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Introduction

Living organisms show an extraordinary diversity of life histories. To under-
stand the evolution of this diversity requires that the functional and adaptive 
significance of traits influencing allocation patterns, phenology, and inter-
specific interactions are examined. In this thesis, I explore the consequences 
of variation in the timing of flowering and germination, and the effects of 
interactions with herbivores in natural populations of the annual herb Arabi-
dopsis thaliana.

Life history theory has been used to predict the evolution of life-histories 
under different environmental conditions (Stearns 1992, Roff 2002). Central 
in life-history theory is the ideas of trade-offs. Because resources are limited, 
organisms cannot maximise all functions. As a result, high allocation to one 
function, say reproduction, is expected to reduce resources for other func-
tions such as maintenance and growth. Increased allocation to one function 
is expected only to the extent that the benefit in terms of increased fitness 
exceeds the costs, and realised life-histories are expected to reflect compro-
mises.

Expected trade-offs are not always observed when allocation to different 
functions have been estimated in natural populations. There can be at least a 
couple of reasons for this. First, more than two functions may often be in-
volved in trade-offs and negative correlations are not necessarily observed 
between all pairs of functions. Second, if variation in resource availability is 
sufficiently large within a population, it may overwhelm an underlying nega-
tive correlation between allocations to different functions.

A major challenge in evolutionary ecology is to identify the important 
trade-offs shaping the evolution of life-histories, and to determine under 
which conditions trade-offs are apparent as negative correlations between 
allocations to different functions and when they are hidden by variation in 
overall resource availability among members of the population.

Life history evolution in plants
Flowering time is expected to be under stabilising selection because of the 
trade-off between size and age of reproduction (Stearns 1992, Roff 2002). 
The longer the pre-reproductive period, the more resources can be accumu-
lated that subsequently can be allocated to seed production, but the greater 
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the risk of mortality before reproduction (Mitchell-Olds 1986, Metcalf and 
Mitchell-Olds 2009). In annual plants growing in seasonal environments, the 
duration of the season favourable for flowering and fruit production con-
strains the flowering schedule because of its effect on plant survival, and 
should therefore influence selection on flowering time. Stabilising selection 
on flowering time is generally expected, but it has been documented in rather 
few studies (e.g., Franke et al. 2006). A recent meta-analysis indicated that 
selection for earlier flowering is common (Munguía-Rosas et al. 2011). 
However, because within populations plant size tends to be correlated with 
flowering start with large plants beginning to flower earlier than small plants 
(Munguía-Rosas et al. 2011), it is not clear to what extent the reported trend 
reflects direct selection on flowering time or effects of variation in plant size 
and directional selection for larger plants.

A positive correlation between flowering date and size at flowering is ex-
pected from considerations of resource allocation (Mitchell-Olds 1996), but 
if variation in resource acquisition is sufficiently large the direction of this 
correlation may be reversed, as expected for resource allocation trade-offs in 
general (Reznick 1992, King et al. 2010). Variation in size at the onset of the 
season favourable for reproduction may result in within-population differ-
ences in optimal flowering time both because size influences mortality risk 
(Burd et al. 2006), and because limited time available for reproduction may 
represent a stronger constraint on flowering time for large than for small 
plants. If the risk of mortality decreases with plant size, optimal flowering 
time may be positively related to size at the beginning of the reproductive 
period. On the other hand, if it takes longer for large plants to transform ac-
cumulated resources to seed production than it does for small plants, this 
may result in an earlier optimal timing of flowering among large plants. 
Flowering time has been found to be phenotypically correlated with meas-
ures of plant size prior to the flowering season in several species (Rathcke 
and Lacey 1985, Ollerton and Lack 1998, Munguía-Rosas et al. 2011), but 
few studies have examined whether plant size influences selection on flow-
ering time, i.e., whether plant size prior to the flowering season and flower-
ing time are subject to correlational selection (but see Kelly 1992, Donohue 
et al. 2000).

In seasonal environments, the timing of seed germination may be subject 
to conflicting selection through early survival vs. survival later in life cycle 
and fecundity. Early germination may increase the risk of mortality during 
establishment, but should provide a competitive advantage and a longer pe-
riod available for vegetative growth and reproduction (Verdú and Traveset 
2005, Donohue et al. 2010). The latter should be advantageous because large 
size is often positively correlated with both survival (Regehr and Bazzaz 
1979, Cook 1980, Biere 1991, Stratton 1992) and fecundity (Solbrig 1981, 
Kingsolver and Pfennig 2004). We can thus expect selection through surviv-
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al during the establishment phase to favour later germination than selection 
through fecundity does.

