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Abstract
In this thesis I studied responses of three biennial, monocarpic plants Erysimum strictum,
Gentianella amarella, and G. campestris, to various aspects in resource availability (i.e.
competition, mineral nutrition, neighbor removal) and environmental stress (early frost) at adult
or rosette stages and how these effects are related to grazing tolerance. I also studied how
manipulations in resource availability affected arbuscular mycorrhizal colonization of the roots.
All three species were relatively tolerant to simulated grazing and in most cases plants were
able to compensate quite well for minor biomass losses. According to the compensatory
continuum hypothesis, tolerance is most pronounced in resource-rich conditions, but this was not
always the case in the present experiments. Erysimum strictum compensated for defoliation at the
rosette stage but the reproductive output of adult plants was reduced markedly in the next year.
This reduction was strongest among fertilized plants. Moreover, apex removal at the adult stage
resulted in overcompensation (i.e. clipped plants were more productive) but only in the absence of
fertilization and in the presence of competition, which is against the compensatory continuum
hypothesis. In E. strictum a potential cost of compensation appeared as delayed flowering and fruit
maturation among clipped plants. However, in spite of early frost treatment clipped plants were
still able to overcompensate. In Gentianella amarella and G. campestris, apex removal reduced
growth and reproductive performance in most cases. Effects on root fungal parameters were
positive or neutral. This pattern suggests that simulated above-ground herbivory tends to increase
carbon limitation, and therefore regrowing shoots and the fungal symbionts may appear as
alternative, competing sinks for the limited carbon reserves of the host plant.
Both shoot architecture and resource availability modify the responses of the study plants to
apical damage at both rosette and adult stages. In addition, different environmental stress factors
affect success in compensatory growth.

Keywords: compensatory continuum, compensatory growth, competition, herbivory,
mycorrhiza, plant architecture, seminatural grasslands
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1

Introduction

Traditional cattle grazing practices on meadows and pasture fields has almost
vanished because of increased intensive farming (Pykälä 2000). As a result of
ceased grazing, the number of plant species adapted to repetitive disturbance (i.e.
loss of biomass) has decreased resulting from faster growing herbs and woody
species gaining ground. Semi-natural meadows are mainly formed by traditional
agricultural methods and nowadays they are listed as endangered habitats
(Schulman et al. 2008). Lately the means of restorative ecology, such as grazing
by cattle, has been increased as a management practice due to agricultural
subsidies in Finland (Niemelä 2009). Also mowing has been used to restore the
lost biotopes and rare meadow species (Pykälä 2000, Tikka et al. 2001a,
Hellström et al. 2003). In addition, road-side habitats with regular mowing as a
routine management practice during last decades have also become very
important refuges for several meadow plant species (Tikka et al. 2001b, Huhta &
Rautio 2007). Yet these management practices have often been conducted without
careful studies on the ecology of species and their adaptative strategies (Zobel et
al. 2006).
Responses of meadow plants to management measures depend on two
principal factors: their compensatory capacity (ability to replace the lost biomass
by regrowth) and on their ability to compete with other plants (McNaughton
1979). Tall, usually perennial herbs have become more abundant in abandonment
meadows because they are better competitors. When meadows are mown and/or
grazed, tall herbs will suffer proportionally more than low growing plants that
succeed better in these conditions (Huhta et al. 2000b, Hellström et al. 2003).
High risk of biomass loss as well as competition are also factors which may have
selected for very unbranched stem architecture in some meadow plant species.
This feature may be associated with their regrowth capacity following damage to
the shoot or apical meristem, e.g. because of herbivory (Paige & Whitham 1987,
Crawley 1987, Vail 1992, Tuomi et al. 1994). Alternatively, the unbranched
architecture of ungrazed plants may be associated with competition for light in
dense vegetation and other selection pressures which favor fast vertical growth
through apical dominance (Aarssen & Irwin 1991, Aarssen 1995). Rapid vertical
growth is achieved by allocating resources to a single growing axis, rather than
allocating limiting resources among multiple growing meristems. Plants will be
released from this selection pressure in disturbed habitats when herbivores reduce
the height and density of surrounding vegetation. Branched architecture then
13

again should be favored in environments of weak competition for light and
nutrients (Bonser & Aarssen 1996, Duffy et al. 1999).
Different habitats are characterized by plants with distinct growth forms and
habits. Annual plants complete their life cycles in a single year and they have
only one chance to reproduce. Perennial plants live for many years and they are
able to flower and produce seeds for many growing seasons. Biennials have a life
cycle which lasts two years so they need to store energy and build up a strong root
system in the first year, overwinter, and flower and produce seeds in their second
summer (Fig. 1). After producing seeds, monocarpic (plants that produce fruit
only once during their lives), biennial plants die. As herbaceous plants, annuals
and biennials devote most of their energy to relatively rapid growth and
production of flowers and seeds, whereas perennial plants usually delay
reproduction and devote their first few years to production of energetically
expensive tissue (Grime 2002). Several meadow plants are short-lived and poor
competitors in resource-rich environments (Hellström et al. 2003).
Although the growing conditions in the second summer most strongly affect
the shoot architecture of flowering biennial plants, architecture is already partially
determined by their growth in the first year at the rosette stage. Herbivory at the
rosette stage may affect apical dominance by reducing resources that rosette
plants store in their taproots. Successful rosette establishment and growth are key
factors determining the fitness of monocarpic plants since fecundity often
correlates positively with rosette size (Young 1984, Simons & Johnston 1999,
Buckley et al. 2003). Therefore, loss of photosynthetic biomass, due to herbivory,
can be detrimental to the final reproductive success or fitness of monocarpic
plants. Plants defoliated at the rosette stage are shown to grow more slowly and
produce fewer flowers than undefoliated ones (Dhileepan et al. 2000), although
tolerance to browsing at the flowering stage may not be directly comparable to
their tolerance at the rosette stage.
In this thesis, I will study how different life stages of three monocarpic
biennial plant species growing in human influenced habitats are related to
availability of resources and various environmental strains. Shoot architecture,
size, and ecotypes of these species are assumed to be main factors in the
responses of plants to disturbance and fluctuation in resource availability.
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1.1

Tolerance to herbivory

Meadow plants have many kinds of biotic interactions with the surrounding
environment. Usually herbivory is considered to be negative for plants but in
some favorable conditions herbivory may even be beneficial to plants. Resistance
and tolerance (Fig. 2) are two main antiherbivore strategies that allow plants to
cope with herbivory (cf. Belsky et al. 1993, Juenger & Lennartsson 2000). Plant
resistance reduces herbivore damage, while tolerance reduces the negative effects
of damage (Stevens et al. 2007, but see Karban & Balwin 1997). Resistance traits
include mechanical and chemical characters that deter herbivore feeding whereas
tolerance mechanisms include increased photosynthetic activity, compensatory
regrowth, utilization of stored resources, phenological changes, and mechanisms
related to physiology and morphology at the time of damage (Tiffin 2002).
Furthermore, there might be a trade-off between resistance and tolerance since
high investment in resistance can reduce the resources available to compensate
for herbivore damage (Rosenthal & Kotanen 1994, de Jong & van der Meijden
2000, Koskela et al. 2002). In addition, among plants with high resistance there
should be weak selection for tolerance because they should experience minor
biomass loss to herbivores (Fig. 2) and hence, weak fitness advantages to
tolerance-related traits. On the other hand, other studies (e.g. Stevens et al. 2007)
have not observed such trade-offs.
Tolerance depends on many factors, including the timing of herbivory in
relation to the age and physiological stage of the plants (Bennett et al. 2009), the
degree of damage in terms of the proportion of removed biomass, and the amount
of resources available to repair the damage (Strauss & Agrawal 1999). A damaged
plant alters its resource allocation, physiology and/or phenology to reduce the
impacts of damage on growth and reproduction. Overcompensation is considered
as a positive response to plants to injury, whereas undercompensation (no or
partial compensation) can be viewed as a negative effect of herbivory on plants.
When
injured,
overcompensating
plants
grow
larger
(vegetative
overcompensation) and/or produce a greater number of mature fruits and viable
seeds (reproductive overcompensation) in comparison with undamaged ones
(Crawley 1987, Paige & Whitham 1987, Lennartsson et al. 1997, Huhta et al.
2000b).
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RESISTANCE
Reduced attack rate and consumption on attacked
plants

_

Loss of plant biomass and
apex injury

TOLERANCE
Ability to recover
from injury

_

Cost of herbivory

+

Life-time reproductive
success

Fig. 2. Two antiherbivore strategies. Resistance traits reduce biomass loss and hence
the cost of herbivory on plant life-time reproductive success. Biomass loss and /or
apex injury, on the other hand, can trigger compensatory regrowth (broken line arrow)
that contributes to plant tolerance, i.e. the ability to survive and reproduce in spite of
grazing damage. The continuous line arrows indicate positive or negative causal
relationships.

