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Abstract
Plant reproductive success is affected by a number of factors, such as climatic conditions and plant
resource status during flowering and fruiting, and pollen origin in fertilization. In the present thesis
project, different aspects of plant reproductive ecology were investigated in order to identify
constraints on sexual reproduction and seed set in two clonal dwarf shrubs (Vaccinium myrtillus and
V. vitis-idaea) and one long-lived perennial herb (Campanula rotundifolia). The work comprised
phenological observations and experiments with the clonal shrubs at natural boreal forest sites in the
Oulanka National Park in northern Finland. The impact of mycorrhiza on C. rotundifolia fitness traits
was tested in hand pollinations in a greenhouse experiment.
Pollen origin had some effect on fruit set, and had strong effects on the number of matured seeds
in all three species. Seed yield reductions upon hand self-pollination as compared with hand crosspollination were attributed to inbreeding depression in V. myrtillus, and presumably to partial selfincompatibility in C. rotundifolia. V. myrtillus and V. vitis-idaea showed a population structure where
the number of matured seeds per fruit increased with increasing distance between pollen donor and
pollen recipient. Clonal growth in concert with the foraging behaviour of bumblebee pollinators is
thought to cause the possibility of either uniparental or biparental inbreeding, with a strong effect on
the number of matured seeds per berry.
In a flower-removal experiment lasting three years, costs of fruiting to future fecundity and
vegetative traits were observed, but not to future survival in V. vitis-idaea and V. myrtillus. The
response was more pronounced in the evergreen than in the deciduous species. In Campanula
rotundifolia, mycorrhiza was associated with a cost to the plants' reproductive effort, as plant biomass
and the number of flowers produced per plant were decreased in mycorrhizal plants in comparison
with non-mycorrhizal plants. There was no difference in seed number, seed weight or germination
between the seeds of mycorrhizal and non-mycorrhizal plants. However, the offspring of mycorrhizal
plants had a higher relative growth rate, while also having a higher seed phosphorus concentration.
In summary, sexual reproduction was variably constrained by previous reproduction in
Vaccinium, and contrary to expectations, by mycorrhiza in Campanula. However, mycorrhiza had
positive effects on some measures of offspring fitness. In all three species, self-pollination limited
seed production.

Keywords: autofertility, Campanula, Ericaceae, flowering phenology, inbreeding
depression, reproductive success, self-fertility, Vaccinium
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1

Introduction

Plant reproductive ecology studies the interactions of a sexually reproducing plant
with its abiotic and biotic environments. Since plants are sessile, to accomplish
mating they usually depend on vectors for pollen transport. Although the majority
of flowering plants are hermaphrodites, having both male and female sexual
organs in the same flower, not all species are able to pollinate themselves
autonomously. Plants have developed a wide array of variable flower
morphologies and different reproductive strategies (Richards 1997, Geber et al.
1999), and in many cases specialized relationships with their pollinators.
In sexual reproduction, plant genetic material is recombined and genetically
variable offspring are created (Stearns & Hoekstra 2000). Moreover, propagules
are formed for dispersal that enables plants to colonize new habitats. The number
of seeds produced by plants is determined in the first place by the number of
ovules per ovary and the number of flowers per plant. Seed production can be
constrained by insufficient or inadequate pollination, resource restrictions of the
maternal plant, and relatedness of mating partners.
1.1

Plant mating system traits

Plant mating systems are determined by those features that affect gene inheritance
from one generation to another (Wyatt 1983). Different plant species exhibit a
wide variety of floral traits that influence the pattern of mating between plants.
Mating systems are basically distinguished by the occurrence of female and male
reproductive organs in the same or in different plant individuals (dioecy or
cosexuality), or in the same or different flowers (hermaphroditism or monoecy)
(Richards 1997). In plants with hermaphrodite flowers, the reproductive organs
can furthermore be separated in space (herkogamy) or they can function at
different times (dichogamy). All of these traits have the capacity to influence the
occurrence of self-pollination or cross-pollination, as has self-incompatibility, the
genetically determined rejection of self-pollen (Barrett 1988, Richards 1997).
Furthermore, mating systems can be characterized by a plant’s ability to
autonomously self-pollinate and to fertilize upon experimental self-pollination as
compared with cross-pollination (cf. Lloyd & Schoen 1992). The outcome of selfpollination may vary between populations and individual plants in reflection of
differences in levels of genetic load, and thus inbreeding depression, or
differences in the strength of self-incompatibility systems. In some plant species,
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the expression of self-incompatibility has been reported to vary with respect to
flower development (Stephenson et al. 1992, Vogler et al. 1998, Goodwillie et al.
2004, Travers et al. 2004) and possibly resource-associated conditions, too
(Becerra & Lloyd 1992, Reinartz & Les 1994).
In plant reproductive biology, special emphasis is placed on evaluating the
fitness consequences of self-fertilization and cross-fertilization. Since selffertilization is often associated with detrimental effects on progeny fitness due to
genetic load, inbreeding depression has been regarded as the basic driving force
in the evolution of plant mating systems (Lande & Schemske 1985, Charlesworth
& Charlesworth 1987, Holsinger 1991). Theoretical considerations have predicted
a bimodal distribution of predominantly selfing and predominantly outcrossing
mating systems in plants (Lande & Schemske 1985), and this prediction has been
confirmed in a review on natural species (Schemske & Lande 1985). According to
this model, intermediate selfing rates should not be evolutionarily stabile.
However, this notion has been questioned by an increasing number of reports on
species with mixed mating systems (Goodwillie et al. 2005).
Barrett et al. (1996) compared the frequency of self-fertilizing plant species
with respect to their growth form and concluded that woody perennial species are
less frequently self-fertilizing than are herbaceous perennials or annuals.
Moreover, inbreeding depression appears to be stronger in woody perennial
species than in annuals, due to higher mutation rates per generation in the longerlived species (Klekowski 1988, Klekowski & Godfrey 1989). Nevertheless, in
many plant species, the outcrossing or selfing rate is subject to variation due to
genetic, demographic or environmental factors (e.g. Barrett & Eckert 1990).
Moreover, environmental conditions also seem to affect the expression of
inbreeding depression in a number of organisms (Dudash 1990, Armbruster &
Reed 2005).
1.2

Cost of reproduction

During sexual reproduction plants allocate resources to the production of flowers,
fruits and seeds, and their supportive structures. A central hypothesis in resource
allocation theory is the one of cost of reproduction (Stearns 1989, Roff 1992).
This hypothesis is based on the assumption that there is a restricted pool of
resources that a plant can utilize for growth or reproduction. Consequently, if
reproduction competes more or less directly for the same limited resources,
investment in reproduction will diminish the resources available for future
12

growth, reproduction and survival (Stearns 1989). But, even though there may be
potential costs, they might not be detected in situations when e.g. plants are able
to assimilate more in order to cover higher demands during flowering and fruiting
(Reekie & Bazzaz 1987). Thus, it has been assumed that there might be a
threshold beyond which plant investments in reproduction have to grow before
costs become visible (Tuomi et al. 1983). On the other hand, costs may be
conditional and therefore expressed more strongly or exclusively when plants are
subjected to stress, like when growing in low soil resource conditions (Biere
1995), or when being affected by herbivory (Primack et al. 1994). Also, responses
of the same species investigated in different habitats or study sites have been
reported to be variable (e.g. Obeso 1993a, Syrjänen & Lehtilä 1993, Hemborg
1998).
Literature on the cost of reproduction mostly reports individual species’
responses. So far, it seems that no general trends have been identified as to
whether costs of reproduction are expressed more often in some life history traits
than in others, or whether taxonomically related species or cosexual plants with
the same growth form express costs in similar traits (but see Obeso 2002).
Assumedly, in long-lived perennial species, fecundity costs are more common
than survival costs, whereas survival costs could be more common in short-lived
species. Life-history models assume that short-lived species are highly dependent
on predictable juvenile survival whereas long-lived species are dependent on
predictable adult survival. Therefore, to be able to detect costs of reproduction in
long-lived plants, it is important to conduct experiments over more than one
season (Primack & Hall 1990, Ehrlén & van Groenendael 2001).
1.3