Although an optimal intermediate germination time can be expected in 
many situations, stabilising selection on the timing of germination has been 
documented in only a few cases. Instead, most observational studies indi-
cated selection for early germination (Verdú and Traveset 2005, Donohue et 
al. 2010; but see Baskin and Baskin 1972, Kelly and Levin 1997). The rarity 
of documented cases of stabilising selection may be due to incomplete sam-
pling of the true variation in germination timing, but also to limited variation 
in timing of germination in natural populations, as would be expected if nat-
ural selection has removed genotypes with extreme values within a given site 
(Donohue et al. 2010). Phenotypic (Boquet and Clawson 2009) or genetic 
(Donohue et al. 2005, Huang et al. 2010) manipulation can be used to in-
crease the variance in timing of germination and thus provide an opportunity 
to characterize the fitness function more fully.

Plant-herbivore interactions
Interactions between plants and herbivores are among the most dominant 
species interactions in nature in that herbivores annually consume 10-15% of 
the plant biomass (Carmona et al. 2011). Herbivores can strongly influence 
plant fitness and act as agents of selection on plant traits (Simms and 
Rausher 1987, Simms 1992, Strauss and Agrawal 1999, Heil and Baldwin 
2002, Whittstock and Gershenzon 2002, review by Geber and Griffen 2003). 
Herbivory may result in selection on plant traits reducing damage and in-
creasing the ability to cope with the damage inflicted. Since herbivory is 
spatially and temporally variable (Marquis 1992, Thompson 1994, 1997), 
selection exerted by herbivores can be highly variable in space and time 
(Geber and Griffen 2003).

Plant defence against herbivory can be categorised into tolerance and re-
sistance. Tolerance is the ability to maintain fitness in the face of damage 
(Núñez-Farfán et al. 2007) and can be quantified by the slope of the relation-
ship between damage and plant fitness (Tiffin and Rausher 1999). Resistance
can be constitutive or induced in response to damage (Núñez-Farfán et al. 
2007, Johnson 2011). Examples of traits considered to confer resistance in-
clude secondary metabolites such as glucosinolates and alkaloids, and mor-
phological structures such as trichomes (hairs) on the leaf surface. Common 
indices of resistance used in surveys of variation in resistance include pro-
portion of leaf area damaged by herbivores (where less damage is interpreted 
as high resistance) and the number of eggs oviposited on plants (where fewer
eggs is interpreted as high resistance). Tolerance and resistance are not mu-
tually-exclusive, i.e., a plant can express both strategies (e.g. Mauricio et al.
1997, Baucom and Mauricio 2008).
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Tolerance against herbivores
Tolerance to leaf damage should depend on the timing of damage and sever-
al hypotheses have been formulated to predict how tolerance changes seaso-
nally. Some emphasise the importance of time available for recovery from 
damage and suggest that herbivory early in the season and early during de-
velopment should be easier to compensate than leaf damage late in the sea-
son and during reproduction (Maschinski and Whitham 1981, Strauss and 
Agrawal 1999). Other hypotheses suggest that changes in tolerance reflect 
differences in available resources and the extent to which plant fitness is 
limited by photosynthate relative to other resources (Stowe et al. 2000, 
Trumble et al. 1993, Tiffin 2002, Boege and Marquis 2005). Following this 
reasoning, it has been predicted that tolerance to leaf herbivory in annual 
plants should increase from the seedling stage until flowering as a result of 
resource accumulation before flowering (Trumble et al. 1993, Boege and 
Marquis 2005). When evaluating seasonal changes in the effects of leaf 
damage on plant fitness, it may thus be important to consider not only the 
timing of damage but also the life-history stage at which plants are defo-
liated.

When in the season leaf damage occurs may influence not only the mag-
nitude of the fitness reduction but also the components of fitness influenced.
In annual plants, the number of seeds is typically determined earlier than 
seed size (Marshall et al. 2005). Damage occurring early in the season is 
therefore predicted to affect the number of seeds more than seed size while 
the opposite is expected for damage late in the season when the number of 
seeds is already determined.

Most studies of seasonal changes in tolerance to leaf damage have been 
conducted in the greenhouse rather than in the field (e.g. Marshall et al. 2005, 
Boege et al. 2007). Tolerance to damage may vary considerably among envi-
ronments and determining how leaf damage influences fitness across the 
season in natural plant populations remains a challenge (e.g. Maschinski and 
Whitham 1989, Strauss and Agrawal 1999, Hochwender et al. 2000, del-Val 
and Crawley 2005, Wise and Abrahamson 2007). To achieve this, manipu-
lative field experiments combined with documentation of seasonality in her-
bivory are particularly useful.