In biennial Gentianella campestris overcompensation has been observed in some
late-flowering populations in grazed and/or mown habitats but not in the earlyflowering populations when injured in the middle of the season (Lennartsson et al.
1997, 1998, Huhta et al. 2000b, Huhta & Rautio 2007). In contrast, earlyflowering plants of G. amarella in northern Finland were able to compensate for
the lost aboveground biomass and even overcompensate in terms of fruit
17

production (Huhta et al. 2003). Furthermore, in overcompensating plant
populations, the responses vary greatly in relation to conditions (e.g. weather)
during the growing season, as damaged plants may overcompensate in good years
and perform poorly in bad years (Lennartsson et al. 1998, Levine & Paige 2004).
Thus, plants are able to tolerate biomass loss if timing, degree of injury and
favorable growth conditions coincide suitably (Järemo et al. 1999, Strauss &
Agrawal 1999).
Monocarpic plants can tolerate or even overcompensate as a response to
herbivory when damage takes place at the flowering stage (Paige & Whitham
1987, Paige 1994, Huhta et al. 2000c). Paige & Whitham (1987) studied
Ipomopsis aggregata and suggested that there was a benefit to be eaten in terms
of growth and reproduction, so herbivory can be beneficial when comparing
fitness of grazed and ungrazed plants. According to the compensatory continuum
hypothesis by Maschinski & Whitham (1989), overcompensation is expected to
be most probable in conditions where competition is weak and the plants are
growing in nutrient-rich conditions (but see Wise & Abrahamson 2005).
According to this hypothesis, the probability of compensation for herbivory
increases with increasing nutrient availability, since at high nutrient levels tissues
can be replaced more easily and plants are able to grow faster after damage
(Maschinski & Whitham 1989).
The ability to regrow might be a strategy for dealing with expected herbivory,
and thus, a way to minimize the negative effects of damage (Crawley 1987, Vail
1992, Hicks & Turkington 2000). According to Huhta et al. (2000c) the
overcompensatory response in Erysimum strictum might be an expression of the
costs of apical dominance rather than adaptation to predictable damage because
some of the populations able to overcompensate have not been regularly damaged.
Lennartsson et al. (1997) showed that simulated grazing can positively influence
the lifetime seed production of G. campestris and that the capacity for
overcompensation appears to be an adaptive trait that has an evolutionary history
related to habitats with a high and predictable risk of damage. Early flowering
might be a strategy for avoiding mowing or herbivory (seeds mature before the
damage), whereas late flowering plants use compensatory growth to get around
herbivory-mediated damage (Lennartsson et al. 1997, Järemo et al. 1999).
Usually, damage bears costs on plant performance. Apex injury causes direct
losses of the resources in the form of removed tissue, and indirect losses for the
future photosynthetic capacity of the lost tissues (Benner 1988). The impact of
these losses on fruit and seed production is likely to depend on the developmental
18

stage of a plant. The later in the season the damage occurs, the more harmful the
damage often is as the loss of inflorescence at the bud stage represents a minor
loss of resources compared to the loss of fully developed flowers or fruits (Ruiz et
al. 2006).
Moreover, delayed flowering can be also understood as a cost of
compensation if the phenological delay leads to adverse effects on the
performance of damaged plants, for instance because of pollination failure.
Furthermore, damage often delays seed maturation which may expose seeds to
harsh autumnal conditions (e.g. early frost) (Lennartsson et al. 1998). In study of
Huhta et al. (2009) with perennial Pimpinella saxifraga the regrowth followed by
clipping caused delay in flowering, and therefore, the seed yield was reduced.
Resource-rich conditions mediated the damages but delayed phenology decreased
these benefits. This differs from the cost of compensation capacity on the
performance of undamaged plants. For instance, a cost on undamaged plants
could follow if individuals produce fewer fruits initially because they direct a
higher proportion of total resources to ensure regrowth later on in the growing
season (Vail 1992, Tuomi et al. 1994, Simons & Johnston 1999, Strauss &
Agrawal 1999, but see Juenger et al. 2000).
I will test whether the compensatory responses of the study plants vary in
accordance with the compensatory continuum hypothesis and whether there is a
cost of compensation in terms of delayed flowering and, hence, higher
susceptibility to early autumn frosts.
1.2

Role of plant architecture and apical dominance in tolerance

The architecture of plants is crucial when considering plant reactions to herbivory.
If the architecture is strongly altered, plant reproduction can be markedly affected.
Depending on the environmental conditions, as well as target and degree of
herbivory, the effect can be favorable or unfavorable, and even overcompensation
can sometimes occur (Escarré et al. 1996). These effects depend, on one hand, on
how the environment affects plant height and lateral branching, and, on the other
hand, how strongly plant reproduction depends on height and branch number or
other features of plant architecture. Because of these relationships, resource
availability, as well as damage caused by grazing, may impose selection on
plasticity in plant growth architecture (Juenger et al. 2000).
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Apical dominance refers to the preferential growth of a plant shoot from the
apical or terminal meristem and the corresponding suppression of lateral
subtending meristems and branches (Aarssen 1995). Strong apical dominance
may be beneficial for plants growing in competitive environments but costly for
the plants growing singly (Aarssen & Irwin 1991). The most obvious advantage
of apical dominance is when plants are competing for light. Apical dominance
incurs an apparent cost (i.e. reduced branch growth) which can transform into
realized fitness costs (Aarssen 1995). The cost of apical dominance may be
expressed as a higher production of viable seeds by branched than unbranched
plants (Huhta et al. 2000a). Release from apical dominance can trigger vigorous
branching which, in turn, can lead to enhanced flowering and eventually seed
production, i.e. overcompensation (Aarssen 1995).
Unbranched forms of Erysimum may have a selective advantage when the
gaps in the vegetation begin to close, while branched individuals do better in
more open environments (Huhta et al. 2000c). Thus, vertical growth is favorable
under a low grazing pressure with high and dense surrounding vegetation and low
damage risk. On the other hand, the ability to produce compensatory branches is
more important when grazing pressure is high, decreasing the intensity of
competition for light and increasing the probability of more severe damage
(Huhta et al. 2000a).
For compensatory regrowth a sufficient amount of undifferentiated meristems
(for initiation of the development of branches) and sufficient resource pools (to
support the initial growth of branches and the maturation of fruits and seeds) are
required. To reach compensation in fruit production requires that reproductive
effort should have a priority in the resource reallocation after damage, i.e. the
developing fruits and seeds must provide sufficiently strong sinks for the limiting
resources. If undamaged plants already have many branches, simulated browsing
increases branching less or may even reduce the number of branches produced
(Escarré et al. 1996, Huhta et al. 2000a).
As the extent of compensatory regrowth vary in different environments, I will
study how plants respond to simulated grazing in both competitive environments
and when neighboring plants are removed.
1.3

Effects of resource availability on compensation

Plants require basic resources (light, carbon dioxide, water, and inorganic
nutrients) for growth, maintenance and reproduction (Wise & Abrahamson 2005).
20

