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Abstract
Most plants grow in association with arbuscular mycorrhizal (AM) fungi in their roots forming the
so-called AM symbiosis. AM symbiosis is usually beneficial to the host as it improves plant
survival and performance. However, AM symbiosis also entails a cost to the plant in terms of the
carbon allocated to the fungus. In sexually dimorphic plants, more than one type of individual can
be recognised with regard to their sexual expression or gender. The cost of reproduction in these
plants will differ in relation to the relative investment in male versus female function, as the female
and the male sexual functions incur different costs. This different cost of reproduction may be
translated into differences in other plant functions between the sexes as all functions are connected
through trade-offs. Therefore, since sexes differ in resource needs and allocation patterns, and AM
mediate resource acquisition and allocation patterns through imposing both costs and benefits to
the plant, the sexes of dimorphic plant species may possess, at least theoretically, a different
relationship with their AM roots symbionts. 

In this thesis, I have investigated whether the sexes in sexually dimorphic plant species differ
in their mycorrhizal relationship, and if so, in which ways. Several plant life history traits were
studied in the dioecious species Antennaria dioica and also in the gynodioecious Geranium
sylvaticum using greenhouse, common-garden and field experiments. Resource acquisition,
resource allocation, and both plant and fungal benefits from AM symbiosis were considered. 

Mainly beneficial effects of AM symbiosis were observed in both sexes of the two dimorphic
plant species for most of the studied plant life history traits. Overall, both partners benefited from
the AM association. However, several sex-specific benefits were detected which were not
uniformly present in all experiments for any given trait. Moreover, the responses observed in
certain life history traits were dependent on both the AM fungal and plant species involved in the
symbiosis. Remarkably, plants gained sex-specific benefits from the same species of AM fungi
and the fungal benefit differed depending on the sex of the host plant. In addition, mycorrhizal
benefits were lost under certain environmental conditions. 

To summarise, the results obtained in this study highlight the complexity of AM interactions.
My results suggest that the plant-mycorrhizal fungus relationship may differ depending on the sex
of the host plant. Through sex-specific effects on survival, growth and reproduction of the hosts,
AM fungi may play a role in the evolution of the life histories in the studied species. In addition,
sex-specific relationships between plants and their mycorrhizal symbionts may have potential
important consequences for the population dynamics of the sexual morphs and the coevolution of
the mycorrhizal relationship. 

Keywords: antennaria dioca, arbuscular mycorrhizas, dioecy, Geranium sylvaticum,
gynodioecy, mutualism, plant-fungus interactions, pollination, reproductive output,
sexual dimorphism
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1 Introduction 

Most plant species grow in association with arbuscular mycorrhizal fungi in their 

roots forming the so-called arbuscular mycorrhizal (AM) symbiosis (Wang & Qiu 

2006). The positive effects of this type of association on plant growth are well 

known and established (Smith & Read 1997). However, relatively little is known 

about the effect of AM symbiosis on plant reproduction even though reproduction 

is probably the most important component of life histories in plants. In addition, 

studies on the effects of AM fungi on plants have been performed mainly on 

monoecious and hermaphroditic species. Similar studies with sexually dimorphic 

plants (populations with two sexual morphs) are rare. 

With this thesis, I aim to contribute to the understanding of plant life history 

evolution by inferring from the relationship between AM symbiosis and plant 

gender in sexually dimorphic plants. The first land plants promptly became 

mycorrhizal (Simon et al. 1993); since then mycorrhizal symbiosis has been an 

inherent aspect of plant life history evolution which should be taken into account 

in order to fully evaluate plant sexual system evolution and plant population 

biology.  

1.1 Gender dimorphic breeding systems 

Most sexually reproducing plants belong to populations with monomorphic 

sexual systems (Richards 1997), containing a single sexual phenotype in the 

population. Sexually monomorphic plant populations include hermaphroditic, 

monoecious, gynomonoecious and andromonoecious populations (Fig. 1). In 

hermaphroditic populations (found in about 72% of plants; Richards 1997) 

individuals have only perfect flowers, with functional stamen(s) and pistil(s). In 

monoecious populations, plants have separate female and male flowers on the 

same individual (5% of plants; de Jong et al. 2008). In gynomonoecious 

populations, female and perfect flowers are present on the same individual (2.8% 

of plants). Finally, andromonoecious populations are comprised by individuals 

with male and perfect flowers (1.7% of plants; Vallejo-Marín & Rausher 2007).  



16 

Fig. 1. Main sexual breeding systems found in plant populations. 

The rest of sexually reproducing plants belong to dimorphic populations, where 

more than one type of individual can be recognised with regard to their gender 

(Lloyd 1980). Dimorphic populations include heterostyly, enantiostyly, dioecy, 

gynodioecy, androdioecy and subdioecy (Fig. 1). Heterostyly refers to populations 

with two (distyly) or three (tristyly) floral morphs differing in anthers and style 

length within flowers (Barrett 1990). In enantiostyly, sexual morphs differ in the 

style position on the flower (Jesson & Barrett 2003): the style is deflected to the 

left- or to the right-side of the flower. Dioecious populations contain female and 

male unisexual individuals. Approximately 6% of flowering plants are dioecious 

(Renner & Ricklefs 1995) and this sexual breeding system, together with 

gynodioecy, has been extensively studied to understand plant breeding system 

evolution (e.g. Charlesworth & Charlesworth 1978, Freeman et al. 1997). In 

gynodioecious populations, females coexist with hermaphrodites, which is the 

case in 7% of plants (see e.g. Jakobs & Wade 2003). In androdioecy, males 

coexist with hermaphrodites, a rare breeding system found in less than 1% of 

plants (reviewed in Pannell 2002). In subdioecy, populations contain female and 
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male unisexuals together with hermaphroditic or monoecious individuals 

(reviewed in Ehlers & Bataillon 2007). 