Resistance against herbivores
Many plant traits may confer resistance against herbivores. Secondary meta-
bolites such as glucosinolates have been well studied and shown to confer 
resistance, while studies on mechanical defence traits have been relatively 
few (Hanley et al. 2007). A recent meta-analysis showed that morphological 
and life-history traits, rather than secondary metabolites, are genetically cor-
related with resistance against herbivores (Carmona et al. 2011). Leaf 
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trichome density and leaf toughness have been found to be negatively corre-
lated with oviposition (Handley et al. 2005, Hanley et al. 2007), larval feed-
ing (e.g. Levin 1973, Ågren and Schemske 1993, Mauricio and Rausher 
1997, Agrawal and Fishbein 2006, Hanley et al. 2007), and larval growth 
(Agrawal and Fishbein 2006). Increased trichome density and leaf toughness 
may thus be favoured by selection because they reduce damage from herbi-
vores. However, substantial variation has been observed in trichome density
and leaf toughness among and within populations. Costs of resistance have 
been invoked to explain the maintenance of variation in resistance traits, i.e., 
plants should evolve high resistance only to the extent that the benefits out-
weigh the costs (Whittaker and Feeny 1971, Agrawal et al. 2010). One way 
the cost of resistance could be expressed is through genetically based nega-
tive correlations between resistance to different herbivores and to herbivores 
of different life-history stages.

Such negative correlations may reflect resource allocation trade-off be-
tween resistance traits effective against different herbivores (Strauss et al. 
2002, Schoonhoven et al. 2005). The evolution of negative correlations be-
tween resistance to oviposition and larval feeding may be promoted by 
epistatic selection on traits that reduce the risk of herbivore attack and traits 
that reduce the quality of plant tissue to feeding herbivores (Wise et al. 
2008), but may, on the other hand, be counteracted by selection on females 
to oviposit on plants suitable for larval development (Thompson and Pellmyr 
1991, Gripenberg et al. 2010). The frequency at which negative correlations 
between preferences to oviposition and larval feeding occurs is an open 
question.

Arabidopsis thaliana
Arabidopsis thaliana began to be used in developmental studies in the early 
20th century and was selected as a model plant for research in genetics in 
mid 20th century. Its short life-cycle (a few months to up to one year, 
depending on growing conditions and plant genotypes), ability to produce 
seeds through self-fertilisation, and small size made it a convenient study 
organism in the lab. It grew into one of the most popular model organism in 
many fields of plant biology including physiology, developmental biology, 
and molecular genetics. In the year 2000, its genome became the first plant 
genome to be completely sequenced by the Arabidopsis Genome Initiative 
(The Arabidopsis Genome Initiative 2000). Since then, much work has been 
done to assign functions to its 27,000 genes and the 35,000 proteins they 
encode. Today, in addition to scientific papers, numerous online resources 
are available on A. thaliana including the Arabidopsis Information Resource 
(TAIR) which maintains the most up-to-date version of its genome 
(http://www.arabidopsis.org/index.jsp) and the Arabidopsis Book which 
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compiles chapters on the various aspects of the biology of A. thaliana
(http://www.aspb.org/publications/arabidopsis/). However, studies of the 
ecology of natural populations in the native range are still rare (cf. Arany et 
al. 2005, 2008, 2009a,b, Montesinos et al. 2009, Montesinos-Navarro et al. 
2011), which limits our ability to interpret patterns of variation in traits of 
putative adaptive significance.

Aims of this thesis
The overall objective of this thesis was to explore processes influencing the 
evolution of life-history traits, and variation in tolerance and resistance 
against herbivores in natural populations of the highly selfing annual herb 
Arabidopsis thaliana.

I addressed the following questions:
1. Is flowering time subject to stabilising selection, and does optimal flower-
ing start vary with plant size prior to the reproductive season? (I)
2. Is timing of germination subject to conflicting selection? More specifi-
cally, is early germination associated with low survival during establishment, 
but also with high survival later in life, and high fecundity? (II)
3. Does leaf damage early in the season reduce plant fitness more strongly 
than leaf damage during flowering, and do the fitness components affected 
by leaf damage shift across the season? (III)
4. Are there negative correlations between resistance against different insect 
herbivores and against different life-history stages of herbivores? Is resis-
tance against insect herbivores related to leaf morphology? (IV)
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Materials and Methods

Study species and their distributions

The plant
The study was performed on the annual herb Arabidopsis thaliana (L.) 
Heynh. (Brassicaceae). Arabidopsis thaliana is highly selfing (Abbott and 
Gomes 1989) and is native to Eurasia (Al-Shehbaz and O’Kane 2002). It has 
a wide latitudinal range, from 68ºN in northern Scandinavia to 0º (Koornneef 
et al. 2004), and is typically found in disturbed habitats (Ratcliffe 1961, En-
gelmann and Purugganan 2006). The species is subject to damage from slugs 
and snails feeding on leaves (Harvey et al. 2007) and from insect herbivores 
feeding on leaves (Mauricio and Rausher 1997, Mauricio et al. 1997) and 
fruits (Arany et al. 2008). After the last glaciation, A. thaliana is thought to 
have colonised Scandinavia from Asia and Mediterranean Pleistocene refu-
gia (Sharbel et al. 2000).