Resource availability as such does not necessarily directly improve performance
if the other environmental factors are not optimal. Resource availability (e.g.
herbivory and fertilization) might have interactive effects on plant performance.
The compensatory continuum theory by Maschinski & Whitham (1989) predicts
that the more abundant the resources in an environment, the greater the
compensatory potential should be. Further the compensatory continuum theory
claimed that plants can tolerate herbivory best in resource-rich conditions.
Supporting results have been found by studying the tolerance of Ipomopsis
arizonica (Maschinski & Whitham 1989). Also the study of Huhta et al. (2000a)
supported the compensatory continuum hypothesis: fertilization improved and
competition reduced compensatory capacity of Erysimum strictum. On the other
hand, plants have often been found to be less tolerant of herbivory in resourcerich environments than in resource-poor environments (Wise & Abrahamson
2005). Hawkes & Sullivan (2001) did not find strong support for the
compensatory continuum hypothesis in their meta-analysis. In fact in their study
dicot herbs and woody plants growing in resource-rich conditions were less
tolerant of herbivory than those growing in resource-poor conditions (Hawkes &
Sullivan 2001). Furthermore, in resource-poor conditions perennial plants may
postpone their reproduction until the following growing season in response to
grazing (Huhta et al. 2009) or, production of flowers and fruits may be supported
by stored resources from previous years (Vallius & Salonen 2006).
Positive responses of plants to herbivory may be due to the enhanced nutrient
cycling by herbivory. This positive response can occur under poor nutrient
conditions and high nutrient recycling rates (Yamauchi & Yamamura 2004).
Benner (1988) noticed that full compensation of Thlaspi arvense after apex
removal occurred only when additional mineral nutrients were supplied early in
growth and that the plants that received added nutrients produced more secondary
branches and more fruits and seeds than unfertilized controls, whether they were
apically damaged or not. According to Benner (1988) nutrient addition may have
direct positive effects on branching, and it also allows plants to recover better
from damage.
Plant size results largely from age and resource availability (Bonser &
Aarssen 2003). Competition for mineral nutrients is often size symmetric (i.e.
restricted resources are divided in relation to competitor size) (Schwinning &
Weiner 1998). Usually allocation to active reproductive meristems and growth
meristems increases with increasing plant size if larger size is due to greater
resource (light and nutrient) availability. In resource-poor environments plants
21

may have insufficient resources to supply branching or reproduction, whereas
plants allocating to growth, may have insufficient time for successful
reproduction by the end of the growing season (Bonser & Aarssen 2003).
I will test how manipulation of resource availability (mineral nutrients and
competition) will affect the performance of plants after simulated herbivory.
Moreover, I try to find out if the responses of plants to these manipulations are
different in large and small plants.
1.4

Mycorrhizal symbiosis and herbivory

Over 80 % of herb and grass species are arbuscular mycorrhizal (AM), i.e. their
roots are colonized by Glomalean fungi forming inter- and intracellular structures
(Smith & Read 2008). The plant receives nutrients and water from the fungi, and
fungi get carbohydrates from the host plant. Moreover, mycorrhizae may provide
protection against environmental stress, herbivores, parasites or pathogens
(Bennett et al. 2006). From the plant’s point of view fungi-plant relationship can
be mutualistic, antagonistic, or neutral (Brundrett 2004, Jones & Smith 2004). In
a mutualistic relationship both partners benefit, but in an antagonistic relationship
the fungi reduces the yield and fitness of the host (Francis & Read 1995).
Arbuscular mycorrhizal fungi are obligate symbionts and need carbon resources
for several purposes: for their growth and metabolism, and for dispersal by their
asexual spores. Stress and, e.g. herbivory, that the host plant experience can
reduce the amount of carbon that the host is able to provide for fungi, which may
in turn affect the amount of nutrients fungi is able to provide to the host (Bennett
& Bever 2009). In addition to AM fungi, herbs and grasses commonly harbor
dark septate endophytes (DSE) in their roots. These are considered as saprophytic
but in some environments they may also function like mycorrhizal fungi
(Jumpponen 2001).
Mycorrhizal colonization increases the carbon demand of the roots and
attached fungal structures, which represent costs for the host plant (Jones & Last
1991). Costs may be 10–20 % of the current carbon assimilation (Smith & Read
2008). Basically mycorrhizal associations are beneficial (mutualistic) to plants
when net costs are lower than benefits and detrimental (parasitic) when costs
exceed benefits. Fertilization alleviates nutrient acquisition of plants and thus
diminishes relative benefits of mycorrhizal associations and this, in turn, can
switch a mutualistic association to parasitic or decrease colonization in roots.
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Factors that limit photosynthate production, i.e. reduced irradiance and herbivory,
may generate parasitic associations between fungus and plant by increasing
relative costs (Johnson et al. 1997). The intensity of AM fungal colonization has
been reported to decline in relation to natural or simulated herbivory in 21 of 35
studied plant species due to decreased carbon flow to the fungal partner (Gehring
& Whitham 1994). The effect was neutral in 10 species, positive in two species
and variable in two species. More recently, effects of herbivory on mycorrhizal
colonization have been reported to vary from negative (Gehring & Whitham
2002), to neutral (Lugo et al. 2003, Pietikäinen et al. 2005) or positive (Kula et al.
2005, Wearn & Gange 2007).
Genotypes of the involved plants and fungi determine the potential function
of the symbiosis. Plant taxa vary in mycorrhizal dependence and fungal taxa vary
in mycorrhizal effectiveness (Johnson et al. 1997). For instance, mycorrhizal
colonization appeared to be of great benefit to Plantago lanceolata, but
detrimental to Senecio jacobaea during insect herbivory (Gange et al. 2002).
Plant responses to herbivory depend upon the mycorrhizal fungal symbiont as
well (Bennett & Bever 2007) and different mycorrhizal fungal species also result
in varying allocation to plant reproduction (Klironomos et al. 2004, Bennett &
Bever 2009).
I will test how the intensive fungal colonization in gentians responds to
simulated herbivory and nutrient manipulation.
1.5

Mycorrhizal symbiosis in gentians

Arbuscular mycorrhizal colonization in plant roots have traditionally been
classified into two morphological types, Arum and Paris types. The Paris type of
structure is defined by the absence of the intercellular phase and presence of
extensive intracellular hyphal coils. Coils are convoluted or branched hyphal
structures and arbuscules are intercalary densely branched structures on the coils
(Smith & Smith 1997). The Arum type is defined on the basis of an extensive
intercellular phase of hyphal growth in the root cortex and development of
terminal arbuscules on intracellular hyphal branches. Both types are common
among plant taxa and intermediate types also occur (Dickson et al. 2007).
Mycorrhizal colonization in Gentianaceae exhibits a Paris type of morphology
(Jacquelinet-Jeanmougin & Gianinazzi-Pearson 1983). Gentians become
mycorrhizal (usually hyphal colonization) 7–10 days after germination, coils and
arbuscules begin to appear about two weeks after germination and vesicles later.
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The possibility of carbon movement between plants linked by AM fungi is
widely recognized (Hirrel & Gerdemann 1979, Francis & Read 1984, Watkins et
al. 1996). When plant individuals are linked by a shared hyphal network, the issue
of cost and benefits encountered by an individual plant may become more
complicated (Francis & Read 1984, Newman et al. 1992). In addition, effects of
mycorrhiza on host plants and competitive relationships differ depending upon
the density of neighboring plants and host plant species (Hartnett et al. 1993). The
main means of AM colonization in the field may be probably via root-to-root
contacts between gentians and neighboring perennial plant species (Gay et al.
1982). Some genera of the Gentianaceae (e.g. Centaurium, Gay et al. 1982)
require repeated inocula from the roots of other AM plants and this is connected
with the survival of these species in closed meadow vegetation. Some
achlorophyllous genera in the family (e.g. Voyria spp., Imhof 1999) are fully
mycoheterotrophic and they receive their carbon and nutrients from other plants
via a mycorrhizal hyphal network.
By far, partial mycoheterotrophy (or mixotrophy) has been found in
photosynthesizing plant taxa obtaining a considerable part of their carbon
resources from a green host via ectomycorrhizal fungal hyphae. Common partial
mycoheterotrophs include, e.g. evergreen shrub-like pyroloids, such as genera
Pyrola and Orthilia (Tedersoo et al. 2007). Recently, Merckx et al. (2009)
suggested that partial mycoheterotrophy could possibly be found in AM plants, if
families including taxa with total mycoheterotrophy, such as Gentianaceae, were
examined. Actually, the genus Gentianella has already been suggested to be
partially mycoheterotrophic by Karlsson (1974).
I will study if removal of neighboring plants affects fungal colonization of
gentians.
1.6