1.2 Reproductive allocation and cost of reproduction in dimorphic 
plants 

The life history of any given organism (defined as the allocation throughout life 

of time and energy to growth, development and reproduction) will strongly 

determine its fitness or reproductive success. According to the principle of 

allocation (Cody 1966), individuals have a limited pool of resources available to 

cover all functions (Stearns 1992). Resource investment in any function will 

result in a loss in the potential resource investment in another function, unless 

reallocation of resources is possible (Stearns 1989). Therefore, life history traits 

such as growth, maintenance, defence and reproduction, are linked through 

constraining relationships or trade-offs (Reznick 1985).  

The most important life history trait connected to fitness is probably the 

pattern of resource allocation to reproduction. Reproductive allocation (defined as 

the proportion of the total pool of resources devoted to reproduction) may 

consume a considerable amount of plant resources (reviewed in Obeso 2002, 

Reekie & Bazzaz 2005). The question of when to reproduce and what amount of 

resources should be allocated on each occasion strongly determines plant survival 

and reproductive output, as a particular event of reproduction imposes a 

measurable cost to the plant (cost of reproduction). Minimising such costs is an 

important aspect behind the evolution of life histories.  

Estimates of reproductive allocation in plants greatly vary depending on the 

species and on the currency used (Ashman 1994). Moreover, relative reproductive 

allocation will be dependent on the ecological context as well as other life history 

traits experienced by the plants (Delph 1999, Obeso 2002, Shykoff et al. 2003). 

Nevertheless, female and male sexual function entail different costs (reviewed in 

Case & Ashman 2005). Some of these costs are common, and thus shared, 

between both sexual functions e.g. the investment in flowers or in pollinator 

attractants and rewards. Other costs are, however, specific to each sexual function 

e.g. stamen and pollen production and ovary, fruit and seed production in male 

and female sexual function respectively. Since each sexual function incurs 

different costs, the cost of reproduction will differ among the sexes in accordance 

to their relative investment in male versus female function.  
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In dimorphic plants, nearly all the available data on cost of reproduction 

come from dioecious and gynodioecious species (reviewed in Delph 1999, Obeso 

2002, Shykoff et al. 2003). Therefore, I will focus on these two breeding systems. 

In dioecious species, females usually have a higher relative cost of reproduction 

than males, because seeds and fruits are more costly to produce than pollen 

(Obeso 2002). In gynodioecious species, even though both female and 

hermaphrodite individuals produce seeds, seed production is usually higher in 

females (reviewed in Shykoff et al. 2003). Consequently, the cost of reproduction 

is also relatively higher in females in gynodioecious species compared to 

hermaphrodites (reviewed in Obeso 2002). Such higher cost in females may be 

translated into lower vegetative growth rate (Krischik & Denno 1990), delayed 

flowering or lower flowering frequency (Slade & Hutchings 1989, Cipollini & 

Stiles 1991), and reduced survival (McCall 2007, Escarré & Houssard 1991) 

compared to the other gender. Nevertheless, several mechanisms may help to 

compensate the costs of reproduction (Tuomi et al. 1983, Obeso 2002, Case & 

Ashman 2005). These mechanisms include increasing photosynthetic activity 

(Lehtilä & Syrjänen 1995), reallocating resources from senescing structures 

(Ashman 1994), making reproductive organs that photosynthetically contribute to 

their own cost (Galen et al. 1993), or increasing resource uptake or resource use 

efficiency (Poot 1997).  

1.3 Arbuscular mycorrhizal symbiosis 

Most land plant species grow in association with mycorrhizal fungi in their roots. 

Among mycorrhizal associations, arbuscular mycorrhiza (AM) is the most 

common and widespread form (Wang & Qiu 2006). AM symbiosis is ancient, as 

it was probably important in the colonisation of land by vascular plants (Simon et 

al. 1993, Selosse & Le Tacon 1998). Nowadays, it is estimated that 80% of plant 

species belong to genera that characteristically form mycorrhiza (Wang & Qiu 

2006). AM are formed in the roots of host plants by penetration of obligate 

symbiotic fungi of the phylum Glomeromycota (Schüβler et al. 2001). Fungal 

hyphae grow inside the root and AM development results in the formation of 

repeatedly branched invaginations (arbuscules). These arbuscules are thought to 

be the main site for exchanging nutrients and possibly signals between the fungus 

and the plant (Harrison 2005).  

In AM symbiosis, external hyphae explore the soil and deliver nutrients and 

water to the plant in return for the carbon received (Smith & Read 1997). Despite 
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that the exact physiological mechanism regulating resource exchange is currently 

unknown (Fitter 2006), plant responses to mycorrhizal fungal colonisation range 

from growth promotion to growth depression (Johnson et al. 1997, Jones & Smith 

2004). Nevertheless, mycorrhizal plants are often more competitive and better 

able to tolerate environmental stress than non-mycorrhizal plants through 

improved nutrient (Smith & Read 1997) and water acquisition (Ruiz-Lozano & 

Azcón 1995). In addition, the symbiosis may result in novel secondary compound 

production (Mosse et al. 1981), alleviate salinity stress (Ruiz-Lozano et al. 1996), 

or give resistance to certain pathogens and herbivores (Azcón-Aguilar & Barea 

1992).  