Plant reproduction in response to interaction with environment

Plant reproductive success can be affected by e.g. pollinator services
(Bierzychudek 1981, Burd 1994), predation of flowers, fruits and seeds (Herrera
1993, García et al. 2000), herbivory (Hendrix 1988), defoliation (Obeso 1993b)
and resource levels (Campbell & Halama 1993, Lau & Stephenson 1993,
Helenurm & Schaal 1996). Nutrient limitations have been demonstrated to reduce
flower, fruit and seed production in many species (e.g. Helenurm & Schaal 1996).
Moreover, pollen number and quality can be affected by changes in resource
levels of the pollen-producing plant, as occurs in herbivory, fertilization or
mycorrhizal symbiosis (Lehtilä & Strauss 1999; see also reviews by Mutikainen
& Delph 1996, Delph et al. 1997).
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In general, plant nutrient acquisition is affected in a positive way in
mycorrhizas, and a number of laboratory studies have reported increased
reproductive capacity (flower number, pollen traits) in mycorrhizal plants (Koide
et al. 1988, Stanley et al. 1993, Koide 2000, Poulton et al. 2001). Both nutrient
addition (Lau & Stephenson 1993, cf. review by Delph et al. 1997) and
mycorrhiza (Poulton et al. 2001, 2002, Philip et al. 2001) have been shown to e.g.
influence pollen production and pollen tube growth, and therefore, a positive
effect of mycorrhiza on plant male function measured as seed siring success
seems possible. However, so far no attention has been paid to whether mycorrhiza
is capable of affecting reproductive success differentially in controlled hand selfpollinations and cross-pollinations.
Environmental conditions may potentially mediate plant mating systems, too,
by differentially affecting the abortion of embryos from self-fertilizations and
cross-fertilizations. Nutrient limitations of maternal plants have been shown to
reduce the relative success of self-fertilized seeds as compared with crossfertilized seeds (Hill-Cottingham 1967, Martin & Lee 1993, Helenurm & Schaal
1996, Levri & Real 1998). Levri (1998) gave a number of possible explanations
for the higher abortion of selfed seeds late in the season in Kalmia latifolia, such
as changes in resource availability during the flowering season, with effects on
seed maturation, pollen quality or pistil receptivity. In Lupinus texensis, the result
was discussed in the context of inbreeding depression being more strongly
expressed during seed development under stressful conditions (Helenurm &
Schaal 1996). Martin & Lee (1993) reasoned that abortion of selfed seeds in
Cassia fasciculata in nutrient-limited conditions may take place when the genetic
load is composed of inferior but nonlethal gene combinations.
Plant populations tend to be genetically structured. Because seed dispersal in
space is rather limited, plants are commonly genetically more related to their
neighbour plants than to far-distant plants (Handel 1983, Silvertown &
Charlesworth 2001). Unless diaspores are specialized, seeds are released into the
immediate surroundings of the mother plant, thus creating patches of genetically
similar plants. Moreover, mating is more likely to occur between spatially close
plants than between very distant plants, especially in insect-pollinated plant
species (Schmitt 1980, Waddington 1983). If inter-plant distance is inversely
associated with genetic similarity, the distance between pollen donor and pollen
recipient assumedly has an effect on reproductive success or offspring fitness in
self-incompatible plants or plants suffering from inbreeding depression (Levin
1984, 1989, Dudash 1990, Trame et al. 1995). On the other hand, environmental
14

conditions may give rise to local adaptation, and consequently, mating between
plants that are separated by a longer distance can lead to a disruption of those
favourable adaptations (Price & Waser 1979, Schemske & Pautler 1984, Waser &
Price 1989). In this case, reproductive success or fitness of offspring might be
lower than in matings between plants inhabiting the same habitat or site, an
outcome that is called outbreeding depression.
Clonality is another factor leading to the genetic structure in plant
populations. In clonal plants each new ramet produced is basically a replicate unit
of the same genotype. With increasing clonal growth the genotype occupies a
larger area with the effect that ramets are probably neighboured by ramets
belonging to the same genet. Pollen flow has a strong impact on quality and
perhaps also the quantity of reproductive success in plants in general (e.g. Levin
1981), and assumedly in clonal plants in particular. Geitonogamy, or selfpollination between flowers within the same plant, is expected to increase with
plant size (de Jong et al. 1993), and pollinator foraging between different ramets
may lead to additional self-pollination in clonal plants (Eckert 2000). Handel
(1985) hypothesized that the mating system of individual clonal plants may be
affected during growth, because the likelihood of geitonogamy increases as the
clone grows.
1.4

Aims of the study

In order to evaluate constraints on sexual reproduction, I investigated aspects of
reproductive success, mating system traits and costs of reproduction in two clonal
dwarf shrubs, Vaccinium myrtillus L. (bilberry) and V. vitis-idaea L.
(lingonberry), Ericaceae, and one long-lived perennial, Campanula rotundifolia
L. (harebell), Campanulaceae. In particular, between-year variation in flowering
intensity and fruit and seed production, fruit and seed maturation in response to
different types of experimental hand pollinations, and the impact of nutritional
status of the maternal plant on seed number and offspring quality were
investigated (Table 1). Moreover, I prepared a short review to compare the
present results with the reproductive features of other ericaceous species.
V. myrtillus and V. vitis-idaea are clonal dwarf shrubs that dominate the
understorey in boreal forests. They grow extensively with the help of rhizomes.
From the belowground stem, deciduous V. myrtillus produces aerial shoots
(ramets) that are about 30 cm in height, and the evergreen V. vitis-idaea produces
ramets of about 10 to 30 cm height, depending on the habitat (Popova 1972).
15

Both species flower and produce berries regularly. In V. myrtillus, pentameraous
flowers are produced in reduced racemes of 1 to 2 flowers. V. vitis-idaea produces
inflorescences of 3-15 tetramerous flowers. The flowers of both species have
anthers that are elongated into two tubes and that open with a small pore. Pollen
is released in tetrads. Both species produce nectar and they are insect-pollinated
(Knuth 1899, Ritchie 1955, 1956, Jacquemart 1993). However, previous studies
on Vaccinium species have pointed out that there is a paradox of abundant berry
production when at the same time seeds appear to be rare in seed banks (Vander
Kloet & Hill 1994, Welch et al. 2000). Vaccinium species form ericoid
mycorrhiza (Harley & Harley 1987). Furthermore, V. myrtillus and V. vitis-idaea
are among the most important wild berry plants with commercial significance in
Finland. From 1977 to 2005, a yearly average of 2.1 million kilograms of
bilberries were picked in the whole country and they provided a yearly average
picking income of 2.3 million euros (Finnish Forest Research Institute 2006).
During the same period, on average 4.7 million kilograms of lingonberries were
picked and they contributed an average picking income of 4.9 million euros each
year.
In the present study, the practical work comprised phenological observations
(I), and manipulative experiments (II-IV) with V. myrtillus and V. vitis-idaea at
natural forest sites and in an experimental field in northern Finland. Vaccinium
flowering phenology, fruit set and seed data were recorded from the same sites
over several years to estimate variation in natural reproductive success (I). The
costs of reproduction were investigated by manipulating fruit set (II). The basic
features of the mating system were investigated in several hand pollination
experiments with V. myrtillus (III, IV) and V. vitis-idaea (IV). In order to
investigate whether insect-pollinated V. myrtillus and V. vitis-idaea showed a
distance-related genetic structure in the populations, hand pollinations were
conducted where the distance between pollen-donor and pollen-recipient
increased (IV). In this work, pollinator-flight distances during foraging on V.
myrtillus and V. vitis-idaea were also recorded. Approaches I-IV were taken to
assess whether Vaccinium species have features in their reproductive biology that
promote cross-pollination.
In the last work, we investigated whether mycorrhiza had the potential to
affect a species’ vegetative performance, sexual reproduction, mating system, and
offspring quality (V). Since mycorrhizal effects on plant fitness characters can
only be investigated under controlled conditions, a herbaceous study system was
chosen. A greenhouse experiment was started from seed material of Campanula
16

rotundifolia and employed inoculation with mycorrhizal fungi. C. rotundifolia is a
common perennial throughout northern Europe. The species has bell-shaped light
blue flowers that are hermaphroditic and protandrous, with secondary pollen
presentation (Fægri & van der Pijl 1979, Nyman 1992, 1993). The family of
Campanulaceae is heavily mycorrhizal (Harley & Harley 1987), and C.
rotundifolia has been found to form mycorrhiza under experimental conditions
(Wijesinghe et al. 2001, Kytöviita et al. 2003).
Table 1. Constraints on reproductive traits as investigated in the present thesis. The
original papers with the investigated traits are referred to by Roman numerals.
Reproductive phase and investigated traits

Constraints

Flowering
Phenology onset and duration

climatic conditions: between-year variation (I)

Number of flowers

resource availability: cost of reproduction (I, II);
nutritional status of maternal plant (V)

Fruit maturation
Number of matured fruits; fruit set percentage

climatic conditions: between-year variation (I)
resource availability: cost of reproduction (I, II);
nutritional status of maternal plant (V)
pollinator services: visitation frequencies (I)
pollen origin: self-incompatibility,
inbreeding depression (III, IV, V)

Seed maturation
Number of mature seeds / fruit

climatic conditions: between-year variation (I)
resource availability: nutritional status of
maternal plant (V)
pollen origin: self-incompatibility,
inbreeding depression (III, IV, V)

Seed germination
Time to germination; percentage of germination

seed provisioning: nutritional status of
maternal plant (V)
genetic load: inbreeding depression (V)
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2

