dropping out terms, or by applying principal 
component analysis, which combines highly correlated factors (Mitchell-Olds & Shaw 
1987, Fox & Monette 1992). Shoot number is an important determinant of plant fitness, 
and thus leaving it out from the model was not an option. As Fox and Monette (1992) 
stated VIF analysis is a way to analyze how the model and estimates could be improved 
in future, for example, by collecting more data. It is not a solution to an acute problem 
with multicollinearity. In a data collected from natural populations with life-history 
variables multicollinearity between estimates is practically impossible to avoid. 

3.3  Inbreeding depression in Arabidopsis lyrata 

We found no inbreeding depression on flowering time in Arabidopsis lyrata. Severe 
inbreeding depression was found for all other both early and late life history traits, and 
for all studied consanguinity levels. The result is in accordance with previous study by 
Kärkkäinen et al. (1999) on early inbreeding depression in A. lyrata. Inbreeding 
depression was found to be most severe after inbreeding (f = 0.5 ), but also performances 
of progeny produced via full- and half-sib matings were lower to that of outcrossed 
progeny. We found inbreeding depression on life history traits other than phenological 
traits. The level of inbreeding had no significant effect on flowering probability or on 
flowering time. However, we did find a similar pattern of reduced flowering probability 
in all environments. The overall fitness was reduced due to inbreeding in every 
inbreeding level in all environments. The cumulative measure of fitness we used in our 
study (FI = fraction germinated x fraction survival x number of flowers/seeds) revealed a 
linear decline over the inbreeding levels. However, if seed production of maternal plants 
was taken into account, the reduction in fitness of selfed offspring is much stronger 
compared to the sib matings. These results suggest that in the early life stages of A. lyrata 
highly deleterious mutations will underlie the expression of inbreeding depression, while 
in the later life stages mildly deleterious alleles will prevail. 

Inbreeding depression has often been found to be more severe in field conditions, 
where plants may face numerous stress factors such as competition and drought (Husband 
& Schemske 1997). Our data collected in three different environments show an effect of 
environment on plant performance, but not on the inbreeding depression estimates. This 
is because there were no differences between the inbreeding levels in how the plants 
reacted to different environments. Similar results have been found by few others 
(Heywood 1993, Ashman 1992), but many have found larger estimates for inbreeding 
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depression under stressful conditions (e.g., Dudash 1990, Koelewijn 1998, 2004, Cheptou 
et al. 2000).  

Our results show that inbreeding depression might be considerable also in self-
incompatible species. Although there is no other study that provides information of 
inbreeding depression after halfsib-, fullsib mating and enforced selfing, we are able to 
show, that our results are in line with few scattered information from literature available 
on inbreeding depression after half- or fullsib mating in other self-incompatible species. 
We also show that inbreeding estimates after selfing can be extrapolated to the lesser 
degrees of consanguinity. Bi-parental inbreeding is likely to have an effect on the pattern 
of genetic variation within A. lyrata populations, but not necessarily on the between 
population variation, as the level inbreeding depression did not significantly differ 
between the studied environments.  

3.4  Comparison to Arabidopsis thaliana 

The developmental genetic studies in the related Arabidopsis thaliana have shown that 
there are well defined genetic pathways, one responding to day length, another to 
temperatures that govern the time to flowering in this annual long day plant (Koornneef 
et al. 1998). These same pathways and genes also exist in the genome of A. lyrata 
(Kuittinen et al. 2004). The growth chamber experiments in Papers I and II demonstrate 
that it is likely that the genes of the photoperiodic response pathway are involved in the 
differences between populations. The experiments in the garden showed that populations 
respond differently to the seed stage cold treatment. Also differential response for 
vernalization was shown in growth chambers, suggesting the involvement of the 
temperature related pathway to flowering. Thus, it is likely that genes in both pathways 
are involved in the differences between A. lyrata populations. In A. thaliana, molecular 
and developmental studies have identified dozens of loci that can influence flowering 
time. Many loci in the photoperiodic and autonomous or vernalization pathways have 
been described (Simpson et al. 1999, Blásquez & Weigel 2000, Reeves & Coupland 
2000, Simpson & Dean 2002).  