1.4 Costs and benefits of the symbiosis for both partners 

The AM fungi are completely biotrophic and acquire all carbon necessary for 

fungal growth and nutrient uptake from the host plant (Smith & Read 1997). 

Therefore, regardless of all the benefits the plant gains from AM symbiosis, there 

is also a cost in terms of the carbon allocated to the fungus. The amount of carbon 

allocated to mycorrhizal roots may be up 20% of the total photosynthate income 

(Jakobsen & Rosendahl 1990). Evaluation of the costs and benefits is a complex 

task, as it is not always easy to determine which currency should be used. Both 

carbon and phosphorus have been suggested to be employed as currencies (Koide 

1989, Kiers & van der Heijden 2006, Smith et al. 2009). The net result of the 

costs and benefits will determine the fitness for both partners. From the plant 

point of view, survival, fecundity and the growth and survival of the resulting 

offspring should be employed to measure fitness, as these parameters integrate the 

multiple effects that symbiosis may have on plants (Jones & Smith 2004). 

Conversely, mycorrhizal benefit for the fungus is rarely defined or measured. 

Although the Glomalean fungi incapable of heterotrophic carbon acquisition 

naturally benefit from the symbiotically derived carbon in an absolute sense, the 

benefit may still vary and it may be dependent on the fungal and host species 

involved in the symbiosis (Bever et al. 2009). Spore volume and the amount of 

hyphae have been proposed as the most important fitness measures for AM fungi 

(Pringle & Taylor 2002).  
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1.5 Aims of the study 

Symbiosis with AM fungi must have been under strong natural selection during 

the 460 million years of coevolution between AM fungi and land plants. As stated 

above, plant sexes differ in resource needs and allocation patterns, and AM 

mediate resource acquisition and allocation patterns through imposing both costs 

and benefits to the plant. Thus, the sexes of dimorphic plant species may possess, 

at least theoretically, a different relationship with their root symbionts.  

In this thesis, my premise is that in dimorphic plant species the two sexes 

differ in their relationship with AM fungi, an idea originally suggested by Koide 

as “topics for future research” ten years ago (Koide 2000; pp. 36). Sexual 

dimorphisms in plant life history traits, physiology, morphology, and both biotic 

and abiotic interactions have received extensive attention (Geber et al. 1999, and 

references there). However, whether the relationship between AM and hosts is 

gender-specific is still a novel research topic.  

In this work, I have explored whether the sexes in sexually dimorphic plant 

species differ in their mycorrhizal relationship, and if so, in which way. In order 

to do this, I investigated resource acquisition, resource allocation, and both plant 

and fungal benefits from AM symbiosis (Table 1). Dioecy (papers I and II) and 

gynodioecy (papers III, IV and V) were chosen as the dimorphic breeding 

systems. The experimental work comprised manipulative greenhouse experiments 

(papers I and II), common garden conditions (papers IV and V), as well as a field 

experiment (paper III). Specifically, I investigated whether symbiosis with certain 

mycorrhizal fungi was more beneficial to one gender in relation to two important 

abiotic factors, soil water availability (paper I) and soil pH (paper II); and in 

response to one biotic factor, herbivory (paper III). Moreover, resource 

acquisition and allocation were investigated in relation to flowering (paper IV). 

Finally, I explored the effects of sexual dimorphism and AM symbiosis on 

pollinating insects (paper V).  
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Table 1. Study species, study type, tested factors, and measured response variables. 

 I II III IV V 

Fungal species G. claroideum G. claroideum Native 

community 

G. hoi + 

G. claroideum

G. hoi + 

G. claroideum 

Plant species A. dioica A. dioica G. sylvaticum G. sylvaticum G. sylvaticum 

Study type Greenhouse Greenhouse Field Common 

garden 

Common 

garden 

Factor tested Water Soil pH Defoliation Flowering  None 

Response measured      

Resource acquisition      

Carbon x - - - - 

Phosphorus x x x x - 

Resource allocation      

Biomass x x x x - 

Phosphorus x x x x - 

Plant benefit      

Survival x x - x x 

Growth x x x - - 

Clonal reproduction x x - - - 

Sexual reproduction x x x x x 

Fungal benefit      

Colonisation x x x x x 

Spore production x x - x - 
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2 Materials and methods 

2.1 Plant and fungal material 

2.1.1 Antennaria dioica 

Antennaria dioica (L.) (Asteraceae; Fig. 2A) was chosen as the dioecious study 

plant. Antennaria dioica is a perennial, clonal, mat-forming herb, growing in 

heaths, dry grasslands, sandy or stony places, and sometimes also in semi-open 

forests. Female frequency is 56% in Sweden (Eriksson 1997) and the plants have 

been previously reported to be colonised by AM fungi in the field (Eriksen et al. 

2002) by Glomus spp. and Acaulospora spp. species (Santos-González et al. 

2007). 

In November 2003, A. dioica seeds collected from Muurame in Central 

Finland (62°07'N, 25°40'E) were stratified for two weeks at 4ºC in pots 

containing heat-sterilised sand and then transferred to the greenhouse (16 hours 

light, 20ºC). After seed germination, the seedlings were raised individually in pots 

with heat-sterilised sand and vermiculite (4:1, v:v). In December 2004, the plants 

received a cold treatment (4°C) for four months and then they were brought back 

to the above greenhouse conditions. The sex of each plant was determined when 

individuals flowered for the first time. These sexed individuals were used as the 

plant material for greenhouse experiments (papers I and II). 