Material and methods

2.1

Study area

V. myrtillus and V. vitis-idaea were investigated in field experiments (I-IV)
conducted in the Oulanka National Park (66º20’N, 29º20’E) in northern Finland.
V. myrtillus was investigated in spruce-dominated mesic heath forests and V. vitisidaea in moderately dry pine-dominated forests. The exact size of individual V.
myrtillus and V. vitis-idaea clones in the study area is unknown. Both species
grow rather uniformly throughout the field layer without forming distinct patches.
Patch forming has been reported for V. myrtillus at sites in Western Europe. V.
myrtillus was also examined in an experimental field that had been constructed in
1993 in the close vicinity of the Oulanka Research Station (III). Pieces of V.
myrtillus clones were excavated from the forest and transplanted into the
experimental field. Each piece of clone consisted of at least one ramet and some
tens of centimeters of rhizome. The clones were allowed to grow for three years
before pollination experiments were conducted. Experiments with Campanula
rotundifolia were conducted under greenhouse conditions in the Department of
Biology at the University of Oulu (V).
2.2

Experimental design

2.2.1 Phenological observations and natural reproductive success in
Vaccinium
Flowering phenology and natural reproductive success were monitored as
background information (I). The flowering phenology of V. myrtillus was
monitored in 1993, 1996, 1998 and 2000. The number of buds, open flowers and
wilted flowers was counted every few days from small plots sized 25 x 50 cm in
1993 and 50 x 50 cm in the other years. Each time the score was counted, several
hundred flowers were checked for their phenological stage. To be able to compare
the curves from the different years, I defined the onset of peak flowering as the
day when 40 % of the flowers were open, and extrapolated the date from
graphical presentations of flower numbers. The onset of peak flowering was
related to the accumulated temperature sum (> 5 ºC, Growing Degree Day, GDD).
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The flowering phenology of V. vitis-idaea was monitored in 2000 from 10
permanent plots sized 50 x 50 cm.
Natural reproductive success was assessed as a fruit set percentage
[(fruit/flower)*100] and as the number of seeds per berry. Proper seeds,
abandoned seeds, and unfertilized ovules were removed from the berries by hand
and counted under a dissecting microscope against millimeter paper. Mature seeds
were 1 mm in size and coloured brown, while abandoned seeds were of the same
size and colour but flat, or smaller than 1 mm and roundish. Small white
structures of 1/3 of a millimeter were considered unfertilized ovules. In V.
myrtillus, fruit set was assessed from the phenology plots in 1993, and from 20
permanent plots in 1996 through 2000. In V. vitis-idaea, 10 permanent plots sized
70 x 70 cm were established in 1994, and flower number and berry number were
counted from 1994 to 1998.
2.2.2 Manipulating fruiting effort in Vaccinium
In 1998, flowering V. vitis-idaea and flowering V. myrtillus ramets were chosen
and individually marked at natural forest sites in the Oulanka National Park (II).
V. vitis-idaea was investigated in two slightly different pine-dominated
moderately dry heath forests and V. myrtillus in spruce-dominated mesic heath
forests. For each of the species, fifty ramets were selected at each of six different
locations (blocks) within the forests. In total, 300 V. vitis-idaea and 300 V.
myrtillus ramets were chosen for the experiment. Half of the ramets at each
location were randomly subjected to a deblossoming treatment (debl) and the
other half to a pollination treatment (poll) in 1998 and in 1999. In the
deblossoming treatment, flower buds were removed from the ramets. The
pollination treatment was conducted in order to encourage ramets to produce
berries, and therefore, flowers in each ramet were pollinated with pollen that
stemmed from ramets a few meters away from the recipient ramet (crosspollination). The flowers were open to natural pollination all the time. The
number of flowers per ramet was counted prior to deblossoming. In 2000, all the
flowering ramets in the experiment were hand pollinated. In all three years, the
number of flowers per ramet, flowering frequency, and the number of berries per
ramet in the reproducing ramets were recorded. The number of new current-year
shoots was counted and shoot length was measured with a ruler (± 0.5 mm). All
current-year shoots were measured in V. vitis-idaea and a sample of 5 shoots per
V. myrtillus ramet in the field in 1998 and 1999. In 2000, when fruiting was
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completed, the ramets were harvested from the field. Current-year shoots were
counted and their lengths were measured from all the current-year shoots.
2.2.3 Conducting hand pollination experiments with Vaccinium and
Campanula
Controlled hand pollinations with Vaccinium comprised cross-pollinations at
different flower ages (III) and at variable distances between pollen recipient and
pollen donor (IV), self-pollinations (III, IV), cross-pollinations (III), and pollen
chase experiments (III). In the chase experiment, the experimental flower was
first pollinated with self-pollen and then with cross-pollen. Stigma receptivity was
assessed by cross-pollinating flowers of different ages. Self-pollinations were
conducted to study whether the species were self-compatible, and the pollen
chase experiment was conducted to investigate whether the self-pollen fertilized
ovules. The reproductive success upon cross-pollination at variable distances
between pollen donor and recipient was tested for distance-related genetic
population structure. In order to check the capability of Vaccinium species to selfpollinate autonomously (autogamy), flowers were not pollinated. The fruit and
seed data results from paper (IV) were used to calculate autofertility and selffertility in V. myrtillus and V. vitis-idaea.
In hand pollination experiments in the field, individual Vaccinium ramets
carrying flower buds were covered prior to pollinations with a construction made
from metal wire and nylon netting to exclude possible pollinators from the
flowers and thus prevent contamination of the flowers with undesired pollen. The
nylon bags could be opened and reclosed to make handling of the flowers
possible. Flower buds were individually marked, checked every second day or
daily, and the day of anthesis (i.e. flower bud opening) was recorded. Selfpollinations were conducted by first shaking pollen from the same flower or
another flower from the same caged ramet onto a glass microscope slide, and by
then touching the stigma with the glass (Molau et al. 1989). Pollen can be seen on
the microscope slide by naked eye. It was checked with a magnifying glass to
determine whether the stigma was covered with pollen. In cross-pollinations,
pollen was shaken from usually several flowers that grew at a distance from the
recipient ramet onto the glass microscope slide. When applying pollen from
several flowers, we evenly spread the pollen from one flower after the other onto
the glass. The stigma was then touched with pollen from different places across
the slide.
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Campanula plants were grown in an insect-free greenhouse (V). Flower buds
were marked individually as soon as they developed. Pollinations were conducted
when the female receptive phase had started, by rubbing the three stigma lobes of
the recipient flower against the stylus of the donor flower. Capsules change colour
from green to brown when ripe. Seeds are released through holes that form
automatically close to the bottom of the capsule. Capsules were collected shortly
before seeds were released and stored in paper bags, and the seeds were counted
under a dissecting microscope. Self-pollinations and different sets of crosspollinations were conducted.
2.2.4 Greenhouse experiment employing mycorrhizal inoculation in
Campanula
In study (V), C. rotundifolia plants were germinated from seed bulk material
collected from a subarctic meadow at Kilpisjärvi (69º01´N, 20º50´E; 7679:253,
600 m above sea level). The plants were grown under greenhouse conditions in
the non-mycorrhizal stage for 1 year. Three fungal species of northern origin
(Glomus hoi, G. claroideum and Glomus sp. isolate) were used to inoculate
Campanula. Spores of the fungi were propagated in symbiosis with Sibbaldia
procumbens under laboratory conditions. At the age of 1 year, the Campanula
plants were planted into soil that consisted of heat-sterilized sand and perlite (9:1)
and contained organic fertilizer. Half of the plant material (n = 49) was given a
solution containing spores of the three arbuscular fungi, and the other half of the
plants (n = 52) was given an identical solution, but without spores. Hand
pollinations were started when flowering commenced two months after the
inoculation. At this stage the plants were 14 months old. The phosphorus content
of the C. rotundifolia plant aboveground biomass was measured by
spectrophotometer after HCl extraction of ashed samples. The analyses were
performed by Novalab Oy, Karkkila, Finland. Seed phosphorus concentration was
measured by plasma emission spectrometry after wet combustion in perchloric
acid (HClO4) – nitric acid (HNO3) and dilution in HCl. The analysis was
performed by Oy Hortilab Ab, Närpiö, Finland (V).
Seeds from the hand pollination treatments were sown in pots with heatsterilized sand under non-mycorrhizal conditions. The pots were stratified for one
month and transferred to a greenhouse with natural light levels and watered with
tap water. Ingestad nutrient solution (Ingestad 1979) was applied on six
occasions. The emergence of seedlings was recorded daily for two weeks and
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every second day thereafter. Relative growth rate (RGR) was calculated from the
mean seedling weight at 5 days and 36 days of age as determined from a sample
of seedlings per pot.
2.2.5 Statistical analyses
Differences between treatment means were analyzed in paired-samples t test,
independent samples t test, 1-way ANOVA, ANCOVA, two-way factorial
ANOVA or repeated-measures ANOVA. Repeated-measures ANOVAs were
computed when variables were monitored during consecutive years. The variables
were lg (x + 1), square-root (x + 0.5) or arcsin square-root (x/100) transformed
when necessary to meet normality and homoscedasticity. When data could not be
normalized, rank-transformations were applied to the data or a non-parametric
Mann-Whitney U test was conducted. Frequency data were tested using G test of
independence, Fisher’s exact test and χ2-test of independence. Statistical analyses
were performed employing the SPSS for Windows (SPSS Inc., Chicago, Ill., 8.0,
10.1.4) computer software program.
2.3