Natural populations of A. thaliana are known to exhibit extensive flowering time 
variation, as has been shown in studies of sets of accessions (e.g., Napp-Zinn 1962, 
Karlsson et al. 1993, Nordborg & Bergelson 1999, Alonso & Koornneef 2000, Maloof et 
al. 2001, Stinchcombe et al. 2004). However, only a few loci are known to account for 
differences between natural populations. Most often it is FRI, acting together with 
another cold responsive gene, FLC (Johanson et al. 2000, Le Corré et al. 2002, Gazzani 
et al. 2003, Caicedo et al. 2004, Stinchcombe et al. 2004, Amasino 2005). The 
photoperiodic pathway gene (CRY2) has been found to be responsible for some of the 
variation segregating in the cross between the Cape Verde Island accession (Cvi) and the 
Landsberg erecta (Ler) strain (El-Assal et al. 2001). The Cvi accession also has an allele 
causing late flowering at the FRI locus (Gazzani et al. 2003). Recently Werner et al. 
(2005) found deletion in FLM locus (FLOWERING LOCUS M) to be responsible for 
early flowering in Nd (Niederzenz) accession of A. thaliana.  
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A. thaliana shows patterns of flowering time variation that differ from many locally 
adapted plants. There is evidence for limited clinal geographic variation (Kuittinen et al. 
1997, Caicedo et al. 2004, Stenøien et al. 2004, Stinchcombe et al. 2004). The 
geographic patterning of neutral variation in A. thaliana is rather weak in Scandinavia 
(Kuittinen et al. 1997, Caicedo et al. 2004, Stenøien et al. 2002), even if some overall 
patterns have been found when many markers or sequences have been studied (e.g., 
Sharbel et al. 2000, Nordborg et al. 2005). Thus, the patterns of variation on A. lyrata are 
more typical of locally adapted plants, and offer suitable possibilities for studying 
adaptation.  

High level of within population genetic variation found in A. lyrata (Van Treuren et al. 
1997, Schierup 1998, Savolainen et al. 2000, Clauss et al. 2002) compared to genetic 
variation found within A. thaliana populations (Westerman & Lawrence 1970, Jones 
1971, Kuittinen et al. 1997, Abbott & Gomes 1989, Kuttinen et al. 2002) can partly be 
explained by differences caused by mating system, and reduction in effective population 
size in A. thaliana due to selfing (Charlesworth & Charlesworth 1995). In addition to 
this, the weedy life history of A. thaliana may also give rise to extinctions and 
recolonizations. The metapopulation structure is expected to lead to much reduced 
variation within populations, beyond the mere effects of selfing (Ingvarsson 2002). A. 
lyrata in turn is a perennial, and is less likely to suffer frequent population extinctions.  



4 Conclusions 

In this study of phenotypic variation in flowering time and local adaptation in 
Arabidopsis lyrata we found genetic variation in probability to flower and flowering time 
(I, II). ). A. lyrata populations from north and south were found to differ in the response 
to temperature and day length. The genetic basis of this variation can be further studied 
by utilizing the knowledge of flowering time genes in A. thaliana.  

Variation in flowering probability and flowering time has a geographic pattern. Like 
timing of flowering also the genetic differentiation in microsatellite and isozyme loci and 
alcohol dehydrogenase sequence show consistent pattern of variation between A. lyrata 
populations (I). This is different from that found in A. thaliana, where flowering time or 
other life-history traits show quite little variation in correlation with latitude of origin and 
the genealogical trees vary depending on the genomic trees studied.  

We demonstrated genetic variation between populations in flowering behaviour in 
common environments, but local adaptation will be further in future demonstrated by 
utilizing reciprocal transplant experiments. Individuals originating from different 
populations are cross-planted to original habitats. The prediction is that the fitness of 
local population is always higher than the fitness of the foreign populations (Kawecki & 
Ebert 2004). The role of temperature on onset of flowering was partly contradictory in the 
two studies (I, II). This could be due to short vernalization time for A. lyrata (4 weeks) 
and / or due to not low enough vernalization temperature (+4 oC). Differences in the 
response to vernalization has been found between A. lyrata populations when rosettes 
have been exposed to low temperatue for longer time (8 weeks, Kuittinen et al. in prep.). 

The quicker flowering of southern A. lyrata populations is supported by the results 
from selection analysis that show significant selection on early flowering in A. lyrata 
(III). High-altitude alpine population in Spiterstulen is adapted to react quickly on rising 
temperatures, and it flowers with low accumulated temperature sum in the beginning of 
growing season. Low-altitude population in Stubbsand however, reacts more slowly on 
higher temperatures in the beginning of the summer, and in this population we did not 
find significant selection for flowering time. In Spiterstulen the plants were also able to 
react to exceptionally warm autumn temperatures by increasing seed production. The 
ongoing transplant experiment will shed new light on fitness differences between A. 
lyrata populations, and also the role of pollen restricted reproduction is studied (Sandring 
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et al, in prep.). In Spitertulen the herbivory by sheep had significant effect on plant 
fitness. Ongoing experiments at the area are done in enclosures to get estimates for 
fitness without herbivory damage. 

Bi-parental inbreeding is likely to have an effect on the spatial structure of genetic 
variation within A. lyrata population (IV). We found no inbreeding depression on the 
timing of flowering, but severe inbreeding for other life-history traits. The level of 
inbreeding depression is self-incompatible A. lyrata is high (δ = 0.54) compared to that 
self-compatible relative A. fecunda (δ = 0.09). We show that overall estimates of 
inbreeding depression are higher for self-incompatible than for self-compatible species 
(IV). This suggests that self-compatible species have been able to purge much of their 
deleterious alleles that cause genetic load.  
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