2.1.2 Geranium sylvaticum 

Geranium sylvaticum (L.) (Geraniaceae) was chosen as the gynodioecious study 

plant. Geranium sylvaticum is a self-compatible (Vaarama & Jääskeläinen 1967), 

rhizomatous, perennial plant, commonly growing in herb-rich forests, in 

meadows (Fig. 2B), and along roads. Most populations in Finland and Russia are 

gynodioecious (Asikainen & Mutikainen 2003, Volkova et al. 2007), with female 

plants bearing flowers with rudimentary stamens and no pollen, and 

hermaphrodite plants bearing flowers with ten functional stamens and viable 

pollen. Intermediate phenotypes with one to nine functional stamens per flower 

have also been reported (Putrament 1962, Vaarama & Jääskeläinen 1967, 

Asikainen & Mutikainen 2003, Volkova et al. 2007). The plant is colonised by 
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AM fungi in the field (Korhonen et al. 2004), even though there are no reports 

about the identity of the fungal species involved.  

To study the response of Geranium sexes to simulated herbivory (paper III), 

forty females and forty hermaphrodites were arbitrarily selected during peak 

flowering in 2004 in an abandoned field in North Finland (66°22’N, 29°30’E, 310 

m asl.; Fig. 2B).  

For papers IV and V, vegetatively propagated G. sylvaticum material was 

used. In 2002, five hermaphrodite, four intermediate and five female plants were 

collected from a field in South Finland (60°25’N, 22°17’E). A sterile tissue 

culture was prepared from each of these individuals, which allowed clonal 

propagation of each individual plant genotype into several individuals. The plants 

were transferred in February 2004 into heat-sterilised sand and grown under 

greenhouse conditions at the Botanical Gardens of the University of Oulu 

(65°03'N, 25°27'E). In June 2004, the plants were transferred to larger pots using 

a soil mix consisting of heat-sterilised sand and perlite (10:1, v:v). The plants 

were grown under the same conditions stated earlier until November 2004, when 

they received a cold treatment of 4°C for four months. 

2.1.3 Glomus spp. 

In my studies including fungal manipulations (papers I, II, IV and V), strains of 

two Glomus (Glomaceae) species were used. Antennaria dioica plants (papers I 

and II) were inoculated with a Glomus claroideum strain (V240) originally 

isolated from Central Finland (62º57'N, 22º31'E). Geranium sylvaticum plants 

were inoculated (papers IV and V) with a different strain of G. claroideum (BEG-

31) originally isolated from an agricultural field in Central Finland (62°15′N, 

26°15′E) or with a strain of Glomus hoi (BEG-101) which was originally isolated 

from a temperate grassland in Central Finland (62°21'N, 25°57'E). Spores of each 

fungal isolate were propagated separately under laboratory conditions in 

symbiosis with Sibbaldia procumbens (L.) and G. sylvaticum. To obtain the 

fungal inoculum, the mycorrhizal fungal spores were washed from the potting 

media, collected on a 50 μm sieve, and dispensed in water.  
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Fig. 2. Harvested Antennaria dioica plant from paper I (A), view of the field in 

Liikansenvaara where study for paper III was conducted (B), and Geranium sylvaticum 

plants used in papers IV and V in the greenhouse (C) and in the common garden (D).  

2.2 Experimental designs 

2.2.1 Greenhouse experiments with A. dioica manipulating water 
availability and soil pH 

Sexed A. dioica plants were divided into clonal fragments of similar mass and 

number of ramets. I used 14 females and 14 males for paper I, and 12 females and 

eight males for paper II. In both studies, a fully factorial block experiment was 

conducted with plant sex (female, male), AM inoculation (yes, no), plant 

genotype, and the corresponding experimental treatments: watering regime 

(moderate, low) for paper I, and soil pH (high, low) for paper II.  
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For paper I, the clonal fragments were placed into 970 cm3 pots containing 

autoclaved garden soil, sand, and peat (2:2:1, v:v:v) supplemented with dolomite, 

and bone meal to serve as a slow-release fertiliser. The initial total nutrient 

content of the substrate was 1.25 mg N; 0.35 mg P; 1.30 mg K; 4.37 mg Al and 

0.08 mg Mn g-1 dry soil. Half of the clonal fragments (n = 56) were inoculated 

with a solution containing 125 spores of G. claroideum, and the other half 

received the same amount of solution but with no spores. All the plants received 

an additional one ml of a soil microbial suspension. After establishment of the 

plants for two months, manipulation of water availability was started. On each 

watering day, the moderate-watering plants received an amount of water that 

brought the water content of the pots to field capacity; the plants in the low-

watering treatment received one-third less of water.  

For paper II, the clonal fragments were potted as described above but the 

amount of dolomite added to the potting mix was modified in order to obtain two 

soil pH values: 1.3 g l-1 of dolomite was added to achieve a pH value of pHwater = 

4.65 (hereafter “low ph”) whereas 5 g l-1 of dolomite was added to obtain a pH 

value of pHwater = 6.20 (hereafter “high pH”). The initial total nutrient content of 

the substrate was 1.25 mg N; 0.35 mg P; 4.37 mg Al and 0.08 mg Mn g-1 dry soil. 