The study was conducted on populations from Sweden and Italy. The 
Swedish populations were located in the High Coast region of the province 
Ångermanland in central Sweden and the distance between the populations 
ranged from 8 to 25 km (Rödåsen 62º48´N, 18 º12´E, Eden 62°53´N, 
18°11´E, Fäberget 63°01´N, 18°19´E, Skuleberget 63°05´N, 18°22´E, Fig. 1). 
The Rödåsen population is located on a slope facing south-east, approx-
imately 175 m above the sea level, the Eden population is in a scree slope on 
a south-facing cliff, the Fäberget population is on a steep slope facing south-
west, and the Skuleberget population is in a scree slope on an east-facing 
cliff. The two Italian populations, Castelnuovo (42°07´N, 12°29´E) and Bol-
sena (42°39´N, 12°00´E), grow in dry meadow vegetation on steep slopes
(Fig. 1). In all populations, the plants germinate in autumn, overwinter as 
leaf rosettes, and flower and set seeds the following spring. Observational 
studies were conducted in the Rödåsen, Eden, and Fäberget populations (I),
and field experiments in the Rödåsen population (II, III). Greenhouse expe-
riments were conducted at Uppsala University and included the Rödåsen and 
Skuleberget populations from Sweden and the Castelnuovo and Bolsena 
populations from Italy (IV). For the experiments in II and IV, eight maternal 
lines from each of four populations were used. The lines had gone through 
two generations of selfing in the lab (each line originating from a separate 



16

maternal line sampled in the field) to reduce environmentally induced differ-
ences among lines and populations.

Figure 1. The locations of study populations of Arabidopsis thaliana in Sweden and 
Italy. The High Coast area in Sweden is enlarged. Field observations were con-
ducted in the Rödåsen, Eden, and Fäberget populations (paper I) and field experi-
ments were conducted in the Rödåsen population (papers II and III). Maternal lines 
originally collected from the Rödåsen, Skuleberget, Castelnuovo, and Bolsena popu-
lations were used in greenhouse experiments (paper IV).

The insect herbivores
The diamondback moth (Plutella xylostella, hereafter Plutella) is an oligo-
phagous specialist herbivore feeding on crucifer species (Brassicaceae) (Sar-
fraz et al. 2006). Its ability to develop resistance to insecticides and to mi-
grate great distances within short time spans has made it a pest of crucifer 
crops in many parts of the world (Chapman et al. 2002, Talekar and Shelton 
1993). Its distribution (Hill 1987) includes the sites of the studied A. thaliana
populations (IV), and it has been observed feeding on A. thaliana in the two 
source populations that have been most thoroughly studied (Rödåsen in 
Sweden and Castelnuovo in Italy; J. Ågren pers. comm.). Under optimal 
conditions, Plutella has a life cycle of about two weeks. It lays eggs singly 
(Akhtar and Isman 2003). 

The cabbage moth (Mamestra brassicae, hereafter Mamestra) is a poly-
phagous generalist herbivore that has been observed to feed on more than 70 
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species from 22 families including both crop and non-crop species (Masaki 
1980, Rojas 1999). Common hosts include species of the families Brassica-
ceae and Chenopodiaceae (Popova 1993). The studied A. thaliana popula-
tions (IV) are located within the range of Mamestra (Hill 1987). In the field, 
Mamestra mortality is high in early larval stages (Johansen 1997).

Studied traits
The functional and adaptive significance of morphological, phenological, 
and life history traits, and tolerance and resistance to herbivory were ex-
amined in observational and experimental studies in the field and in the
greenhouse. Rosette area estimated from the rosette diameter was used as a 
measure of plant size in all studies. Flowering start was recorded as the day 
when the first flower had opened (I, II). Plant fitness was divided into two 
components, survival and fecundity, i.e., the number of seeds produced by 
reproducing plants (II, III). Fecundity was estimated as a product of the 
mean number of seeds per fruit multiplied with the number of fruits (I, II, 
III). In one experiment, also mean seed mass was determined (III). Leaf
damage was scored as the proportion of leaf area removed by herbivores 
which was estimated by eye to the nearest 1% when 10% or less of the leaf 
area had been removed and to the nearest 5% for plants that had lost more 
than 10% of their leaf area. Three different measures of resistance against 
herbivores were recorded in the greenhouse experiments (IV). Resistance 
against oviposition by Plutella was assessed by scoring the number of eggs 
laid on each plant in one week, while larval performance of Plutella and 
Mamestra on different lines was scored as weight increase of newly hatched 
larvae after one week. Resistance to larval feeding was assessed by quantify-
ing damage caused by Plutella and Mamestra. Leaf damage caused by Plu-
tella was quantified as described above, while damage from Mamestra,
which was less intense, was quantified as the proportion of leaves that had 
been damaged. Trichome density was quantified as the number of trichomes 
within a 25 mm2 area of the distal central portion of the upper leaf surface,
and for each plant a mean was calculated based on examination of three fully 
developed leaves. Leaf toughness at four and six weeks were quantified as 
dry mass per area of one fully developed leaf per plant (IV). Since the mea-
surement of leaf toughness required leaf sampling of an intact plant, it was 
not compatible with the measurements of resistance. For this reason, sepa-
rate sets of plants were grown to measure leaf toughness.
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Selection on flowering start and plant size (I)
I quantified the direction and magnitude of phenotypic selection on flower-
ing start and plant size in three populations (Rödåsen, Eden, and Fäberget) in 
Sweden (N = 200-212 plants per population). The effects of standardised 
flowering start and plant size on relative fitness (seed output) were estimated 
with multiple regression analyses following Lande and Arnold (1983).