Aims

In this thesis, I have studied three biennial monocarpic plants growing in humaninfluenced habitats and their responses to simulated grazing. The study plant
Erysimum strictum originally grows on sandy and gravely sea- and riversides but
increasingly in human-influenced habitats, such as dry meadows and railroad
embankments (Ahti 1965). Gentianella amarella and G. campestris grow on
semi-natural meadows and pastures and nowadays on roadsides. I tested the
tolerance (I–V) and mycorrhizal colonization (IV–V) of the species in relation to
leaf damage at the rosette stage (I) and simulated grazing at the flowering stage
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(II–V). In addition, I was interested in how the effects of simulated grazing on
plant performance interact with plant resource availability (Table 1, Fig.1).
I studied how resource availability (mineral nutrient availability, manipulated
by fertilization (I, II), and competition (II)) affected rosette and shoot architecture
of Erysimum strictum and how those effects are related to tolerance. I expected
that the size and architecture of flowering plants in the second year could partially
be determined by their growth and size in the first year at the rosette stage (I).
Study II is based on an experiment in which plants were grown with or without
supplemental fertilizer and either with or without a tall competitor. I tested
whether the shoot architecture and seed production of E. strictum responds to
changes in resource availability as expected by the compensatory continuum
hypothesis.
Compensatory growth following apical damage is often related to delay of
flowering. In study III I tested the potential costs of delayed flowering with
Erysimum strictum. I simulated herbivory either before flowering or after
flowering had started, after which part of the plants were subjected to early night
frost. I expected that the plants with no frost treatment could compensate fully for
the 25% loss of stem height in vegetative parameters. I assumed that
compensatory growth would delay fruit maturation and that the frost treatment
would adversely affect fruit and seed production, being more pronounced among
the clipped plants, but not among intact plants. Hence, I expected to find a
clipping × frost interaction effect on fruit and seed production.
I tested the effects of simulated herbivory (IV, V), nutrient manipulation (V),
and removal of neighboring plants (IV) on the vegetative and reproductive
performance of the grazing-tolerant grassland biennials Gentianella amarella and
G. campestris and on fungal colonization in their roots. Estimating fungal
colonization is a new perspective compared to many earlier compensatory
continuum studies. Furthermore, I studied how timing of clipping (IV) or size (V)
and ecotype (flowering time) (IV) of plants affect plant responses to resource
manipulations. In study IV, two simulated herbivory treatments were conducted:
in 1998 treatment with late-flowering G. amarella and in 2000 separately with
early- and late-flowering G. amarella. Additionally in 2001 repeated removal of
vegetation surrounding G. amarella individuals was conducted. In study V,
herbivory was simulated by clipping and at the same occasion the plants were
fertilized. I expected that the plants could compensate for the biomass loss in
vegetative parameters and that the fertilization would improve the fitness of the
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plants. I assumed that both clipping and fertilization would decrease the
mycorrhizal colonization.
As a whole, in this thesis I wanted to clarify how both above-ground parts
and fungal colonization of monocarpic biennial plants react to fluctuation in
availability of resources and various environmental stress factors in different
stages of their life cycle. In addition I tried to determine how the original
architecture, size, and ecotypes of study plants affect their responses to these
manipulations.
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Table 1. Experimental design of my studies I-V. I have both common garden and field experiments at three different study sites. I

Vegetative and
reproductive
performance

performance

Competition and

Vegetative and

Fertilization

Other treatments or

25 % of adult height

reproductive

50 % of rosette leaves

Clipping

Common garden

Response variables

Common garden

Type of experiment

Oulu

fertilization

Oulu

Study site

II

grouping factors

I

Study

performance

reproductive

Vegetative and

Frost treatment

25 % of adult height

Common garden

Oulu

III

reproductive

Vegetative and

plant size

Fertilization,

25 % of adult height

Field (meadow)

Keminmaa

V

colonization

colonization

performance, mycorrhizal performance, mycorrhizal

reproductive

Vegetative and

ecotype of plant

neighbor removal,

Timing of damage,

50 % of adult height

Field (road-side)

Kuusamo

IV

Furthermore, I studied how time of clipping or size and ecotype of plants affect plant responses to these manipulations.

(early frost) affect the vegetative and reproductive performance of the study plants and mycorrhizal colonization of gentians.

examined how the manipulations of resource availability (clipping, fertilization, competition, neighbor removal) or stress factor
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2

Material and methods

2.1

Study species

All three study species are monocarpic, strictly biennial herbs. Erysimum strictum
is generally considered to be a quite common, non-mycorrhizal plant in Finland,
whereas gentian species, Gentianella amarella and G. campestris, are rare and
threatened, intensively mycorrhizal meadow plants found only in less than 50
restricted populations in Finland.
Tall wormseed mustard, Erysimum strictum P. Gaertn., B. Mey. and Scherb.
(Brassicaceae) (syn. E. hieraciifolium auct., E. virgatum Roth), is a 50–100-cmtall, biennial herb. Seeds germinate in spring and develop into a rosette during the
first summer, and the plant flowers during the second summer. The second-year
shoot usually has one unbranched stalk, but plants sometimes branch vigorously
(Huhta et al. 2000a,c). Erysimum species are pollinated by bumblebees, beetles,
bees, sirphids, and flies (Gómez 2003). The flowering time is from mid-June until
the end of July, and after reproduction the plant dies. Because E. strictum is a
monocarpic species, seed production in the year of flowering is a good estimate of
lifetime reproductive success. In Finland, E. strictum grows on sandy and gravely
sea- and riversides and, increasingly, in human-influenced habitats, such as dry
meadows and railroad embankments (Ahti 1965). Plants may be subject to minor
insect herbivory, or to mammalian herbivory by hare, reindeer, or moose,
especially in their respective primary habitats. E. strictum studies were carried out
in the common garden of the Botanical Gardens of the University of Oulu.
The autumn gentian, Gentianella amarella (L.), Börner, and the field gentian
Gentianella campestris (L.), Börner, are biennial meadow plants (Hultén & Fries
1986, Lennartsson et al. 1997, Huhta et al. 2003) occurring in temperate and cool
regions. As meadow habitats have decreased during the past few decades,
populations of G. amarella and G. campestris have declined (Lennartsson &
Oostermeijer 2001, Huhta et al. 2000b, 2003) and both species are now
endangered. In both species seeds germinate in spring and the plants form a
vegetative rosette during the first summer. The taproot is the overwintering form
and the plant flowers in the second summer. Both gentians include early- and lateflowering ecotypes, which flower either in June-July (early-flowering type, G.
amarella var. lingulata; G. campestris var. suecica) or August-September (lateflowering type, G. amarella var. amarella; G. campestris var. campestris)
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(Hämet-Ahti et al. 1998). Gentians are pollinated by bumblebees (pers. obs.)
although at least field gentian is highly selfing and can produce about 80–95%
seed set without pollinators (Lennartsson et al. 2000). Both gentian species
usually are 10–30 centimeters tall when flowering and they have 3–8 internodes
(Hämet-Ahti et al. 1998). Branches normally grow from the second to fourth
nodes and can produce 10–20 flowers. Gentianella spp are known to have bittertasting defensive chemical compounds against herbivory (Janković et al. 2005).
In spite of this, gentian individuals will occasionally become either grazed (13–
40 % of G. campestris individuals) or mown (over 80% of individuals being
injured) in traditionally managed meadows (Lennartsson et al. 1997). Especially
the late-flowering ecotypes are able to recover from certain damages, for instance
mowing and grazing (Lennartsson et al. 1998, but see Huhta et al. 2003). The
habitat preference is semi-natural meadows and pastures (from dry to mesic) and
nowadays roadsides. The study population of autumn gentian is located in
Kuusamo, Liikasenvaara and that of field gentian in Keminmaa, Finland.
2.2