The K content was 0.94 mg g-1 dry soil in the low pH soil, and adding dolomite to 

it increased K content to 1.30 mg K g-1 dry soil. Half of the clonal fragments (n = 

40) were inoculated with a solution containing 125 spores of G. claroideum, and 

the other half received the same amount of solution but with no spores. All the 

plants received an additional one ml of a soil microbial suspension. Plants were 

watered with tap water when necessary.  

In paper I, chlorophyll fluorescence was measured on a maximum water 

stress day using a PAM-2000 chlorophyll fluorescence unit (Heinz Walz, 

Effeltrich, Germany). The plants were dark adapted for 20 minutes and variable 

and maximal fluorescence were measured from five fully expanded leaves and the 

readings were averaged.  

In papers I and II, the plants were harvested 241 days after AM fungal 

inoculation (Fig. 2A). Shoot and root masses were collected separately, and the 

number of ramets, floral shoots, and inflorescences were recorded. Phosphorus 

concentration and content, relative growth rate, and mycorrhizal benefit were 

calculated. Fungal colonisation in roots was assessed.  



27 

2.2.2 Field experiment investigating sexual differences in response 
to simulated herbivory in G. sylvaticum 

The selected experimental plants for paper III were included in 20 blocks so that 

there were two female and two hermaphrodite plants of similar size within each 

block. The soil present in the field (Fig. 2B) was mildly acidic (pHwater = 5.45), 

and the soluble nutrient levels were 1.41 ± 0.20 μg P g-1, 8.95 ± 1.17 μg K g-1 and 

contained 8% soil organic matter (Korhonen et al. 2004). Half of the plants were 

defoliated with scissors (all rosette leaves and half of each leaf on the stem were 

removed). The other half of the plants remained untouched as controls. We 

randomly harvested an additional 40 plants (20 females and 20 hermaphrodites) 

to gain the values on plant mass and fungal colonisation level at the beginning of 

the experiment (3rd of July 2004). Once flowering was completed, plant 

vegetative and reproductive parameters were noted and the plants were excavated 

to collect both aerial and roots systems (20th of August 2004). Phosphorus content 

and concentrations were determined from above ground mass. Root samples were 

stained to assess fungal colonisation.  

2.2.3 Common garden experiment investigating resource allocation 
in G. sylvaticum  

After the cold treatment, the plants were transferred in March 2005 into pots 

containing 1000 cm3 of a soil mix composed of autoclaved soil, sterilised sand 

and peat (4.5:4.5:1, v:v:v). Dolomite and bone meal were added to raise the pH 

and serve as a slow-release fertiliser, respectively. The initial total nutrient 

contents were 1.2 mg N; 0.38 mg P; 0.78 mg K g-1 dry soil and the soil pHwater 

was 6.20. The plants were distributed in the three following fungal treatments: 

one third of the plant material (n = 102 plants) was inoculated with two ml of 

solution containing 150 spores of G. claroideum; another third of the plant 

material was inoculated with two ml of solution containing 150 spores of G. hoi, 

and the last third of the plant material was allocated to the non-mycorrhizal 

category, and received two ml of water. All the plants received an additional one 

ml of a soil microbial suspension. Each plant genotype was represented by four to 

eleven plants within fungal treatment, resulting in a total number of 306 plants. 

The plants were grown under greenhouse conditions (Fig. 2C) during 2005 when 

a controlled hand-pollination experiment was performed (Varga & Kytöviita, 

unpublished results).  
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In June 2006 after a cold treatment of 4°C for four months, the plants were 

placed outdoors (Fig. 2D) in the middle of an open lawn at the Botanical Gardens 

of the University of Oulu (65°03'N, 25°27'E). An area of 12 m2 was covered with 

a one-cm-thick root mat to avoid AM contamination from the soil and fenced to 

prevent any animal damage. Potted plants were placed on top of plastic benches 

which raised them ten cm above ground and kept grouped according to the 

mycorrhizal treatment to avoid spreading of the mycorrhizal fungus between pots.  

During peak flowering in 2006, one flowering and one non-flowering 

individual in each plant genotype and fungal combination were chosen in order to 

investigate differences in resource allocation. Chlorophyll fluorescence 

measurements were made using the Portable Fluorometer PAM-2000 (Walz, 

Effeltrich, Germany). Some plants were harvested (n = 79) and plant mass, 

phosphorus content, AM fungal colonisation intensity, and spore production were 

measured. The remaining plants received a cold treatment of 4°C and were 

brought back outdoors in June 2007.  

2.2.4 Insect visitation observations and reproductive success in G. 
sylvaticum 

In paper V, flowering phenology of the experimental plants was followed 

throughout the flowering period in 2007. The number of open flowers and the sex 

of these flowers were recorded every second day. Floral diameter was measured 

from five completely open flowers per plant and pollen counts were made. Two 

stamens from three different flowers were collected shortly before anthesis in 

hermaphrodite plants and placed in Eppendorf tubes to release the pollen at room 

temperature. Pollen per anther was counted on a Petri dish using a 

stereomicroscope at 20 × magnification.  

Insect observations were made during peak flowering (between 17th June and 

1st July) and when the pollinators were most active (between 1000 and 1400, 

Asikainen & Mutikainen 2005). Three plants (one from each fungal treatment) 

with two to ten (mean 3.4 ± 0.2 SE) open flowers were observed (n = 73) 

simultaneously for 30 minutes. In total, 7.5 hours of observations were recorded. 