Effects of timing of germination on plant performance 
(II)
To examine how the timing of germination affects survival, growth, fecundi-
ty and overall fitness in the field, I conducted an experiment manipulating 
the timing of germination. Newly-germinated seedlings were transplanted to 
the site of the natural population in August, September, and October. In the 
field, three blocks were established prior to the first transplantation in Au-
gust by removing the vegetation and soil in the area and replacing the top 
soil with sand collected locally but outside the population. Within each block, 
the positions of the seedlings from the eight lines with ten replicates per line 
per treatment (timing of germination; hereafter cohort) were completely 
randomised. At transplantation, the seedlings had produced only a pair of 
cotyledons except for few plants that had also one pair of true leaves.

Tolerance against leaf damage (III)
To examine how plant fitness is affected by the magnitude and timing of 
defoliation, I performed two separate field experiments. In the first experi-
ment, plants were marked in groups of five, and within groups (= blocks) 
individual plants were randomly allocated to one of five treatments: 0% 
(control), 10%, 25%, 50%, or 75% of the area of each rosette leaf removed 
with scissors. Damage was inflicted when most plants were about to start 
flowering (some had begun flowering). In the second experiment, I defoli-
ated plants early in spring before flowering (18 April) or during flowering 
(19 May). On 18 April, approximately 60% of the plants in the population 
had reached the bolting stage, while on 19 May, the great majority of plants 
had begun flowering. For this experiment, I therefore identified three plant 
categories: plants defoliated early in spring at the vegetative rosette stage, 
plants defoliated early in spring at the bolting stage, and plants defoliated a 
month later at the flowering stage. For each category, 40 triplets of plants 
were selected one to three days before the experimental defoliation. Triplets 
were arranged in blocks, with one triplet of each plant category forming a 
block. Each plant within a triplet was randomly assigned to one of three de-
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foliation treatments: 0% (control), 25%, and 50% of the area of each rosette 
leaf removed with scissors.

Resistance against herbivores (IV)

Oviposition preference of Plutella
Variation in resistance against oviposition by Plutella among and within A. 
thaliana populations was quantified by exposing plants to mated female 
moths. The moths were released into 11 net cages each of which contained 
32 four-week-old plants (one of each maternal line). Before releasing the 
moths, we recorded rosette size and trichome density of the experimental 
plants. On the sixth day after the release of the moths, the plants were re-
moved from the cages and the number of eggs laid on each plant was 
counted.

Larval feeding
Variation within and among the A. thaliana populations in resistance to lar-
val feeding was quantified by exposing plants to first instar Plutella or Ma-
mestra larvae in two separate experiments. In each experiment, 30 larvae 
were introduced to 32 six-week-old plants (one of each maternal line) in 
each of 12 net cages. We recorded rosette size and trichome density of plants
prior to the release of the larvae. The larvae were then allowed to feed for 
three weeks, after which the plants were removed from the cages and dam-
age was scored. Neither Plutella nor Mamestra reached pupation during the 
experiment.

Larval performance 
Variation in resistance to larval feeding among the 32 maternal lines of A. 
thaliana was further quantified by examining the performance of Plutella
and Mamestra on six-week-old plants. We recorded plant size and trichome 
density prior to releasing the insects on plants. Newly hatched larvae were 
weighed before being transferred to experimental plants. Each larva was 
placed on a separate undamaged plant, which was then put into a cylindrical 
net cage (30 cm height × 12 cm diameter). The maternal lines were com-
pletely randomised within replicates consisting of 32 plants (= block). Be-
cause the number of cages was limited, a set consisting of four blocks was 
performed before starting the next. We had three such sets for Plutella and 
two for Mamestra. Each set lasted for seven days.
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Results and Discussion

Correlational selection on flowering start and plant size 
prior to reproduction (I)

In all three populations, flowering time was negatively related to plant fit-
ness, but in only one of the populations, significant selection on flowering 
time was detected when controlling for size prior to the flowering season. In 
this population, i.e., Rödåsen, there was selection for earlier flowering and 
the effect of flowering time on plant fitness was particularly strong among
large plants (significant correlational selection, Fig. 2). The results suggest 
that correlations between flowering start and plant fecundity may often be 
confounded by variation in plant size prior to the reproductive season.

Figure 2. Contour plots depicting the relationship between relative fitness and stan-
dardised start of flowering and standardised rosette size in spring in the Rödåsen, 
Eden, and Fäberget populations of Arabidopsis thaliana.