Autofertility and self-fertility in Ericaceae

In appendix 1, I present a short review of publications that report reproductive
success in controlled hand pollinations in wild ericaceous species. In particular,
autofertility and self-fertility were studied. The autofertility index is the ratio of
[reproductive success upon autonomous autogamy / reproductive success upon
hand cross-pollinations], and the self-fertility index is the ratio of [reproductive
success upon hand self-pollinations / reproductive success upon hand crosspollinations] (compare Lloyd & Schoen 1992). The publications were chosen
from the library databases of BIOSIS Previews®. Autofertility and self-fertility
values are quoted when given in the reviewed publications or they were
calculated from the reported fruit set (percentage of flowers maturing into fruits),
seed set (percentage of ovules maturing into seeds) or the number of seeds per
fruit. To avoid imprecision, fruit and seed data were only used when given as
numerals in the publication, i.e data sets from graphical presentations were not
considered. Autofertility and self-fertility were also calculated for V. myrtillus and
V. vitis-idaea from the hand pollination experiment (IV), and included in the
further contemplations. The autofertility and self-fertility values were categorized
into four arbitrary classes covering the values as follows: 0–0.25; 0.26–0.5; 0.51–
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0.75; and > 0.76. Thereafter, a frequency distribution was created. When a
publication reported values for multiple-year or multiple-site observations, mean
values were calculated for autofertility and self-fertility for that particular report. I
also calculated the mean value when there was more than one publication on the
same species. A representation on all the individual records (not shown) gave
basically the same pattern as did the mean values.
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3

Results and Discussion

3.1

Natural reproductive success in Vaccinium

V. myrtillus and V. vitis-idaea had a short but intensive flowering period with 10
to 12 days of peak flowering and up to 75 % to 80 % of open flowers presented at
the same time (I). Thus, the present V. myrtillus and V. vitis-idaea populations
showed a much higher synchronization of flowering than reported by Jacquemart
(1993) for Vaccinium populations on a peaty heath in the High Ardennes, where
less than 20 % of the flowers were considered open at any time. Highly
synchronized flowering among inflorescences has also been reported for a
number of Canadian boreal forest herbs (Helenurm & Barrett 1987). The duration
of flowering was shorter in the northern boreal Vaccinium populations than in
ericaceous species at more southern latitudes (Pojar 1974, Jacquemart 1993).
Assumedly, the duration and synchrony of flowering reflect the length of the
vegetation period. In the present investigation, the onset of peak flowering was
associated with the temperature sum in V. myrtillus, and this result was congruous
between years. A strong correlation of flowering onset with degree days during
the weeks preceding flowering has been recorded for e.g. arctic plants
(Thórhallsdóttir 1998).
The number of flowers and berries produced per plot varied significantly
between years in both investigated species, while fruit set and the number of
matured seeds per berry did not. In conditions of natural pollination, V. myrtillus
matured more seeds per berry than V. vitis-idaea (23 seeds and 9 seeds,
respectively, averaged over two and three years), whereas the mean fruit set
varied between 15 % and 27 % in V. myrtillus and between 44 % and 57 % in V.
vitis-idaea (Table 2). Thus, in the monitored forest populations of V. myrtillus,
fruit set was lower than reported in a clear-cut area (Viramo 1978) and in southern
boreal forest populations where fruit sets averaged 60 % (Nousiainen 1980).
Differences in fruit set between sites might be based on different resource
conditions in the investigated forests and also on differences in pollinator
abundancy.
Several theories have been formulated to explain why plants produce more
flowers than they mature into fruits. The issue of pollen limitation will be briefly
discussed in chapter 3.4. The pollinator attraction hypothesis states that plants
produce surplus flowers in order to attract more pollinators (Sutherland & Delph
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1984). It has indeed been shown that flower density can have positive effects on
reproductive success (Bosch & Waser 2001, Knight 2003). However, in the V.
myrtillus investigated here, neither was there any relationship between fruit set
and flower density per plot, nor was fruit set higher in years when plenty of
flowers were produced. Nevertheless, significantly positive correlations between
the number of flowers and the number of berries per plot were found in three out
of five observation years. Also, the number of flowers in individual plots was
positively correlated between years in three out of four comparisons. Apparently,
some plots had higher fecundity, maybe as a result of locally favourable resource
conditions, or maybe because of individual differences between genotypes.
During the first three years of monitoring, the mean number of flowers decreased
continually from year to year in both species, and so did the number of berries.
This fluctuation could be a consequence of possible costs of reproduction to
future flowering. Nevertheless, flower production, pollination success and
subsequent fruit and seed maturation in general are affected by climatic
conditions in a number of species, and fluctuations in seed production in V.
myrtillus have been associated with climatic conditions, too (Selås 2000).
Table 2. Results summarized from the experiments with Vaccinium myrtillus and
Vaccinium vitis-idaea. ns = statistically non-significant (P > 0.05).
Investigated traits
Natural reproductive success (I)
Fruit set
Number of seeds per berry
Cost of reproduction (II)
Survival
Frequency of future flowering
Future number of flowers
Future growth
Mating system (III, IV)
Autofertility
Self-fertility (forest populations)
Self-fertility (experimental field)
Inbreeding depression (experimental field) (III)
Population structure (IV)
Reproductive success
by inter-parent distance
Pollinator behaviour (I, IV)
Bombus sp. flower visitation frequency
Bombus sp. flight distances
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Vaccinium myrtillus

Vaccinium vitis-idaea

15 % – 27 %, variation ns
22 – 26, variation ns

44 % – 57 %, variation ns
7 – 12, variation ns

no effect
reduced, ns
no effect or reduced
no effect or reduced
branching

no effect
reduced
reduced, ns
reduced total growth

~zero
0.62 (fruit data);
0.28 (seed data)
0.8 (fruit data);
0.2 (seed data)
δ = 0.8

zero
0.75 (fruit data);
0.28 (seed data)