The plants were placed among a G. sylvaticum population growing at Oulu 

Botanical Gardens to ensure natural levels of pollinators. Due to the low number 

of flowering intermediate and hermaphrodite plants, these two sexual morphs 

were grouped together in this study and are referred to as hermaphrodites. During 

each observation of an insect visiting a plant the following information was 
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recorded: (1) insect taxonomic identity; (2) the sex of the plant; (3) the fungal 

treatment of the plant; (4) the number of flowers visited within a plant; and (5) the 

time of insect arrival and departure from the plant. The plants were brought back 

to the outdoors fenced plot after each insect visitation observation. All flowers 

were left to ripen in the plant until fruits became dry and changed colour from 

green to brown. To avoid losing seeds after ejection, flowers were bagged 

individually with a mesh bag and the seeds per each flower collected. Seeds were 

counted and then dried for one week at room temperature before being weighed.  

Root samples were taken in October 2007 to assess mycorrhizal colonisation 

with a three-cm diameter core.  

2.3 Laboratory analyses 

Phosphorus concentrations were determined colorimetrically by the ammonium 

molybdate-ascorbic acid method as described in John (1970). Plant material was 

dried in the oven overnight (80°C), milled, and then acid digested in the Paar 

Physica Multi Ware Sample Preparation System (Perkin Elmer, Waltham, 

Massachusetts, USA). Concentrations were measured using an UV-160A 

Shimadzu analyser (Shimadzu, Osaka, Japan) at 882 nm from two subsamples, 

and the readings were then averaged (papers I, II, III and IV).  

Relative growth rate was calculated as follows: log fresh total plant mass at 

end – log fresh total plant mass at beginning / number of experimental days 

(papers I and II).  

Mycorrhizal plant benefit was defined as the performance ratio between 

mycorrhizal and non-mycorrhizal plants. This was calculated by dividing the 

measured value for each mycorrhizal plant with the average value of the non-

mycorrhizal plant. Ratios higher than one indicate that plants benefited, whereas 

ratios lower than one indicate that plants suffered from mycorrhizal inoculation. 

Ratios close to one indicate no mycorrhizal benefit or cost for the plant from the 

symbiosis (papers I, II and IV).  

Root samples were brought to the laboratory and kept at 4ºC until they were 

processed, which was done either immediately or after a maximum of two days 

from sampling. Roots were preserved in 50 % ethanol and stained after clearing 

by incubation in 10% KOH for four days at room temperature and additional 

incubation in 1.5% alkaline H2O2 for two hours at room temperature. After two 

hours in 1% HCl, we incubated the roots at 80°C in 0.02% trypan blue staining 

solution for two hours. Using a microscope at 100 × magnification, the AM 
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fungal root colonisation was measured as the proportion of intersects with 

hyphae, arbuscules, and vesicles in ten root segments of 1.5 – 2 cm length. One 

hundred intersects per root sample were analysed (papers I to V). The AM fungal 

spores were extracted from the soil by decanting and wet-sieving using a 50 μm 

sieve, after centrifugation at 3000 rpm in 60% sucrose solution for 3.5 minutes. A 

subsample of spores per pot were counted at 12 × magnification with a 

stereomicroscope and spore production was calculated per pot (papers I, II, IV 

and V). 

2.4 Statistical analyses 

Differences between treatment and plant sex means were analysed using factorial 

ANOVA (paper III), with linear mixed effect models (papers I, II, IV and V) and 

with generalised linear models (paper V). The variables were loge- or arcsin 

square-root transformed when necessary to meet the assumptions of normality 

and homoscedasticity. Shapiro-Wilk tests were used to assess normality of the 

residuals from the models. Binary linear regression models were used to assess 

differences among groups in survival or flowering (papers I, II, IV and V). 

Statistical analyses were performed using the SPSS computer software program 

(SPSS Inc., Chicago, Illinois, USA). A summary of the statistically significant (P 

< 0.05) results for main effects and interactions in each paper is given in Table 2. 
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3 Results and discussion 

Table 2. Summary of the statistically significant (P < 0.05) factors affecting the 

measured response variables in the different papers. Water = substrate water 

availability, pH = substrate pH, Fung = fungal treatment (AM symbiosis with AM fungi 

or non-mycorrhizal), Sex = plant sex, ns = non-significant. 

  I II III IV IV 

Plant resource 

acquisition: 

     

Carbon Water   Flowering 

Fung1 

 

Phosphorus Fung Fung x pH Defol Flowering 

Sex X Fung 

 

Plant benefit:      

Survival Water Sex X Fung 

Fung X pH 

 Fung2 Fung2 

Above ground mass Fung x Water Fung x pH ns Flowering 

Fung2 

 

Below ground mass Fung x Water 

Sex x Water 

Fung 

pH 

 Fung1  

Clonal reproduction      

# ramets Sex x Water 

Fung X Water 

Fung x Ph    

Ramet mass Water 

Sex X Fung 

Sex X Fung X pH    

Sexual reproduction      

Flowering Sex X Fung X Water Sex 

pH 

 Sex X Fung Fung2 

Pollen     Fung3 

Visitation     Sex 

Seeds   Sex  Sex 

Fungal benefit:      

Colonisation:      

Hyphae ns Sex ns Sex x Fung ns 

Vesicles Water  ns Fung4 ns 

Arbuscules ns ns  Sex X Fung ns 

Spore production Water ns  Sex X Fung  

Superscripts indicate significant differences in performance among AM fungal treatment: 1 Hoi > Nm; 2 Cla >

Cla = Hoi; 4 Hoi > Cla. CLA = G. claroideum; HOI = G. hoi; Nm = Non-mycorrhizal. 
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3.1 Effect of AM symbiosis on resource acquisition and allocation 
in plants of different sex  

3.1.1 Carbon 

Mycorrhizal fungi are a strong carbon sink in plants and frequently increase 

photosynthetic rate (Parádi et al. 2003). In addition, AM inoculation has also been 

shown to increase Fv/Fm (e.g. Sheng et al. 2008), thus indicating that AM 

symbiosis alleviates stress experienced by plants. However, AM symbiosis did 

not affect Fv/Fm in A. dioica plants (paper I), although Fv/Fm was increased in G. 

sylvaticum plants in symbiosis with both Glomus species (paper IV).  