Contrary to expectation, there was no evidence of stabilising selection on 
flowering time whether or not variation in initial size was controlled for. 
Several factors may contribute to an apparent lack of stabilising selection on 
traits expected to have an intermediate optimal value. First, relative fitness is 
typically quantified based on variation in a component of fitness rather than 
overall fitness. The fitness estimate in the present study did not include early 
survival and this could be problematic if there is a trade-off between fecun-
dity and survival (cf. Metcalf and Mitchell-Olds 2009, Mojica and Kelly 
2010). In the present study, survival from mid April to fruit maturation was 
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very high in the Eden and Fäberget populations ( and in the Rödåsen 
population, survival was 84% and the likelihood of survival increased with 
plant size in April. There was thus no evidence of conflicting selection on 
size in spring through survival and fecundity. This does not rule out a nega-
tive association between initial size in spring and survival earlier in the life 
cycle and plants should be followed from germination to explore the possi-
bility of such conflicting selection. Second, stabilising selection may be dif-
ficult to detect if there is insufficient phenotypic variation in the trait of in-
terest. Third, directional selection for earlier flowering may reflect a recent 
change in environmental factors influencing selection on flowering time.

Conflicting selection on the timing of germination (II)

There was a conflicting selection on the timing of germination through sur-
vival during establishment and through other components of fitness. As ex-
pected, early germination was associated with low survival during estab-
lishment, but with high survival later in the life-cycle (Fig. 3a) and high fe-
cundity (Fig. 3b). In the year of study, the advantage of early germination 
outweighed the disadvantage and selection favoured early germination (Fig. 
3c).

Size before winter varied among cohorts, and the associated differences in 
winter and spring survival, flowering time, and fecundity are consistent with 
the common observation of survival and fecundity being positively related to 
plant size (e.g., Regehr and Bazzaz 1979, Solbrig 1981, Stratton 1992,
Donohue 2002). In the study population (paper I), and in many other natural 
populations of annual plants (Rathcke and Lacey 1985, Munguía-Rosas et al. 
2011), size at flowering is negatively correlated with day of first flower, 
which apparently contradicts the expectation of a trade-off between size and 
age at reproduction (cf. Mitchell-Olds 1996). The results suggest that differ-
ences in the timing of germination contribute to the development of size 
hierarchies, variation in flowering time, and the apparent absence of a trade-
off between age and size at reproduction.
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Figure 3. The effects of the timing of germination on survival, fecundity, and total 
fitness of Arabidopsis thaliana. (a) Least-square means for the proportion of total 
number of plants survived per line at different timings of germination are shown for 
autumn, winter, spring, and the entire life-cycle (total). (b) Least-square means for ln 
(number of seeds per reproductive plant) ± S.E. (c) Least-square means for ln (num-
ber of seeds per seedling) ± S.E. Different letters in the figures indicate statistically 
significant differences in means based on Tukey’s HSD test.

Magnitude and timing of damage influence plant fitness 
(III)

Both the extent and timing of leaf damage influenced the fitness of A. tha-
liana under field conditions. The detrimental effects of defoliation on the 
number of seeds produced and seed size tended to increase with increasing 
damage, and defoliation of vegetative plants early in the season reduced seed 
production more strongly than did defoliation of bolting plants at the same 
time and defoliation of flowering plants a month later (Figs. 4a and b).
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This suggests that the plants defoliated at the vegetative rosette stage were 
more limited by photosynthates at the time of damage than the other plant 
categories (cf. Wise and Abrahamson 2007). Differences among stages in 
tolerance to damage were not correlated with seasonal shifts in the risk of 
herbivory in the study population. Instead, the seasonal shift in tolerance 
may be related to changes in resource status (cf. Stowe et al. 2000, Ho-
chwender et al. 2000). Plants may be particularly vulnerable to damage early 
in the season because their stored resources are limited and leaf damage may 
affect the production of new leaves and meristems in the rosette, and thus 
future productivity.

Figure 4. Effects of defoliation and plant category on the number and size of seeds. 
(a) log (number of seeds) and (b) log (mean seed mass [mg]) of Arabidopsis 
thaliana (least square means ± S.E.). Different letters indicate statistically significant 
differences in means based on Tukey’s HSD test performed separately by plant 
category (vegetative rosette defoliated early in the season, bolting plant defoliated 
early in the season, or flowering plant defoliated a month later).