Experimental design

In this thesis, I examined how the manipulations of resource availability and
stress factors affect the vegetative and reproductive performance of the study
plants and mycorrhizal colonization of gentians (Table 1). As a resource
manipulation I used clipping (I–V) of rosette leaves or shoot, fertilization (I, III,
V), competition (III), and removal of neighboring plants (IV). Early frost was
used as a stress factor in study III. Furthermore, I studied how time of clipping
(IV) or size (V) and ecotype (IV) of plants affect plant responses to these
manipulations.
In all the studies I measured both vegetative and reproductive parameters of
plants after harvesting. I measured height, biomass (I–IV), number of branches,
fruits and seeds, biomass of roots (I–III) and seeds (I–IV) (Table 1). In study III, I
measured also germinability of seeds.
I measured fungal parameters in the gentian studies (IV–V, Table 1). I
estimated root colonization by arbuscular mycorrhizal (AM) structures (hyphae,
arbuscules, coils, vesicles) as well as dark septate endophyte (DSE) colonization.
In the G. amarella study I measured the fluctuation of fungal colonization during
the second growing season as well (IV).
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2.2.1 Compensation studies with Erysimum strictum
In the first study E. strictum rosettes were defoliated twice and fertilized three
times. Newly emerged rosette-stage plants of similar size were transplanted from
a gravel roadside into a common garden in mid-June 2001. In the defoliation
treatment, half of the rosette leaves were removed with scissors immediately after
planting and a second defoliation was performed in early August 2001. Fertilizer
was applied three times immediately after the defoliations and once in mid-July.
The second study with E. strictum in a common garden was conducted by
removing 25% of shoot height, adding supplemental nutrients, and growing plants
in competition with Anthriscus sylvestris. One-year-old rosette-stage plants were
transplanted from a natural habitat into a common garden in mid-June 2001. In
half of every planting bed, seedlings of A. sylvestris were transplanted around
every E. strictum individual and half of the plants were fertilized. The presence of
A. sylvestris resulted in intensive competition for light and nutrients. The
remaining half of each planted bed was weeded weekly to keep the conditions
competition free.
2.2.2 Cost of compensation
The potential costs of delayed flowering were tested with adult plants of E.
strictum (III). The plants were collected in early June 2001 in their second
growing season and transplanted into the common garden. Herbivory was
simulated by removing 25% of the shoot height with scissors either before
flowering or after flowering had started. Later on, in August-September, some of
the intact and damaged plants were subjected to artificial night frost in climate
chamber 3 weeks earlier than normal.
2.2.3 Mycorrhizal and compensation studies with Gentianella
amarella and G. campestris
The effects of simulated herbivory and removal of neighboring plants on the AM
fungal colonization of G. amarella were tested (IV). In autumn 1998, gentian
individuals from the late-flowering population were selected pairwise for clipping
and control treatments. The clipping was performed in early August 1998 by
removing ca. 50% of the shoot biomass. The effects on plant performance and
root colonization by fungi were studied on two occasions: 20 days after clipping
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and 50 days after clipping. In the 2000 experiment autumn gentian individuals
were clipped and collected from early-flowering and late-flowering populations
separately. To obtain the data regarding how colonization varies during the
growing season the colonization percentages of intact plants were measured three
times per growing season. In 2001, a neighbor removal experiment in the same
late-flowering population was conducted. In mid-June the surrounding vegetation
of 15 gentians was removed and 15 gentians served as controls. The removal
treatment was repeated three times during the growing season, and the plants
were harvested in late August.
Effects of host size, simulated herbivory and fertilization on the vegetative
and reproductive performance of Gentianella campestris and on its arbuscular
mycorrhizal colonization were studied (V). Herbivory was simulated by removing
25% of the shoot of small and large plants with scissors in mid-June before
flowering had started. Fertilizer was applied directly to the base of each plant
after clipping.
In both the experiments relating to mycorrhiza (IV–V), plants were collected
using a shovel so that ca. 1–1.5 liter of compact soil cake was taken with each
plant, and the whole plants with soil were stored in a cold room 1–7 days before
washing. Roots were gently washed and collected carefully under dissection
microscope, after which they were stored in 50% ethanol. Roots were stained with
trypan blue (Phillips & Hayman 1970), and their fungal colonization percentages
were determined with magnified intersect method under a light microscope
(McGonigle et al. 1990, magnification of 100–400). Total fungal colonization
percentage as well as colonization of arbuscular mycorrhizal (AM) structures, i.e.
hyphae, arbuscules, coils, and vesicles as well as dark septate (DSE) endophytes,
were determined
2.3

Data analysis

2.3.1 Statistics
In study I, the data was analyzed by means of factorial ANOVA with defoliation,
fertilization, and the defoliation × fertilization interaction as fixed factors.
Variables were log-transformed if the assumptions of normality or homogeneity
of variances were not met. The relationships between plant height, total plant
biomass, total branch number, and seed number per plant in the second year
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(dependent variables) with rosette diameter in the first year (explanatory variable)
were analyzed with linear regressions.
In study II, the response variables from the study were analyzed using a splitplot ANOVA approach. Planting bed was considered as a blocking factor.
Competition (within each block) was considered as the whole plot term, and each
whole plot was further divided into subplot treatments (fertilization, clipping and
their combination).
In study III, the effects of clipping and frost treatment on vegetative and
reproductive parameters were tested by two-way factorial ANOVA with clipping,
frost treatment and their interaction as fixed factors. Differences in the frequency
of intact and early- or late-clipped plants at different phenological stages were
analyzed by means of a G-test. Mortality in different clipping treatments was
tested with the G-test separately for observations done before mid-July and for
those done after that.
In study IV, the results were analyzed using the clipping treatment and the
time of collection as fixed factors in a two-way ANOVA or in the case of the
neighbor removal experiment, using the paired t-test. In study V, the results were
statistically analyzed using the clipping treatment, fertilization and size group and
their interactions as factors in a three-way ANOVA. Variables were logtransformed if the assumptions of normality or homogeneity of variances were
not met.
Statistical analyses were performed with different versions of SPSS for
Windows.
2.3.2 Selection gradient analysis
In study II, the strength and pattern of selection was explored on plant
architectural traits using standard phenotypic selection analyses. Directional
selection on the measured plant characters was examined with multiple linear
regression. Partial regression coefficients ßH and ßB indicate the strength of
directional selection on plant height and branch number, respectively. Stabilizing,
disruptive and correlational selection was evaluated by multiple quadratic
regression (Phillips & Arnold 1989, Brodie et al. 1995). As fitness measures
related to Fig. 3 (see below), total seed number per plant and total seed mass per
plant (II, Table 3) were used.
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3

Results and discussion

Below, I will discuss tolerance of Erysimum strictum in relation to leaf damage at
the rosette stage and simulated grazing at the flowering stage. Moreover I will
consider tolerance and mycorrhizal colonization in relation to flowering time and
plant size of Gentianella amarella and G. campestris. Finally, I will consider how
the effects of simulated grazing on plant performance interact with plant resource
availability.
3.1

Tolerance at rosette stage

The effects of resource manipulation on the reproductive output of E. strictum
were different at rosette and adult stages. First, apical damage of mature adult
plants often stimulates lateral branching and, hence, increases fruit and seed
production (II–III, Huhta et al. 2000a), whereas rosette defoliation reduced
branch production and, consequently, fruit production (I, see also Suwa et al.
2010). Second, rosette fertilization increased both basal and upper branchiness (I),
but in adult plants fertilization usually increases and competition decreases the
number of branches in the middle and top parts of the stem (Huhta et al. 2000a).
Moreover, fertilization at the rosette stage stimulated upper branches only among
undefoliated plants. Branch number and reproductive output in mature plants
therefore correlate with resource availability and growth conditions at both the
rosette and adult stage. This gives support to the results of Dhileepan et al. (2000)
that final adult-stage architecture and reproductive output of a plant is partially
already affected by herbivory at the rosette stage.
The size of rosette is important when considering the lifetime fitness of a
plant since resources stored in taproots during the rosette stage affect apical
dominance at the adult stage (Dhileepan et al. 2000). Usually, lifetime fecundity
and fitness of monocarpic species correlate positively with rosette size (Young
1984, Simons & Johnston 1999, Buckley et al. 2003). In study I, the performance
of adult, flowering plants showed positive dependence on rosette diameter in most
cases. Rosette defoliation reduced reproductive output more strongly in large
plants and fertilization intensified these effects. Presumably, rosette defoliation
caused a higher cost on fertilized plants because defoliation reduces the ability of
plant to utilize additional nutrients or because defoliation may have suppressed
the development of axillary meristems. Apical dominance suppresses meristems
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in the rosette leaf axils but nutrient surplus may break this suppression and cause
basal branching.
Small and large plants may respond differently to nutrient surplus (e.g. when
growing in a nutrient-rich patch). After defoliation, large plants are expected to
increase branch production, whereas small plants are expected to respond by
increased height to reach the height of the competing sward. Large plants should
rather invest their additional resources to improve branch and flower production.
Large size and abundant flower production are impending, since they have
positive effects on plants due to increased pollinator attraction (Vallius & Salonen
2006). Furthermore, competition for mineral nutrients is usually size symmetric (i.
e. resources are divided in relation to plant size) whereas light competition is size
asymmetric (i.e. a large plant obtains a higher proportion of light resource related
to its size) (Schwinning & Weiner 1998). However, large size may also imply
some costs if, e.g., the risk of grazing increases with increased size (Ehrlén 1997,
Gómez 2003).
In conclusion, branch number in mature E. strictum plants is a response to
resource availability and growth conditions at both the rosette and adult stage.
The leading stalk suppresses axillary meristems at the rosette base but nutrientrich conditions during the rosette stage can break this suppression. Large plants
are expected to increase branch production, whereas small plants suffering from
competition for light are expected to increase height growth after defoliation.
3.2