It has been hypothesised that sexual dimorphism in physiological traits are 

due to variation in reproductive investment by the different genders (reviewed in 

Dawson & Geber 1999, Case & Ashman, 2005). Accordingly, differences in 

photosynthetic rate between genders in dimorphic plants have been reported in 

androdioecious (Sleeman et al. 2002), dioecious (Dawson & Ehleringer 1993) 

and gynodioecious species (Poot et al. 1996, Caruso et al. 2003). In 

gynodioecious plants, this higher photosynthetic capacity in females compared to 

hermaphrodites has been hypothesized as one mechanism explaining female 

advantage (e.g. Schultz 2003). However, no differences in photosynthetic rate 

were detected between the sexes in G. sylvaticum (Varga & Kytöviita 

unpublished) or in the close species G. maculatum (van Etten et al. 2008). 

Therefore, other mechanism(s) should be responsible for the differences observed 

in seed output (see 3.2.4 Sexual reproduction: Seed production). Nevertheless, 

photosynthetic rate differences may not necessarily result in growth differences 

and vice versa. The lack of correlation between carbon gain through 

photosynthesis and mass accumulation may be partly explained by the fact that 

photosynthesis measurements are often made only in certain leaves at a particular 

time, whereas the whole plant is composed of leaves of different ages. Taken 

together, my findings show that the effect of AM symbiosis on plant carbon 

acquisition seems not to be dependent on the gender of the plants investigated and 

therefore the genders may gain a similar mycorrhizal benefit in terms of carbon 

acquisition. 
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3.1.2 Phosphorus 

In this work, I studied phosphorus (P) acquisition for two reasons. Firstly, among 

all the nutrients required by plants, P and nitrogen (N), are the most important and 

they commonly limit plant growth in most terrestrial ecosystems (Chapin 1980). 

Secondly, AM fungi are known to increase the uptake and transfer of nutrients 

from the soil to the plant host, especially P (Smith & Read 1997). However, the 

role of AM on plant N uptake is less clearly defined. AM fungi have been shown 

to be able to transfer N to their associated hosts (Jin et al. 2005). However, the 

small amounts transferred suggest that AM might not be an important route for N 

uptake by plants (Reynolds et al. 2005).  

Phosphorus concentrations in healthy plant tissues range between two to five 

mg of P g-1 (Elser et al. 2000, Reich & Oleksyn 2004, Han et al. 2005). In the A. 

dioica greenhouse studies (papers I and II), the sexes did not differ in P 

concentration. Conversely, P concentration was lower in female G. sylvaticum 

compared to hermaphrodites in the field (paper III). Symbiosis with AM fungi 

increased P acquisition in both A. dioica (papers I and II) and G. sylvaticum 

(paper IV) tissues, but only G. sylvaticum expressed sex-specific effects. In paper 

IV, AM symbiosis was only advantageous for female and intermediate plants, as it 

increased P content. 

Phosphorus concentration in leaf tissue changes along with the season. In 

perennial plants, P increases when leaves are developing, it is later translocated to 

the developing floral structures, and then it declines due to translocation before 

leaf senescence (Aerts 1996). This pattern was partially observed in paper IV as 

non-flowering plants had significantly more P in their leaves than flowering 

plants. Furthermore, no sexual differences in P leaf content were detected at 

flowering (paper III and IV). However, the effect of AM symbiosis on leaf P 

content was different among the three G. sylvaticum sexes, only benefiting female 

and intermediate phenotypes (paper IV). At fruiting, above ground P content was 

similar in both sexes in the field but P concentration was lower in females than 

males (paper III), indicating a higher P investment in seeds. After the reproductive 

season, G. sylvaticum females had allocated relatively more P to seeds than 

hermaphrodites because the seeds did not differ in P concentration but females 

produced 65% more seeds than hermaphrodites (paper III). These results suggest 

that females may indeed be more dependent on AM fungus for P acquisition than 

hermaphrodites. This P difference would be probably important for future 

reproduction events as G. sylvaticum is a polycarpic perennial plant.  
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My results contribute to the numerous studies reporting an increase in P 

acquisition due to AM inoculation (Smith & Read 1997). However, my results 

indicate that the effect of AM fungi on P uptake may be dependent on the gender 

of the plant. Moreover, there are indications that genders differ in P allocation to 

reproduction and that the amount of P available may be further dependent on the 

flowering stage. All these factors reinforce the idea that AM should be taken into 

account when evaluating plant performance in dimorphic species.  

3.2 Benefits in several life history traits from AM symbiosis in 

plants of different sex 

3.2.1 Survival 

In dimorphic plants, higher costs of reproduction in one sex could result in lower 

survival compared to the other sex. For instance, in a review paper carried out by 

Obeso (2002), males had higher survival than females in 13 out of 15 dioecious 

species. In gynodioecious plants, sex-differential survival rates have also been 

reported for some species, yet with no evident trend. For example, female 

survival was higher than males in Nemophila menziesii (McCall 2007) and 

Plantago lanceolata (van Damme & van Delden 1984), whereas in Glecoma 

hederacea the result was the opposite (Slade & Hutchings 1989). 