The results only partly supported the hypothesis that fitness components 
which respond to damage shift along ontogeny from the number of seeds to 
seed mass. The reduction in seed production caused by defoliation in mid 
April was larger than the reduction following defoliation a month later, but 
the effect of defoliation on seed mass did not increase seasonally. Similarly, 
in a growth-room experiment, defoliation of the annual herb Plantago arista-
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ta before flowering reduced the number of seeds more strongly than defolia-
tion after flowering, while no such ontogenetic shift in the negative effect of 
defoliation on mean seed mass was observed (Horton and Lacey 1994). In 
contrast, little evidence of shifts in the relative magnitude of effects on dif-
ferent components of reproduction was detected in a greenhouse study of 
Sesbania macrocarpa and S. vesicaria (Marshall et al. 2005). Taken together, 
seasonal changes in the relative importance of effects of defoliation on dif-
ferent components of reproductive output have not been detected in all spe-
cies studied, and when they have been observed, they have not involved 
changes in the magnitude of effects on all individual components.

Genetic variation in leaf morphology and resistance to 
herbivory (IV)

Density of leaf trichomes, rosette area and resistance against oviposition and 
larval feeding of Plutella and Mamestra varied among population and 
among maternal lines within populations. Significant among-line variation in 
resistance against larval feeding by Plutella and Mamestra, and oviposition 
by Plutella indicated that at least some of the study populations have the 
ability to respond evolutionary to selection on traits that influence damage 
from herbivores, while the negative correlations between resistance against 
larval feeding by the two herbivores (Fig. 5), and between Plutella oviposi-
tion and Plutella larval feeding suggest that traits conferring resistance do 
not evolve independently.

Oviposition by Plutella was negatively correlated with larval feeding 
preference by the same species, suggesting that genotypes attractive to ovi-
positing females are less attractive to feeding larvae. The results suggest that 
ovipositing females and feeding larvae respond differently to variation in the 
same cue or use different cues for identifying suitable host plants.

Leaf trichome density could explain some of the variation in larval feed-
ing by Mamestra. The results are consistent with previous reports indicating 
that leaf trichomes contribute to resistance against insect herbivory in A. 
thaliana (Mauricio 1998, Handley et al. 2005), and other species in the Bras-
sicaceae (Ågren and Schemske 1993, Løe et al. 2007, Sletvold et al. 2010).
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Figure 5. Maternal-line mean damage by Plutella larvae in one experiment plotted 
against mean damage by Mamestra larvae in another experiment.

Conclusions
In this thesis, I examined the functional and adaptive significance of varia-
tion in life history, and tolerance and resistance to herbivory in natural popu-
lations of A. thaliana in the native range. The studies revealed strong corre-
lations between germination time, flowering time, and plant fitness. They 
also documented the fitness consequences of leaf damage in the field, and 
shed light on opportunities for the evolution of increased resistance to a spe-
cialist and a generalist insect herbivore. 

A field study conducted in three populations indicated that the onset of 
flowering was subject to natural selection, but also that correlations between 
flowering time and plant fecundity may often be confounded by variation in 
plant size prior to reproduction.

A field experiment revealed conflicting selection on the timing of germi-
nation. The net selection on timing of germination is likely to vary temporal-
ly and spatially depending on environmental factors influencing survival and 
growth.

Defoliation experiments conducted in the field showed that leaf damage 
may significantly reduce the fitness of A. thaliana and suggests that given 
similar damage levels, leaf herbivores feeding on plants early in the season 
should exert stronger selection on resistance traits than leaf herbivores feed-
ing on plants later in the season. The fitness consequences of herbivory criti-
cally depend on the seasonal timing of damage also in perennial plant spe-
cies (e.g., del-Val and Crawley 2005, Garcia and Ehrlén 2002, Knight 2003). 
There is thus ample evidence that a comprehensive understanding of the 
effects of leaf herbivory on the numerical dynamics and evolutionary trajec-
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tories of natural plant populations requires that both the timing and magni-
tude of damage are considered. 

The greenhouse experiments indicated that there was genetic variation in 
the resistance to a specialist and a generalist insect herbivore in the studied 
populations of A. thaliana, and that leaf trichomes can contribute to resis-
tance against insect herbivores. The negative correlations between resistance 
against larval feeding by the two herbivores, and between Plutella oviposi-
tion and Plutella larval feeding suggest that traits conferring resistance do 
not evolve independently.
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Summary in Swedish

Backtravens ekologi och evolution

Varför är det viktigt att studera backtravens ekologi och evolution?
Backtrav (Arabidopsis thaliana) är en liten, ettårig, självbefruktande, och 
numera globalt spridd ört, som är släkt med raps och kål. På samma sätt som
studier av husmusen ledde till förståelse om människokroppen är backtraven 
viktig för vår förståelse av växters genetik och utvecklingsbiologi. Under
1900-talet studerades arten intensivt, särskilt ur ett fysiologiskt och genetiskt 
perspektiv. Sedan det fullständiga backtravsgenomet sekvenserades år 2000 
har genfunktioner som uttrycks i olika egenskaper analyserats. Egenskaper 
som kopplas till växtens livshistoria, t. ex. blomningens början och 
groningstidpunkt, samt interaktioner med växtätare, har fått särskild 
uppmärksamhet eftersom de anses involverade i lokal anpassning.