Shoot architecture and cost of compensation at adult stage

In study II, Erysimum strictum plants were able to compensate or even
overcompensate for shoot apex injury at the adult stage in most cases. Clipping
and fertilization positively affected most growth and reproductive parameters
whereas competition had a negative effect on the number of branches and stem
biomass. The greatest fitness overcompensation was found in the absence of
fertilization and in the presence of competition, contrary to the compensatory
continuum hypothesis (Maschinski & Whitham 1989) but in accordance with
Hawkes & Sullivan (2001).
Because competition reduced and fertilization increased the number of
branches, it is likely that resource deficiency suppressed lateral branching.
However, as overcompensation was associated with resource-poor environments,
the compensation to simulated herbivory was primarily not determined by
nutrient resources, but rather by meristem limitation as in Gentianella plants in
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the study of Juenger et al. (2000). Therefore compensatory response was more
dependent on number of available meristems than amount of nutrient resources.
Resource availability thus affected compensation ability more strongly through
phenotypic plasticity. The result is consistent with the corresponding changes in
shoot architecture, as suggested by Escarré et al. (1996).
The responses of plants to herbivory are not only related to the architecture of
the plants but the timing of damage and the phenology of the plant as well
(Escarré et al. 1996). Simulated grazing is known to increase lateral branching in
growth conditions where undamaged plants have few branches (Huhta et al.
2000a). In study II we predicted selection for increased vertical growth among
plants grown in competition and for increased branching among plants grown
without competition. Indeed, when fitness was measured as seed number per plant,
results partially followed this prediction. There was stronger directional selection
for increased height than branching among clipped plants grown in competition
(Fig. 3a). However, among intact plants selection for increased branching was
always stronger or equally strong as compared to selection on plant height (Fig. 3
b). As intact and apically damaged plants have made their investments in vertical
growth and lateral branching at different phenological states, the shading effect by
Anthriscus may have been stronger during the regrowth period of apically
damaged plants. These patterns were somewhat similar but less clear when total
seed mass was used as the fitness measure (Fig. 3c & 3d, II: Table 3). The
difference between the fitness parameters could be due to a decrease in individual
seed weight among short plants in some treatment combinations. The actual
importance of this difference is not, however, clear because lighter seed weight
does not necessarily mean decreased seedling success (Reader 1993).
It is known that herbivory affects the balance between vegetative and
reproductive meristems (McNaughton 1979). For compensatory regrowth plants
needs a sufficient amount of undifferentiated meristems and sufficient resource
pools for growth and reproduction. After damage, the reproductive organs should
be the most important sinks in resource allocation in monocarpic herbs (Huhta et
al. 2000a). It is noteworthy that typically the increase in plant size increases the
absolute number of meristems. According to Bonser & Aarssen (2001) meristem
allocation is size-dependent: allocation to active reproductive and growth
meristems is greater in larger plants than in smaller plants.

37

Clipped

1.2

b)

1

0.8

0.8

0.6
0.4

Intact

1.2

1

Height ßH

Height ßH

a)

Unfertilized
Fertilized
Filled symbols:
Competition

0.6
0.4
0.2

0.2

0

0
0

0.2

0.4

0.6

0.8

1

0

1.2

0.2

d)

0.8

1

1.2

1

0.8

0.8

0.6
0.4

Intact

1.2

1

Height ßH

Height ßH

Clipped

1.2

0.6

Branches ßB

Branches ßB

c)

0.4

0.6
0.4
0.2

0.2

0

0
0

0.2

0.4

0.6

0.8

Branches ßB

1

1.2

0

0.2

0.4

0.6

0.8

1

1.2

Branches ßB

Fig. 3. Directional selection gradients (ß) in Erysimum strictum. Predictions: there is
selection for increased vertical growth among plants grown in competition (ßH > ßB)
and for increased branching without competition (ßH < ßB). Total seed number per
plant (a-b) and total seed mass per plant (c-d) were used as fitness measures. Open
symbols: plants grown without competition. Filled symbols: plants grown in
competition. Square: unfertilized plants. Circle: fertilized plants. Results: a) There was
stronger directional selection for increased height than branching among clipped
plants grown in competition. b) Among intact plants the selection gradient on number
of branches was always larger than or equally large as the selection gradient on
height. c) Among clipped plants in competition, the selection gradient on height was
always larger than the selection gradient on increased branching. d) There was
stronger directional selection for increased branching than height among intact plants
grown in competition.
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Removal of the shoot apex of adult E. strictum improved most of growth and
reproductive parameters (III). In other words, plants were able to overcompensate
for apical damage as clipped plants produced more than twice the number of
germinable seeds compared to intact plants. However, the potential cost of
compensation appeared as delayed flowering and fruit maturation among clipped
plants. Frost treatment reduced final total biomass but did not significantly
weaken their compensatory growth or germinability of seeds. Apical damage
itself slightly decreased seed weight and germinability, but these effects were
weak in comparison to improved fruit set that largely determines the final seed set
and, hence, the number of germinated mature seeds per plant.
Early in the growing season there might be selection for fast vertical growth
and unbranched shoot architecture, especially in dense vegetation as with E.
strictum in natural populations (Huhta et al. 2000c). According to Benner (1988),
by clipping plants early, buds developing into branches are removed, whereas
with late apex removal the apical tissue with only a few branch buds is removed.
Moreover, delayed fruit maturation may lead to a higher proportion of immature
fruits at the end of the growing season (Lennartsson et al. 1998). Delayed
flowering is a quite common consequence of apical damage (III, Bergelson &
Crawley 1992, Lennartsson et al. 1998, Martínková et al. 2008, Ramula 2008, but
see Marshall et al. 2008). For instance, in the perennial Pimpinella saxifraga,
compensatory growth after clipping caused a delay in flowering, and hence, the
seed yield was reduced (Huhta et al. 2009). On the other hand, according to
Huhta et al. (2000c) minor damage (10% clipping) on E. strictum resulted in only
a slight delay in flowering but a marked decrease in seed viability in the clipped
plants, possibly because of increased self-pollination.
The most important results of these studies (II–III) are that the greatest
overcompensation in E. strictum was found in the competitive nutrient poor
environment, contrary to the compensatory continuum hypothesis. Therefore the
compensation for simulated herbivory was not primarily determined by nutrient
resources, but rather by meristem limitation. In addition, the cost of compensation
in E. strictum appeared as delayed flowering and fruit maturation among clipped
plants. Despite this delay, frost treatment did not significantly weaken their
compensatory growth or germinability of seeds. Thus, early night frosts are a
potential risk to monocarpic herbs recovering from damage, but other sub-optimal
environmental conditions may be a greater threat for early-flowering plants
recovering from grazing.
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3.3