increasing with
increasing distance

increasing with
increasing distance

90 % less than 1 m

~0.2 visits / flower / hr
90 % less than 1 m

3.2

Cost of reproduction in Vaccinium

In both V. vitis-idaea and V. myrtillus, a cost of reproduction to future flowering
and to future growth was found, but not to survival nor to future fruiting success
(II; Table 2). The responses of V. vitis-idaea and V. myrtillus to manipulation of
fruiting differed in some respects. Due to an almost complete lack of flowering in
V. vitis-idaea in the second year, investigating the cost of fruiting to future
fecundity and growth was based on one season of fruiting. Even then, an effect of
pollination and deblossoming on the frequency of reflowering in V. vitis-idaea
was seen as late as two years after the initial treatments had been applied, while in
V. myrtillus, flowering frequency was slightly affected after one year and not at all
after two years of treatments. However, V. myrtillus responded to previous
fruiting with reduced flower production. Common to both species was a positive
rather than negative relationship between reproduction and growth. As seen
elsewhere, flowering can be positively correlated between years as a function of
plant size (Lord 1998, Ehrlén & van Groenendael 2001). Also, survival was not
affected in either investigated Vaccinium species. The allocation of resources to
survival is a prerequisite for future reproduction in perennial plants, and therefore,
survival might have priority over reproduction in response to stress (cf.
Shefferson et al. 2006).
In 1999, one year after the initial treatments were applied, almost none of the
V. vitis-idaea ramets produced flowers in either of the experimental groups, and
total new growth was significantly higher in previously deblossomed ramets. Two
years after the initial treatments, previously fruiting ramets reflowered at a lower
frequency and produced non-significantly fewer flowers than the deblossomed
ramets did, but the treatment groups did not differ in total new growth.
Nevertheless, when the flowers in both treatment groups were hand pollinated in
2000, the final year of the experiment, the proportion of ramets setting fruit and
the number of berries matured per fruiting ramet did not differ between treatment
groups. Fruiting had a positive effect on mean shoot length in 1998, although total
new growth per ramet did not differ between pollinated and deblossomed ramets.
The same percentage of ramets produced new shoots in both treatment groups in
each of the three monitored years.
Unike the experiment with V. vitis-idaea, the pollination and deblossoming
treatments could be applied to the ramets of V. myrtillus during two subsequent
years. In ramets that were pollinated in 1998, the frequency of reflowering was
marginally reduced in 1999, and the mean number of flowers in flowering ramets
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was significantly reduced in both 1999 and 2000. When all the ramets of the
pollination and deblossoming treatments were pollinated in 2000, there was no
difference noticed in either the proportion of ramets setting fruit or the mean
number of berries per fruiting ramet. However, one fifth of the ramets in the
pollination treatment had not matured berries in 1999. Since this behaviour could
have been a cost response, these ramets were investigated as a separate group
(pollinated, no berry 1999: poll-NB99). Indeed in 2000, the mean number of
flowers and the mean number of berries were smaller in the poll-NB99 ramets
than in the other pollinated or deblossomed ramets. Also, the mean number of
current-year shoots in the poll-NB99 ramets was reduced in both 1999 and 2000.
However, the total current-year growth remained unaffected and thus, the cost of
reproduction to vegetative traits was expressed as a modification of ramet
architecture.
While a trade-off between reproduction and growth could have been expected
within the same season, V. myrtillus showed no trade-offs and the V. vitis-idaea
ramets showed the opposite in terms of mean shoot length in the first year. If a
reproducing ramet is able to increase its sink strength and/or assimilation (Reekie
& Bazzaz 1987), it might be able to maintain both reproduction and growth, or as
seen here in V. vitis-idaea, even increase growth. Previously, some positive effects
of reproduction on growth have been observed in e.g. Plantago rugelii (Reekie &
Bazzaz 1992) and Primula veris (Lehtilä & Syrjänen 1995). Also, greater
translocation of resources from below-ground storages or clonal integration may
become important in compensating increased demands in ramets recovering from
damage (Pitelka & Ashmun 1985, Tolvanen 1994) or in reproducing ramets
(Ganger 1997). When the pollination level was experimentally increased in clonal
Maianthemum canadanse, severing rhizomes had a limiting effect on the number
of fruits, seeds and seeds/fruit matured, but under natural levels of pollination,
rhizome severing had no effect on reproductive success as compared with plants
whose rhizomes were left intact (Ganger 1997).
Plant responses to manipulation of reproductive costs potentially vary with
habitat (Syrjänen & Lehtilä 1993, Hemborg 1998), thus possibly reflecting
environmental effects on responses. Also individual V. myrtillus ramets might
have experienced micro-sites that were heterogeneous in terms of resources, and
the poll-NB99 ramets possibly grew in poorer conditions. Furthermore, if it is
assumed that the poll-NB99 ramets in V. myrtillus did not develop enough sink
strength to compete with sister ramets within the same clone for storage
resources, plasticity in clonal integration might explain why some ramets showed
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costs while others did not (see Sachs & Novoplansky 1997, Hellström et al.
2006). As a result, reproductive effort was reduced and ramet architecture altered
in the poll-NB99 ramets of V. myrtillus, but still, total growth in these ramets did
not differ from that of the other pollinated or deblossomed ramets. Suppressing
berry maturation and reducing branching may have helped the poll-NB99 ramets
to overcome a temporary resource shortage. Changed branching patterns in
response to low resource conditions has been predicted and observed in
herbaceous plants (Benner 1988, Aarssen & Irwin 1991, Bonser & Aarssen 1996,
Rautio et al. 2005), and it has also been noticed in ericaceous species (Salemaa &
Sievänen 2002, Zvereva & Kozlov 2005).
Literature reports costs of reproduction to future reproduction (Ågren 1988,
Hemborg 1998, Houle 2001, Turcotte & Houle 2001), future growth (Wyka &
Galen 2000, Ehrlén & van Groenendael 2001) and survival (Ågren 1988), while
some studies were not able to find any cost of reproduction (Lord 1998, García &
Ehrlén 2002). So far, there are few publications addressing the cost of
reproduction in ericaceous species. In Empetrum nigrum ssp. hermaphroditum,
flower bud removal in one season was followed by increased flower bud
production the next year (Mutikainen & Ojala 1993), thus basically indicating an
expression of costs. But, in the study by Mutikainen and Ojala (1993), increased
flower bud production was accompanied by reduced growth and branching, and
might therefore indicate trade-offs within the same year rather than positive
effects of prevented reproduction to future fecundity. Furthermore, a study by Elle
(1996) showed that allocation strategies can differ between individual genotypes
in Vaccinium macrocarpon. Theoretically, our finding that some V. myrtillus
ramets expressed costs, while others did not, might also be explained by
differences between genotypes.
In V. vitis-idaea ramets, the almost complete absence of flowering one year
after the initial treatments were applied might have been a cost response to flower
production as such, or it was caused by morphological constraints. The formation
of inflorescences terminates growth of the main ramet or branching shoot in V.
vitis-idaea, and ramet growth has to continue by shoot production from axillary
buds. In V. myrtillus, flower buds and new shoots are produced at the same time.
In fact, growth habit in concordance with meristem limitations could be the
reason for the different and stronger costs expressed in V. vitis-idaea compared
with V. myrtillus. In a previous study with V. myrtillus and V. vitis-idaea, no costs
of reproduction were seen in a number of vegetative traits, but sugar and starch
levels in V. vitis-idaea were slightly affected in deblossomed ramets as compared
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with flowering ramets (Tolvanen & Laine 1997). Moreover, in V. vitis-idaea in
that same study, costs to vegetative traits were detected in flowering and
deblossomed ramets as compared with non-flowering ramets. Altogether, these
results might indicate a stronger disposition in V. vitis-idaea to express costs than
in V. myrtillus, perhaps as a consequence of the species’ growth form. In general,
deciduous species have higher photosynthetic and growth rates and thus are able
to e.g. recover faster from herbivory (Tolvanen 1994).
3.3