Omfattande forskning har utförts  kring backtravens genetik och fysiologi, 
men tämligen lite är känt om de ekologiska processer som formar naturliga 
backtravspopulationers dynamik och evolution. Det är ett problem därför 
den kunskapen är viktig för att kunna tolka den genetiska variation som med 
dagens teknik kan dokumenteras ner till DNA-nivå. I min avhandling har jag 
därför studerat livshistorievariation och interaktioner med växtätare i
naturliga populationer av backtrav inom dess ursprungliga 
utbredningsområde i Europa, och då särskilt i svenska populationer nära 
artens nordgräns.

Hur mycket varierar blomstart och groningstidpunkt? Spelar denna 
variation någon roll för växtens fortplantingsförmåga?
För att kvantifiera variationen i blomstart och dess koppling till växtens 
fortplantingsförmåga, genomförde jag observationer i tre 
backtravspopulationer på Höga Kusten i Ångermanland. Jag dokumenterade 
när växterna började blomma och hur många frön de bildade. Jag mätte 
också växternas storlek i början av våren innan blomningen kommit igång, 
eftersom växtens storlek ofta påverkar fröproduktionen. Tidig blomstart var 
kopplad till hög fröproduktion i alla tre populationerna. I två av 
populationerna kunde det helt förklaras av att stora plantor började blomma 
först. I den tredje populationen, kunde effekter av både storlek och blomstart 
påvisas. 



28

Backtrav har en groningsperiod som sträcker sig över två månader på
Höga Kusten. För att experimentellt bestämma hur groningstidpunkten 
påverkar växtens överlevnad och fortplantning, grodde jag frön och flyttade 
groddplantor till den ursprungliga population i början, i mitten, och i slutet 
av den naturliga groningsperioden. Gruppen som grodde tidigt visade låg 
överlevnad under etableringsfasen, men hög överlevnad senare i livscykeln 
samt hög fröproduktion. Det omvända visade sig för gruppen som grodde 
sent. Olika selektionstryck verkade alltså för tidig respektive sen 
groningstidpunkt. Eftersom förhållanden som påverkar överlevnad och 
reproduktion sannolikt varierar mellan populationer och år, kan fördelar och 
nackdelar med att gro vid en viss tidpunkt på motsvarande sätt variera och på 
så sätt bidra till att variationen i groningstidpunkt vidmakthålls.

Hur pass väl klarar växterna bladskador?
Växtätare kan påverka växters överlevnad och tillväxt. För att undersöka hur 
skadegrad och skadetidpunkt påverkar växtens överlevnad och reproduktion 
genomförde jag ett fältexperiment i en av mina studiepopulationer. Ju 
kraftigare skador, desto färre frön producerade växterna. Skador tidigt på 
våren minskade fröproduktionen mer än skador senare under säsongen. 
Resultaten visar att växtätare som skadar backtravens blad tidigt på våren
kan förväntas påverka fröproduktionen mer än de som äter av bladen senare
under säsongen och därmed också vara viktigare för evolutionen av 
resistensegenskaper. 

Varierar växternas smaklighet för växtätare? Har olika växtätande insekter 
samma preferenser?
Det är många egenskaper hos växten som kan påverka hur attraktiv den är 
för växtätande insekter. För att förstå hur resistensegenskaper utvecklas är 
det viktigt att fastställa om olika växtätare visar samma preferenser när de 
exponeras för växter vars egenskaper varierar. I ett växthusexperiment med 
svenska och italienska backtravspopulationer undersökte jag förhållandet 
mellan bladegenskaper och resistens mot kålmal (Plutella xylostella) och 
kålfly (Mamestra brassicae), två insekter som angriper backtrav. Kålmal och 
kålfly föredrog att angripa olika genotyper. Växter med tät bladbehåring blev 
mindre angripna av kålfly. Backtravens resistens mot växtätare varierar 
således och beror på  vilken insekt som den angrips av. Bladbehåring 
skyddar mot åtminstone en del bladätande insekter. 

Vad vet vi nu om backtrav som vi inte visste tidigare?
Avhandlingen visar att blomstart och groningstidpunkt varierar och att denna 
variation är kopplad till skillnader i reproduktiv framgång i naturliga 
populationer av backtrav. Den har vidare visat att resistens mot växtätare 
varierar inom och mellan populationer, och att bladskador märkbart 
reducerar växtens reproduktiva framgång i naturliga populationer. 
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Avhandlingens resultat bidrar till förståelsen av de processer som format 
variation i adaptiva egenskaper hos backtrav, världens genetiskt mest 
välstuderade växt.
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Summary in Japanese

                                                   

Arabidopsis thaliana

Rödåsen Eden Fäberget

Sterans1992, Roff 2002
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stabilising selection

fitness

Rödåsen

conflicting selection

stabilising selection
Rödåsen

Rödåsen
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tolerance
resistance

Rödåsen
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R d sen Skuleberget Castelnuovo Bolsena

Plutella 
xylostella Mamestra brassicae
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