Tolerance in relation to flowering time and plant size

In Gentianella amarella apex injury reduced plant performance in most cases (IV).
However, early-flowering gentians completely compensated for the biomass loss
in 2000. In 1998 apex injury strongly reduced vegetative and reproductive
performance of late-flowering plants.
In 2000 both apex removal and flowering time of a G. amarella population
had a remarkable effect on vegetative and reproductive performance of plants.
Firstly, almost all the growth and reproductive parameters of intact plants were
higher in late-flowering populations compared to early-flowering ones. Secondly,
the early-flowering population compensated for clipping but the late-flowering
population did not. In earlier studies with G. campestris it has been found that the
damage can induce vigorous branching in gentians (Lennartsson et al. 1997, 1998)
and that G. campestris compensated well for minor damages (Huhta et al. 2000b).
In Huhta et al. (2003), G. amarella could compensate both in southern and
northern populations in terms of above-ground biomass but overcompensate in
number of fruits only in northern populations. According to Lennartsson et al.
(1998), overcompensation should not be expected to be found at high altitudes or
latitudes with a short growing season. Variation in growth and compensatory
responses may reflect differences in the amount of resources for growth and
regrowth. Early-flowering plants have a shorter time period for growth before
damage than late-flowering plants (Huhta et al. 2000c), whereas late-flowering
plants have less time to recover from damage. Another possible explanation for
the overcompensation capacity of gentians is grazing history if grazing or
mowing has favored overcompensating genotypes in gentians. In my study
populations, there may not have been a history of constant grazing or mowing and
therefore no need for adaptation to predictable damage (Huhta et al. 2003).
In the Gentianella campestris experiment (V) with two size groups, plant
performance (vegetative and reproductive parameters) was highest in large plants,
as was expected. Moreover the responses to clipping and fertilization were not
always the same in different size groups. Apical damage caused an allocation shift
from height growth to branches in all the groups except in large and fertilized
plants, a finding which is against the compensatory continuum hypothesis.
Clipping did not have the strongest effect on small plants because they were able
to compensate for the lost biomass in terms of number of branches and the
number of seeds per plant. A reason for that may have been that large plants may
have already used most of their meristems before clipping and fertilization (II,
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Escarré et al. 1996, Huhta et al. 2000a). Alternatively, damaged plants cannot
utilize fertilization right after damage (I) but then again, for some reason, small
plants were able to compensate in a comparable condition. In large plants
resources stored in the taproot enhance the growth right from the beginning of the
growing season (Lennartsson et al. 1997) and, hence, the nutrient addition
possibly came too late for large plants, since the number of meristems could have
already been determined before the addition. Small plants usually live in more
resource-poor patches (Lennartsson et al. 1997). In dense vegetation, on the other
hand, they suffer from light and nutrient limitation due to their weaker
competitive ability in relation to taller neighbors. (Irwin & Aarssen 1996).
Gentianella plants are known to experience some level of meristem limitation
(Juenger et al. 2000) so that at the beginning of the growing season the
compensation capacity may be constrained by the amount of resources available
for regrowth whereas the late limit of compensation may be affected mainly by
the availability of undifferentiated meristems (Lennartsson et al. 1998). Increased
branch production in G. campestris (V) was not reflected directly in seed
production but in the treatment combinations where there was a tendency for
increased branch production, damaged plants were able to reach the level of seed
production of intact plants.
In summary, different results in compensatory responses in large and small
plants may be due to the number of inactive meristems or in the amount of
resources (light, nutrients) for growth and regrowth. The ecotype of plants affects
regrowth as well because there may not be enough time or resources to recover.
3.4

Symbiont responses

In G. amarella (IV), effects of clipping on root fungal parameters were positive or
neutral. In 1998 clipping mainly have had a positive effect on mycorrhizal
colonization, whereas in 2000 clipping did not cause noticeable effects. In G.
campestris (V) a significant interaction was found between size, clipping, and
fertilization in the total fungal colonization and colonization by coils. The general
trend was that simulated grazing increased colonization in large plants growing in
a nutrient-rich environment whereas in small plants this effect was seen in a
nutrient-poor environment. On the contrary, simulated grazing decreased
colonization in small plants grown in a nutrient-rich environment, but in large
plants in a nutrient-poor environment. Increase in mycorrhizal colonization may
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be due to host plant`s needs for additional nutrients directly after damage, which
mycorrhizal symbionts provide (Eom et al. 2001, Kula et al. 2005). In a study by
Pietikäinen et al. (2009), clipping increased AM fungal colonization in
unfertilized conditions but not in fertilized, whereas fertilization decreased
mycorrhizal colonization in both clipped and intact plants. Foliage removal by
herbivory may reduce the function of mycorrhiza and one possible explanation
for no increase in mycorrhizal colonization (IV, V) may be carbon limitation
(Gange et al. 2002).
In both G. amarella (IV) and G. campestris (V) clipping decreased the
colonization by dark septate endophyte. According to Jumpponen (2001), DSE
usually are considered as saprophytic but in some environments they can enhance
host growth and nutrient uptake and function like mycorrhizal fungi. Cooccurrence of high colonizations of AM fungi and DSE in gentian roots may
indicate that they have complementary roles in nutrient uptake. On the other hand,
a decrease in the amount of DSE among clipped plants; i.e. under limited carbon
conditions, suggests that competition for resources may control the abundance of
these two groups in host roots (Medina-Roldán et al. 2008).
AM fungal colonization generally does not change root morphology.
However, a characteristic feature in intensively colonized gentian roots is distinct
and heavily colonized patches which are slightly tuberous and often their color is
slightly yellowish-pinkish (Fig. 4). Maintaining intensive fungal colonization (IV,
V: 69–97%) is expensive to plants (Gange et al. 2002, Walling & Zabinski 2006)
and in the case of gentians, high overall colonization and morphological changes
in roots imply exceptionally high structural costs. However, I have no estimates
for metabolic, e.g., respiration costs.
In study IV in 2000 arbuscular and hyphal colonizations were higher among
late-flowering plants compared to early-flowering ones and the mycorrhizal
colonization in G. amarella increased during the growing season. According to
Gay et al. (1982), two peaks are assumed to occur during the life cycle in the
density of mycorrhizal colonization in biennial species. The first peak is in the
first autumn of growth, and the second peak is in the second summer of growth
during the period of maximum growth. Seasonality of mycorrhizal colonization
might be due to high metabolic activity and soil moisture during the summer. On
the other hand, in the perennial Plantago lanceolata arbuscular colonization was
found to be highest in winter and spring (Gange et al. 2002). These earlier results
are not supported by my results with autumn gentians (IV) since fungal
colonization was at the highest level in late summer.
42

1mm

a

1 mm

b
0.1 mm

0.1 mm

d

c

Fig. 4. Unstained (a-b) and stained roots (c-d) of Gentianella amarella. a-b) Roots with
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structures: c) arbuscules (arrows) and d) coils (arrow) in intensively colonized areas.
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Increased fungal colonization (IV) that takes place in late summer may compete
too strongly with the sinks of late-flowering hosts. In contrast, the early-flowering
hosts may benefit from avoiding costly late-season colonization. Especially the
late-flowering host is at risk not to succeed in reproduction. Therefore, grazing
late in the season and, at the same time, a high demand for carbon by the fungal
symbiont, may result in a decreased capacity for compensation growth (Wamberg
et al. 2003). Three clipping experiments with G. amarella (IV) supported the
hypothesis that root symbionts compete with the above-ground sinks. Moreover,
in G. campestris (V), in large damaged plants grown in nutrient-rich conditions,
total colonization increased but above-ground parts suffered (e.g. number of
branches and seeds per plant declined). On the contrary, in similarly treated small
plants total colonization decreased markedly, but plants compensated (in terms of
seeds per plant) or even overcompensated (in terms of branch number) for the
loss of above-ground biomass. Thus, it seems likely, that large clipped plants
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allocate extra resources to roots and fungal partners at the expense of
aboveground parts.
Some of the experiments with G. amarella (IV) supported the assumption that
neighbor removal improves host growth and reproduction, while a greater carbon
source capacity benefits mycorrhizal colonization. In other words mycorrhizal
colonization increased probably due to release from light competition and
enhancement of photosynthesis and, hence, increased flow of carbon from the
shoot to the fungi (IV–V). Generally, positive mycorrhizal growth responses may
decrease as the density of plants increases because the roots appear to compete
with each other in a way that the growth of all the individual plants is reduced.
Increased light competition (shading), can cause mycorrhizal costs to exceed
benefits because the benefits of a mycorrhizal association (increased supply of
nutrients) may remain constant while relative costs (increased carbon demand)
mount up (V, Johnson et al. 1997, Gange et al. 2002, Walling & Zabinski 2006).
In the neighbor removal experiment (IV), I did not find evidence supporting
mycoheterotrophic interactions in G. amarella and neighboring plants. If these
interactions have existed in this experiment, they may have been masked by the
obvious release from light competition.
The main results from gentian studies are that simulated above-ground
herbivory tends to increase carbon limitation. Therefore, as a novel interpretation,
responses of shoot and mycorrhizal parameters were opposite to each other as
regrowing shoots and the fungal symbionts may appear as alternative, competing
sinks for the limited carbon reserves. The sink strength is increased by the high
intensity of the mycorrhizal colonization found in both biennial monocarpic
Gentianella species.
3.5