Reproductive success in hand pollinated Vaccinium and
Campanula

In both Vaccinium species and C. rotundifolia, seed production was reduced upon
self-pollination in comparison with cross-pollination. This seemed to be due to
early-acting inbreeding depression, at least in V. myrtillus (III). The lower seed set
in hand self-pollinated than in hand cross-pollinated C. rotundifolia flowers was
probably caused by partial self-incompatibility (V). Nevertheless, C. rotundifolia
also suffered from inbreeding depression, which was expressed during seed
germination (V).
V. myrtillus flowers were capable of producing seeds in hand pollinations up
to an age of 7 days, and flower age had no effect on the number of seeds matured
in either cross-pollinations or self-pollinations (III). Wood (1962) reported V.
angustifolium flowers to be capable of setting fruit up to an age of 7 days, also. In
the pollen chase experiment with V. myrtillus, cross-pollen applied 1 day, 2 days,
or 3 days after self-pollen did not increase the number of seeds beyond the
number of seeds matured in hand self-pollinations only (III). Furthermore, the
number of aborted seeds in the chase treatment was equal to those in the selfpollinations, and consequently, self-pollen must have fertilized ovules, some of
which were then aborted. These results are in general concordance with an earlier
study employing pollen chase experiments with V. corymbosum (Krebs &
Hancock 1990). In both V. myrtillus and V. vitis-idaea, seed production was
reduced and the number of aborted seeds per fruit was increased in self-pollinated
as compared with cross-pollinated berries (III, IV). When self-pollen and crosspollen was applied simultaneously to V. myrtillus flowers, the number of seeds
and the number of aborted seeds per berry ranged between the number of seeds
and the number of aborted seeds in self-pollinations and cross-pollinations.
Similar observations have been made in pollinations with pollen mixes in
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Vaccinium corymbosum (Vander Kloet & Lyrene 1987), Calluna vulgaris (Mahy
& Jacquemart 1999), and V. myrtillus in central Europe (Raspé et al. 2004).
In the next step, the results of the different pollination treatments were used
to develop a regression model that evaluated the occurrence of inbreeding
depression versus self-incompatibility from the numbers of matured and aborted
seeds per fruit (III). From this model it was concluded that V. myrtillus suffered
from inbreeding depression at seed maturation, since the number of mature seeds
and aborted seeds following hand self-pollinations and hand cross-pollinations
had a significant negative correlation.
Neither of the Vaccinium species appeared to be effectively autogamous (III,
IV), since the flowers generally did not develop into fruits when pollinators were
excluded. Also, there was no indication of apomixis as tested in V. myrtillus (III).
Autofertility was zero in V. vitis-idaea and close to zero in V. myrtillus when
calculated from fruit set at the forest sites (IV, Appendix 1). In both species, selffertility was higher in terms of fruit set than in terms of seeds matured per berry.
Self-fertility in V. vitis-idaea was 0.75 and 0.28 as calculated from fruits and
seeds, respectively. In V. myrtillus, self-fertility was 0.6 based on fruit set, and
0.24 based on seed number, averaged for the two forest sites (IV, Appendix 1).
The self-pollination and cross-pollination experiment with V. myrtillus in the
experimental field showed that there appeared to be variation in self-fertility
between clones (III). In thirteen out of eighteen clones, self-fertility was less than
or equal to 0.25, in four clones the value was between 0.28 and 0.4, and in one
clone it was 0.74 (compare relative survivorship R in Table 2 in paper III). The
mean of these values was 0.2 ± 0.04 (± SE, n = 18), and hence comparable to the
self-fertility values gained from the experiments at the forest sites that employed
separate ramets for self-pollinations and cross-pollinations (IV). Using the
individual self-fertility values, or relative survivorship estimates, a mean
inbreeding depression of δ = 0.8 ± 0.04 (± SE) was calculated for the V. myrtillus
clones at the experimental field. The clones had an average of 7.8 ± 0.8 (n = 18)
lethal equivalents per zygote.
Equally high estimates of lethal equivalents have been reported for coniferous
trees (Sorensen 1969, Kärkkäinen et al. 1996) and other long-lived perennial
species (Seavey & Carter 1994), while lower values of one to two lethal
equivalents per zygote have been calculated for some short-lived herbaceous
species (Levin 1984, Lynch & Walsh 1998). Within the Ericaceae, inbreeding
depression at seed maturation has been recognized to be the reason for reduced
self-fertility in e.g. Calluna vulgaris (Mahy & Jacquemart 1999), Kalmia latifolia
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(Rathcke & Real 1993), V. angustifolium and V. myrtilloides (Hokanson &
Hancock 2000), V. corymbosum (Krebs & Hancock 1990, 1991), and V. myrtillus
and V. vitis-idaea (Guillaume & Jacquemart 1999). The studies that have
estimated inbreeding depression show rather high levels (Rathcke & Real 1993,
Guillaume & Jacquemart 1999, Mahy & Jacquemart 1999).
In a number of different organisms, the expression of inbreeding depression
has been shown to be greater in stressful environments than in benign
environments (Dudash 1990, Armbruster & Reed 2005). Kärkkäinen et al. (1996)
observed less inbreeding depression in northern populations than in southern
populations of Pinus sylvestris in Finland, which they explained with more
frequent self-fertilization and assumedly stronger selection against deleterious
alleles in the northern populations. Nevertheless, no difference was noticed in
inbreeding depression as calculated for V. myrtillus in the northern boreal forest
population (III) as compared with a population in central Europe (Guillaume &
Jacquemart 1999).
Isozyme studies have revealed intermediate outcrossing rates in V. myrtillus
in central Europe with an estimated selfing rate of 28 % (Jacquemart et al. 1994).
Even though selfed seeds are most probably also matured in the boreal Vaccinium
populations, there appears to be little recruitment of new seedlings in undisturbed
sites (Ericson 1977, Eriksson & Fröborg 1996, Hautala et al. 2001), assumedly
because germination in general is obstructed by dense understorey and ground
vegetation. If there is little establishment of selfed individuals that reach maturity,
removal of deleterious recessive alleles may be slow albeit selfing.
In the experimental hand pollinations with C. rotundifolia (V), pollination
treatment, whether self-pollen or cross-pollen was applied to the flowers, had a
significant effect on the number of seeds and the number of fertilized ovules per
capsule. Since both the number of fertilized ovules and mature seeds was lower in
self-pollinations than in cross-pollinations, it was concluded that seed set in C.
rotundifolia is most probably affected by a self-incompatibility system. If there
was no self-incompatibility system at all, the number of fertilized ovules in selfpollinated flowers should not deviate from that in cross-pollinated flowers. Also,
the pollination type affected fruit set percentage. More cross-pollinated flowers
set fruit than unpollinated flowers did in either non-mycorrhizal or mycorrhizal
plants or self-pollinated flowers in the non-mycorrhizal plants. The fruit set
percentage in self-pollinated mycorrhizal plants did not differ from that in any of
the other pollination treatments. Self-pollinated flowers in non-mycorrhizal plants
and unpollinated flowers in both non-mycorrhizal and mycorrhizal plants matured
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significantly fewer fruits than cross-pollinated flowers did. Unpollinated flowers
spontaneously set fruit, but with 68 % and 46% fewer seeds per capsule than in
self-pollinated flowers in non-mycorrhizal and mycorrhizal plants, respectively.
Seeds from self-pollinations had a lower germination percentage than seeds from
cross-pollinations, probably as a result of inbreeding depression acting during
germination.
The expression of self-incompatibility has been noticed to vary in some plant
species in dependence on variable environment (Becerra & Lloyd 1992, Reinartz
& Les 1994). In some other species, self-incompatibility can lose its strength with
increasing flower age (Vogler et al. 1998, Goodwillie et al. 2004, Travers et al.
2004). In Campanula rapunculoides for instance, an age-dependent breakdown of
the gametophytic self-incompatibility system has been identified and moreover
genotypic variation between individual plants in the strength of selfincompatibility (Vogler et al. 1998). In the presently investigated C. rotundifolia
material from subarctic Finnish Lapland, there was no effect of mycorrhiza on the
ability to mature seeds upon self-pollination, but fruit set success in mycorrhizal
plants was not different from fruit set of any of the cross-pollinations, while it
was different in non-mycorrhizal plants. This result seems to indicate a slight
improvement in fruit set upon experimental self-pollination in mycorrhizal plants
as compared with non-mycorrhizal plants. C. rotundifolia from southern Sweden
has been referred to as self-incompatible (Nyman 1993) and non-autogamous
(Nyman 1992). Under experimental greenhouse conditions, the C. rotundifolia
plants from seed material from subarctic Finland were capable of some
autonomous self-pollinations.
3.4

Plant reproduction in response to plant-pollinator interaction

Low natural fruit set could be a result of pollen limitation (Bierzychudek 1981,
Burd 1994), and this might be the case particularly with V. myrtillus. In V. vitisidaea, the mean visitation frequency by bumblebees (Bombus sp.) to individual
flowers was calculated as 0.1975 (± 0.1572, SD) visits / flower / hr, meaning that
theoretically each flower got visited by a bumblebee every five hours (I). This
visitation frequency is of the same magnitude as reported for Vaccinium species
elsewhere (Jacquemart 1993) and for e.g. perennial plants in boreal (Totland et al.
2006) and alpine ecosystems (Bingham & Orthner 1998). Of the observed
pollinators during peak flowering, 86 % belonged to the genus Bombus, making
bumblebees the most frequent visitors during the observation periods. Moreover,
33

the pollinator observation plot reached a fruit set of 73 %, and thus indicated at
least successful pollination. However, the recorded visitation frequency has to be
considered with care, since observations were both restricted in time and space. In
the hand pollination experiments with both V. myrtillus and V. vitis-idaea (III, IV),
there was hardly any sign of autonomous self-pollinations, implying that flowers
need to be pollinated in order to set fruit. However, higher autofertility as
calculated from fruit set has been reported for V. myrtillus by Jacquemart &
Thompson (1996).
The distance between pollen donor and pollen recipient had a significant
effect on fruit set in one out of two investigated V. myrtillus populations (IV).
Fruit sets were lower in the naturally (open) pollinated and self-pollinated ramets
than in the inter-populational cross-pollinations, and fruit set in self-pollinations
was also lower than in cross-pollinations at a 10 m distance. In V. vitis-idaea,
open pollinated flowers had as high fruit set as hand pollinated flowers did.
Species or populations have been considered pollen limited when experimental
pollinations can increase reproductive success in comparison with natural
pollination (Burd 1994). Based on this assumption, the results suggest that natural
fruit set in V. myrtillus might be subject to pollen limitation, while this does not
appear to be the case in V. vitis-idaea. However, the present experiment was not
designed to test this issue in particular. Moreover, the number of seeds in the
naturally pollinated V. myrtillus ramets equalled the number of seeds in selfpollinations, and differed from all the cross-pollinations at increasing distance
from the pollen recipient. In V. vitis-idaea, the number of seeds per berry in
natural pollinations was intermediate between self-pollinations and crosspollinations, without differing significantly from either of them. Therefore, it
seems that seed production in both species could be pollen-limited, too, or more
specifically, assumedly limited by the availability of cross-pollen. As
demonstrated in the pollen chase experiment (III), when cross-pollen arrived one
day after self-pollen, the number of seeds equalled the number of seeds in pure
self-pollinations. Pollen limitation experiments that apply supplemental hand
pollination to naturally pollinated flowers could easily underestimate the effect if
the plant species is self-compatible but suffers from high inbreeding depression at
seed maturation. In this case, the number of seeds matured might depend on
whether flowers have already received self-pollen. Thus, pollen-limitation
experiments might remain without any effect on the number of seeds.
The number of seeds matured per fruit increased with increasing distance
between pollen donor and pollen recipient in V. myrtillus and to some degree also
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in V. vitis-idaea (IV). Pollination treatment also had a strong effect on the number
of aborted seeds per berry in both Vaccinium species, as it decreased with
increasing distance between mating partners. Reproductive success in the interpopulational cross-pollinations in V. myrtillus did not give evidence of
outcrossing depression (but see Price & Waser 1979, Waser & Price 1989, 1991,
Schemske & Pautler 1984). However, negative effects might not become visible
in seed production but in offspring traits (Waser & Price 1989).
A number of studies have addressed the effect of distance between mates on
reproductive success. While some studies failed to establish any relationship
(Newport 1989, Fenster 1991, Schlichting & Devlin 1992), others reported
improved reproductive success with increasing distance between pollination
partners (Levin 1984, 1989, Dudash 1990). In Agave schottii, a long-lived clonal
plant, seed set was significantly lower in cross-pollinations of 1 m than of 10 m,
100 m or 2500 m distance between pollen donor and pollen recipient (Trame et
al. 1995). However, despite clonality, the pollen donors from 1 m distance were
genetically similar but not identical to the pollen recipient plant, and seed set was
explained by inbreeding depression upon biparental crossing over short distances
(Trame et al. 1995).
The majority of between-flower or between-inflorescence travels by
bumblebees were at distances of less than 1 m, an observation that is consistent
with the findings on bumblebee foraging behaviour in other studies (Schmitt
1980, Waddington 1983, Totland 1994). At this distance, seed production per
berry in hand pollinations was lower than in cross-pollinations, but still higher
than in pure self-pollination in V. myrtillus, and this might have been at least
partly due to uniparental inbreeding in the form of geitonogamy. In the crosspollinations, pollen was applied as a mixture from five donors. If any of the donor
ramets belonged to the same genet as the recipient ramet, the pollen load might
have consisted of self-pollen and cross-pollen. Moreover, naturally pollinated
flowers matured fewer seeds than hand cross-pollinated flowers did, which could
be a result of insect-mediated self-pollination within clones (IV), if one neglects
that pollen carry-over takes place between flower or inflorescence visits.
Nevertheless, it remains to be investigated how much pollinator-assisted withinclone and/or within-flower self-pollination takes place (see Eckert 2000).
Clone size was not determined in the present study, but excavations of V.
myrtillus clones from forests in Sweden have shown that rhizomes may grow up
to 5.5 m in length (Flower-Ellis 1978). Furthermore, Albert et al. (2003)
employed molecular markers in a Belgian population and showed that V. myrtillus
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clones were on average 2 m in size, with the biggest clone being 5.5 m in size.
These clone sizes could also be projected by the results from the present
pollination experiments.
3.5