Grazing tolerance in relation to resource availability

Defoliation by herbivores may have a major effect on the reproductive success of
plants (Crawley 1987, Paige & Whitham 1987, Vallius & Salonen 2006). If the
architecture of a shoot is strongly altered, as in my thesis (I–V), the reproduction
of the plants may be markedly affected. Depending on environmental conditions,
the effect can be favorable or unfavorable (Escarré et al. 1996). According to the
compensatory continuum hypothesis, plants are assumed to best tolerate
herbivory in resource-rich conditions (Maschinski & Whitham 1989). On the
other hand, many studies have shown that plants are less tolerant to herbivory in
resource-rich environments than in resource-poor environments (I–II and V,
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Hawkes & Sullivan 2001, Wise & Abrahamson 2005, Banta et al. 2010).
Furthermore, the compensatory continuum hypothesis does not in fact explain
why the plants should be more tolerant in good growth conditions (for discussion,
see Huhta et al. 2000a).
The relationship between resource levels and tolerance may be more complex
than assumed by the compensatory continuum hypothesis. When considering
compensatory growth, one needs to take into account more specific, resourcerelated aspects as well. For instance: which resource is limiting plant fitness for
the most part, which resources are affected by damage, and is resource acquisition
affected by the damage? Plant tolerance depends not only on the overall level of
resources, but on the specific resource that limits plant fitness the most and,
moreover, which tissues are damaged. In a low nitrogen environment the fitness
of an undamaged plant is nitrogen limited rather than carbon limited. Therefore
plants growing in a low nitrogen environment should be rather tolerant of
herbivory. On the other hand, if nitrogen fertilizer is added, undamaged plants
have enough nitrogen to reproduce at their maximum level and, hence, their
fitness could be carbon limited. Thus, because of carbon limitation, herbivory
most likely decreases plant fitness in nutrient-rich conditions (Wise &
Abrahamson 2005).
It is evident that growth conditions at the time of damage, and after it, are
essential in response to herbivory (Escarré et al. 1996). In nutrient-rich
environments apical dominance may be weak causing increased branching,
whereas in nutrient-poor environments there are not enough resources to
compensate for damage (Irwin & Aarssen 1996). Plants typically show higher
apical dominance under competitive environments (Aarssen & Irwin 1991) as
found in studies II and V. It may be that suppressed lateral branching at low
availability of light and nutrients (e.g. under competition) is an expression of
plasticity induced by restricted availability of resources. Therefore both shoot
architecture and resource availability together may modify the responses of E.
strictum to apical damage, the former effects being much stronger (I–II). At the
rosette stage simulated herbivory decreases lateral branching and height in the
following growing season, whereas simulated herbivory at the adult stage tends to
increase lateral branching. Thus, in different life stages different resources and
availability of meristems limit plant growth.
Responses of different plant species to resource availability vary and
depending on species trade-offs may occur in allocation of resources among
growth, tolerance, and defense. Ability of plants to allocate more resources to one
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of these three strategies may mean that resources cannot be allocated to other
strategies (Bennett et al. 2006). Allocation to active branch growth should be high
in resource-rich environments, whereas allocation to inactive quiescent meristems
should be high in resource-poor environments (Bonser & Aarssen 2003). In the
early growing season meristem differentiation may be limited due to the low
amount of resources available for regrowth and at the end of growing season
mainly by the availability of undifferentiated meristems (II and V, Lennartsson et
al. 1998). If undamaged plants have already produced several branches before
damage, grazing increases branching less or may even reduce the number of
branches (Huhta et al. 2000a). E. strictum may have been selected for fast vertical
growth at the beginning of the second growing season (Huhta et al. 2000a).
Hence, apical damage in adult plants causes branching in the upper parts of the
stalk (II–III), whereas rosette defoliation in the first growing season decreases
both basal and distal branching in the adult phase (I).
Enhanced nutrient uptake of damaged plants (Paige & Whitham 1987),
possibly because of increased mycorrhizal colonization, might enhance
compensatory growth without a decrease in productivity (Maschinski & Whitham
1989). However, because of a greater drain on photosynthates, reduced
photosynthetic area due to herbivory may cause a greater burden on the carbon
budget of mycorrhizal, rather than on non-mycorrhizal plants. In this case,
mycorrhizal plants may be less tolerant to herbivory. In addition, the fungus and
herbivore both consume photosynthates, so there may be competition between
them (IV–V, Gehring & Whitham 1994, Borowicz 1997, Koricheva et al. 2009).
Thus, herbivore damage may decrease the benefit of mycorrhizal colonization on
host fitness (Gange et al. 2002, Garrido et al. 2010).
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4

Conclusions

Grazed meadows are challenging habitats for plants as in some places there is a
high risk of being grazed, whereas in some other places competition for space and
light is high. The growth and flowering time of biennial herbs are adapted to this
environment to compromise seed yield in both favorable and unfavorable
conditions. Unbranched stem architecture with strong apical dominance is
associated with regrowth capacity following damage to the shoot or apical
meristem. Moreover, mycorrhizal symbiosis of meadow plants may affect the
outcome of a plant in dense vegetation and especially when plants are exposed to
herbivory.
Compensation capacity is strongly dependent on the timing of damage during
the growing season and in relation to the developmental stage of a plant. The size
of an adult, biennial plant correlates positively with its size at the rosette stage,
and the size of the rosette in turn is determined largely by environmental factors
(i.e. resources and stress). For instance, defoliation of a rosette can reduce the
reproductive output of an adult even though the plant would to some extent be
able to compensate for the damage at the rosette stage. Moreover, while apical
dominance by the leading stalk at the adult stage restrains the axillary meristems
at the rosette base, nutrient surplus at the rosette stage can break this suppression.
At the adult stage all three study species were relatively tolerant to simulated
grazing and in most cases plants were able to compensate for minor biomass loss.
The compensatory continuum hypothesis assumes that tolerance is better in
resource-rich conditions but this was not always the case in the experiments in
this thesis.
Differences in compensatory capacity of the meadow plants in response to
grazing lies in the original architecture of the adult plant (e.g. number of branches
and height) and differences in habitat resource levels. The effect of grazing is
partially determined by the amount of meristems available for growth and
reproduction but also by resource allocation between these meristems. When
considering management practices for different meadows and meadow species, it
is important to clarify what are the most important resources restricting both the
initial plant growth but also regrowth after damage. For instance, in the low
productive environment the plant is nutrient rather than carbon limited. Thus,
plants growing in the low nutrient environment are quite tolerant of herbivory. If
plants happen to grow in a nutrient-rich patch, plant fitness could be carbon
limited even without damage. So the timing and level of damage have to be
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appropriate for each particular plant population. However, after mowing/grazing,
plants may also be subjected to uncontrollable environmental stress factors (early
frost, drought) which may affect their ability to recover and regrow.
Relationships between meadow plants, herbivores and fungal symbionts are
complicated. The effect of resource manipulation on mycorrhizal colonization of
meadow plants obviously depends on environmental factors. Usually shoot
damage and nutrient surplus decrease mycorrhizal colonization because if
nutrients are not limiting there is no clear advantage to invest carbon into
mycorrhizal symbionts. This situation changes if plants are living in resourcepoor environments, are small-sized or living in intensive competition with other
plants. Above-ground herbivory tends to increase carbon limitation and, hence,
regrowing shoots and the fungal symbionts may appear as alternative, competing
sinks for the limited carbon reserves of the host.
Different plant ecotypes may be in different stages of development during
shoot damage and, hence, they respond to the same damage dissimilarly. If
environmental conditions are harsh (e.g. short growing season) the plant may
neither be able to compensate for the damage nor gain benefit from the fungal
partner. The fungal partner may help the host plant recover from damage by
enhancing the nutrient supply. On the other hand, the mycorrhizal symbiont
always bears a cost in terms of carbon resources for the host plant and in some
cases costs may exceed benefits.
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