Plant reproduction in response to plant-fungus interaction

In the perennial herb C. rotundifolia, mycorrhiza had both positive and negative
effects on the parental generation, while at the same time having positive effects
on the offspring generation (V). Non-mycorrhizal mother plants had a 33 %
higher total biomass, but a 15 % lower root-shoot ratio than mycorrhizal plants.
Moreover, non-mycorrhizal plants produced more flowers per plant than
mycorrhizal plants did (15.8 ± 0.9 and 9.5 ± 0.6, respectively; mean ± SE).
Mycorrhiza had no effect on the number of seeds matured per capsule, the
number of fertilized ovules per capsule or seed weight per seed. Mycorrhizal
plants are often larger and have more flowers than non-mycorrhizal plants (Koide
et al. 1988, Stanley et al. 1993, Poulton et al. 2002). In the experiment with C.
rotundifolia, the opposite was noticed. No growth benefit from mycorrhiza may
indicate competition for assimilates between the host and the root symbionts, and
consequently a high carbon cost of mycorrhizal symbiosis (Buwalda & Goh
1982). Some other studies have also recorded lower biomass production in
mycorrhizal plants, which they explained with a high inorganic P supply (Peng et
al. 1993, Graham et al. 1996) or low light conditions (Bethlenfalvay & Pacovsky
1983). As previously shown, C. rotundifolia had improved seedling growth in
single fungus inoculations with Glomus claroideum, but not with two other fungi
(Kytöviita et al. 2003). Assumedly, plant benefit from mycorrhiza may be
different in different plant life stages (Koide 1991).
Positive effects of mycorrhiza on pollen production (Poulton et al. 2002,
Philip et al. 2001), pollen tube growth (Poulton et al. 2001) and pollen grain
diameter (Lau et al. 1995) have been reported for various plant species.
Moreover, pollen that was produced in low nutrient conditions was inferior in
siring seeds under competitive conditions (Young & Stanton 1990, Lau &
Stephenson 1993). If improved pollen traits, such as size and particularly pollen
tube growth, translate into higher siring abilities, then mycorrhiza could have an
effect on male reproductive success. As was seen in Young & Stanton (1990),
siring ability was different only when pollen from low-nutrient plants was applied
together with pollen from control plants. In C. rotundifolia, mycorrhiza had no
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effect on the siring ability of pollen in hand pollinations where, however, single
donor pollen loads were applied.
Mycorrhizal C. rotundifolia plants had a higher shoot phosphorus
concentration and content than non-mycorrhizal plants, and the mycorrhizal
plants also matured seeds with a higher phosphorus concentration. This result is
concordant with other studies showing that the mycorrhizal plants rich in
phosphorus are able to also produce seeds rich in phosphorus (Bryla & Koide
1990, Lu & Koide 1994, Stanley et al. 1993). It is recognized that maternal
environmental conditions can affect offspring quantity and quality (Roach &
Wulff 1987, Parrish & Bazzaz 1985, Sultan 1996, Cheplick & Sung 1998).
Despite the higher phosphorus concentration, seeds germinated equally fast
and well irrespective of the fungal treatment applied to the mother plant in C.
rotundifolia. In some studies, no effects on seed germination of improved nutrient
levels in maternal plants have been observed (Heppell et al. 1998, Parrish &
Bazzaz 1985), while positive effects were noticed in others (Cheplick & Sung
1998). The seedlings from mycorrhizal C. rotundifolia plants had a higher relative
growth rate (RGR) than did seedlings from non-mycorrhizal mother plants. A
higher seed phosphorus concentration and higher offspring growth might be
related to one another, as positive effects on both measures by mycorrhiza have
also been reported in other studies (Lewis & Koide 1990, Heppell et al. 1998).
At first glance, it appears that non-mycorrhizal plants have a fitness
advantage, as they produced more flowers and therefore potentially more
offspring than the mycorrhizal plants did. However, only some flowers were hand
pollinated in the present experiment, and it is impossible to predict total plant
seed number. When pollination and fruit set are more abundant, the number of
seeds might become restricted by resources or possibly traded-off against the
number of capsules matured.
Plants with many flowers may be more attractive to insect pollinators. In a
few investigations, mycorrhizal plants were more often visited by insect
pollinators and had higher seed production than non-mycorrhizal plants did
(Gange & Smith 2005, Wolfe et al. 2005). Nevertheless, in these studies the more
frequent visitation of mycorrhizal plants by insect pollinators was most probably
a consequence of mycorrhizal plants having larger inflorescences or larger
flowers. Higher pollinator visitation rates should have a positive effect on plant
fitness. However, Harder & Barrett (1995) observed that hermaphrodite
Eichhornia paniculata plants with a large floral display experienced more
geitonogamous self-pollination than did plants with a smaller floral display, and
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the same was observed for Campanula americana (Galloway et al. 2002).
Theoretically, if geitonogamy increases in natural pollinations in many-flowered
C. rotundifolia too, higher reproductive effort could possibly be opposed by lower
reproductive success upon selfing, or lower quality offspring.
3.6

Autofertility and self-fertility in Ericaceae

A total of 24 species belonging to 9 genera were reviewed for their levels of
autofertility and self-fertility (Fig. 1, Appendix 1). Autofertility values based on
fruit data ranged between zero and 0.84, and the values based on seed data ranged
between zero and 0.92. Most of the reviewed species showed low autofertility, i.e.
there was no or only some spontaneous fruit and seed set. For nine out of 22
species, there was no spontaneous fruit set reported at all, and for two further
species the reported fruit set was zero in one publication and low in another.
However, three species showed outstanding autofertility: Andromeda polifolia
and Kalmia angustifolia in terms of fruit set (0.73 and 0.84, respectively), and
Rhododendron ferrugineum in terms of seeds per fruit (0.92) (Appendix 1). For
eleven species, autofertility could be provided from both fruit data and seed data.
When these values were plotted against each other by plant species, a significant
positive correlation was observed [Spearman’s ρ = 0.755, p (two-tailed) = 0.007,
n = 11]. The more a species was able to produce fruits autonomously, the more
seeds were produced in these fruits.
Self-fertility ranged from zero to 1.12 when calculated from fruit data and
from zero to 0.96 when calculated from seed data (Appendix 1). In most species,
seed set was considerably lower after hand self-pollination than after crosspollination. In only one species, Rhododendron moulmainense, fruit set was zero
upon hand self-pollination. For Vaccinium uliginosum, fruit set was zero in one
publication (Fröborg 1996) but much higher in another one (Jacquemart &
Thompson 1996). For fifteen species, self-fertility could be calculated from fruit
and seed data, and there was no statistically significant correlation between the
two (Spearman’s ρ = 0.338, p < 0.218, n = 15). Thus, for self-fertility it can not be
concluded from fruit data on seed data and vice versa. Self-fertility based on seed
data was low for most species, whereas higher self-fertility was observed when
the values were calculated from fruit data (Appendix 1).
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Fig. 1. Frequency distribution of autofertility values (AFI) and self-fertility values (SFI)
calculated for ericaceous species on the basis of fruit data and seed data,
respectively.

Comparative studies on plant mating systems have shown that related plant taxa
often exhibit a wide variety of flower morphologies and they also vary in their
ability to self-pollinate and self-fertilize (Schoen et al. 1997, Goodwillie 1999).
Variation in autofertility and self-fertility was seen between species within the
same genera, as in Andromeda, Erica, and Rhododendron (Appendix 1). Also,
some variation in autofertility and self-fertility was observed in the same species
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investigated at different geographic locations, like Vaccinium myrtillus, V.
uliginosum, V. vitis-idaea and V. oxycoccus (Reader 1977, Fröborg 1996,
Jacquemart & Thompson 1996). Among these, the autofertilities of V. myrtillus
and V. vitis-idaea were the lowest, as reported in the present work (IV), which
investigated the northernmost sites. The observed variation in reproductive
success upon experimental pollination for the same species at different
geographic sites could reflect differences in mating system.
Calculations of self-fertility from fruit data tended to overestimate selffertility because apparently pollination initiated fruit development even though
only some seeds were matured. If a plant’s offspring under natural conditions are
the product of selfing, it is not necessarily because of high spontaneous selfpollination, but may be pollinator-mediated (Leclerc-Potvin & Ritland 1994;
Eckert 2000). In a survey of 66 plant species, Lloyd & Schoen (1992) found a
significant positive relationship between self-compatibility and autofertility.
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4

Conclusions

In the presently investigated boreal forest sites, natural reproductive success was
low in V. myrtillus, the earlier flowering species, while V. vitis-idaea showed
higher fruit set. Flowers set fruit equally well with self-pollen and cross-pollen in
most of the hand pollination experiments, and therefore natural fruit set does not
seem to be limited by pollen origin, while the number of seeds probably is. It is
very likely that fruit set is pollinator limited. V. vitis-idaea experienced abundant
enough pollinator visitation at peak flowering to ensure that, theoretically, each
flower was visited. However, this result is tentative, since observations on
pollinators were conducted during one season only.
Cost of reproduction to future fecundity and growth was observed in both
Vaccinium species, but reproduction appears to be less costly in deciduous V.
myrtillus than in evergreen V. vitis-idaea. Already a single event of reproduction
caused costs to subsequent flowering and growth in V. vitis-idaea, whereas the
majority of ramets in V. myrtillus did not show any costs, even though they
produced berries two years in a row. As seen in V. vitis-idaea, two years after the
fruiting, ramets had recovered in terms of vegetative growth, whereas
reproductive effort was still negatively affected by previous reproduction. The
costs to future fecundity and future branching in one fifth of the V. myrtillus
ramets had been evoked by intense fruiting upon hand pollination, which was
higher than fruit set following natural pollination. Therefore, it remains to be
examined whether natural fruit set levels in V. myrtillus are capable of causing
costs after all. The results also emphasize that it can be important to conduct
studies over several years in order to detect responses to reproduction. Fruiting
costs to future fecundity in V. vitis-idaea would have remained unnoticed in a
study lasting one or two years.
In the clonal Vaccinium species, plant-pollinator interactions have the
potential to nourish self-pollination, because pollinators mostly travelled
distances between flowers and between inflorescences at ranges that presumably
enable geitonogamous pollination within clones. If pollen carry-over between
flower or inflorescence visits is neglected, it can be assumed that in natural
pollinations there is a high chance of seeds being matured as a result of selfpollination or pollination between genetically close relatives (biparental
inbreeding). In the presently investigated Vaccinium species, seed production is
potentially constrained by clonal growth in conjunction with pollinator behaviour.
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The investigated V. myrtillus and V. vitis-idaea had no mechanisms for
avoiding self-pollination or self-fertilization, and they obviously suffered from
inbreeding depression at seed maturation. The level of inbreeding depression at
seed maturation in the investigated V. myrtillus population was as high as reported
for other ericaceous species and another central European V. myrtillus population.
Within the reviewed Ericaceae, most of the species did not autonomously selfpollinate, and the species that did produced few seeds more often than many
seeds. Some species showed a high capability to autonomously self-pollinate. The
ability to produce fruit upon self-pollination ranged from weak to good, but the
number of seeds matured in self-pollinations was low in most species.
Mycorrhiza inferred costs to the maternal generation of C. rotundifolia in
terms of reduced growth, and reduced reproductive capacity in terms of flower
production. At the same time, symbiosis had advantageous effects on the
offspring by improving the seed phosphorus status, which was associated with a
higher growth rate during the first weeks of seedling growth. Offspring from
mycorrhizal mother plants might have a competitive advantage during seedling
establishment. Also, C. rotundifolia expressed inbreeding depression during
germination, but the reduced number of seeds in self-pollinations as compared
with cross-pollinations is likely to be based on self-incompatibility. Although
mycorrhiza had no effect on siring ability or seed maturation in hand pollinations,
fruit production following self-pollination tended to be better in mycorrhizal
plants.
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K. polifolia
Ledum groenlandicum
Rhododendron
championiae
R. farrerae
R. ferrugineum
R. hongkongense

Andromeda glaucophylla
A. polifolia
Calluna vulgaris
Chamaedaphne calyculata
Erica andevalensis
E. multiflora
Gaultheria procumbens
Kalmia angustifolia
K. latifolia
K. latifolia
K. latifolia

Species name

1, 2
2
1, 2

1
1
1, 2

1
1
1
1
1
1
1
1
1
1
1

Data
source

0.04

0.07

0.12
0.02,
0.21
0
0
0.02

0
0.84

Fruit set
0
0.73
0.11
0, 0
0

0
0.92 *
0

0

0.39
0.02 *

AFI/
Seed set

0.61

0.83

0.23,
0.23
0.9
1.0
0.2

Fruit set
1.0
0.49
0.48
0.86, 1
1.0
0.40
0.88
0.81

0.18
0.96 *
0.11

0

0.35 *

0.89 *
0.27 *

0.19
0.13 *

SFI/
Seed set

Hong Kong
French Alps
Hong Kong

Canada
Central Sweden
Belgium, greenhouse
Canada, two sites
Spain, greenhouse
Spain
Canada
Rhode Island, USA
Virginia, USA
Virginia, USA
Rhode Island and
Virginia, USA
Canada
Canada
Hong Kong

Place of investigation

reference. Unless otherwise mentioned, the studies were conducted in the field.

Ng & Corlett 2000
Escaravage et al. 1997
Ng & Corlett 2000

Reader 1977
Reader 1977
Ng & Corlett 2000

Reader 1977
Fröborg 1996
Mahy & Jacquemart 1998
Reader 1977
Aparicio & García-Martín 1996
Santandreu & Lloret 1999
Reader 1977
Rathcke 1988
Levri 1998
Levri & Real 1998
Rathcke & Real 1993

Reference

source: 1: the values were calculated from the data given in the original reference; 2: the values are cited from the original

The values are based on fruit set, seed set data or number of seeds per fruit. The latter cases are marked with an asterisk. Data

Table A1. Autofertility (AFI) and self-fertility indices (SFI) for reviewed ericaceous plant species (compare Lloyd & Schoen 1992).
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1
1
1
1
1
2
1
2
1
1

V. oxycoccos
V. oxycoccos
V. uliginosum
V. uliginosum

V. vitis-idaea
V. vitis-idaea
V. vitis-idaea
V. vitis-idaea

1, 2
1, 2
1, 2
1
1
1
1
2

Data
source

V. myrtillus
V. myrtillus

R. moulmainense
R. simiarum
R. simsii
Vaccinium macrocarpon
V. myrtilloides
V. myrtilloides
V. myrtillus
V. myrtillus

Species name

Table A1 (Continued).

0

0.01,
0
0
0.32
0
0.18,
0.23
0.17
0.23

0.12
0.66,
0.35

Fruit set
0
0.14
0.06
0
0

0.43 *,
0.30*
0.39
0.22 *

0.67
0.32 *,
0.25*

AFI/
Seed set
0
0
0
Fruit set
0
0.91
0.52
0.89
0.57
0.07
0.13
1.12,
1.11
0.79
0.68,
0.57
0.89
0.32
0
1.06,
0.47
0.2
0.84
0.68
0.75
0.84 *,
0.41 *
0.37
0.36 *
0.25 *
0.28 *

0.12 *
0.46
0.52 *,
0.56 *
0.19 *
0.22 *,
0.26 *

SFI/
Seed set
0
0.08
0.05

Canada
Central Sweden
Central Sweden
Belgium, two successive
years
Central Sweden
Belgium
Belgium, greenhouse
Finland

Hong Kong
Hong Kong
Hong Kong
Canada
Canada
USA, greenhouse
Central Sweden
Belgium, two successive
years
Belgium, greenhouse
Finland, two sites

Place of investigation

Fröborg 1996
Jacquemart & Thompson 1996
Guillaume & Jacquemart 1999
present work, paper IV

Reader 1977
Fröborg 1996
Fröborg 1996
Jacquemart & Thompson 1996

Guillaume & Jacquemart 1999
present work, paper IV

Ng & Corlett 2000
Ng & Corlett 2000
Ng & Corlett 2000
Reader 1977
Reader 1977
Hokanson & Hancock 2000
Fröborg 1996
Jacquemart & Thompson 1996
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