In A. dioica, symbiosis with G. claroideum affected plant survival only in 

paper II. In paper I, plants growing in the low watering regime had higher 

mortality than plants growing in the moderate watering regime. Thus, merely the 

watering regime was responsible for differences seen in mortality. The positive 

AM effects on survival observed in paper II were, however, dependent on soil pH 

and the sex of the plants. Symbiosis was disadvantageous for female plants whilst 

it did not markedly affect the survival of male plants. Furthermore, symbiosis 

increased mortality in plants growing at high soil pH, but it decreased it in plants 

growing at low soil pH (paper II). AM inoculation also affected survival in the 

experimental G. sylvaticum plants but the effect was similar in all sexes (Varga & 

Kytöviita, unpublished). Cumulative plant mortality (sum of dead plants in the 

common garden experiment from 2006 until 2009) was highest in G. hoi 

inoculated plants (66%) and lowest in G. claroideum inoculated plants (15%), 

with non-mycorrhizal plants showing intermediate cumulative mortality (42%).  
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To my knowledge, paper II reports the first sex-specific mycorrhizal effects 

on host survival. AM symbiosis is known to greatly influence seedling survival 

(Horton & van der Heijden 2008) and also improve later survival through 

improving resistance and/or tolerance against biotic (e.g. Azcón-Aguilar & Barea 

1996) and abiotic stresses (e.g. Juniper & Abbott 1993, Leyval et al. 1997, Habte 

1999). However, AM symbiosis formation may be too costly for plants under 

certain conditions and thus may increase mortality. The negative impact on 

survival could be seen, for instance, during the first weeks following germination 

(e.g. Koide 1985), as plants may have too small carbon reserves to maintain 

fungal symbionts. Nevertheless, that was not the case in paper II because the 

inoculation took place when plants had already some reserves. AM symbiosis 

formation was relatively more costly for female than males A. dioica plants, 

probably due to the differences in resources demands. My results on sex-specific 

AM effects on plant survival corroborate the idea that AM symbiosis are along 

the continuum from parasitism to mutualism (Johnson et al. 1997, Jones & Smith, 

2004).  

3.2.2 Growth 

Concurring with the lack of sexual differences in carbon acquisition, the genders 

in A. dioica and G. sylvaticum did not differ in their growth response to AM 

inoculation. All sexual phenotypes had similar growth in papers II, III and IV. In 

all studies where plant mass allocation or relative growth was checked, the widely 

known positive effect due to AM inoculation was observed (papers I, II and IV). 

In papers I and II, inoculation with G. claroideum significantly increased both 

below- and above ground masses in A. dioica at the moderate watering regime 

(paper I) and at high soil pH (paper II). In paper IV, G. claroideum increased 

above ground mass and G. hoi increased below ground mass compared to the 

other fungal treatments. Taken together, only inoculation with G. hoi increased 

total plant mass. Sexual dimorphism in growth rate was detected in A. dioica 

depending on the watering regime (paper I): males allocated relatively more mass 

to roots than females at the low watering regime whilst no differences were 

observed at the moderate watering regime.  

Plants are known to vary in their response to different AM fungi (e.g. Oliveira 

et al. 2006, paper IV). Moreover, different responses caused by distinct AM fungi 

are known to influence plant-plant interactions (reviewed in Bever & Schultz 

2005) through differential effects on individual plant growth (van der Heijden et 
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al. 2003). My findings indicate that the sexes in both study species had similar 

growth and also that they both benefited from AM symbiosis. However 

mycorrhizal benefit was sex-dependent in A. dioica: females benefited more than 

males especially when growing in more favourable conditions (paper I and II).  

These results should be interpreted with caution as only one plant and one 

AM fungus was present in the experimental plant roots. In the field, roots are 

usually colonised by one to 29 AM taxa (Öpik et al. 2006). The composition and 

diversity of AM fungal communities may influence plant population and plant 

community structure (van der Heijden et al. 1998). In addition, AM fungi can 

grow from root to root connecting plants of different species (and sexes) forming 

a so-called common mycorrhizal network (Robinson & Fitter 1999, Simard & 

Durall 2004), which may change the costs and benefits of the symbiosis. 

3.2.3 Asexual reproduction 

In clonal plants, an important way to achieve fitness is through vegetative 

propagation. Males in dioecious species are expected to have higher clonal 

growth rate than females as a consequence of the higher reproductive effort 

observed in females (Freeman et al. 1976, Escarré & Houssard 1991, Fujitaka & 

Sakai 2007, but see Connor 1984). The results of paper I partially confirm this 

expectation, as males had greater clonal growth (more ramets) than females, but 

only under the low watering regime. Moreover, sexual differences in clonal 

growth were observed in A. dioica in both studies. In paper I, females benefited 

more from AM symbiosis as they produced more ramets than males under a 

moderate watering regime. In paper II, assuming that heavier ramets can be 

translated into larger growth, males benefited more than females as they produced 

heavier ramets when growing in high soil pH. These findings suggest that the 

sexes of dioecious species may gain sex-specific benefits in clonal growth from 

their AM symbionts. However, these sex-specific benefits may be lost when 

facing less favourable growing conditions (e.g. lower water availability or lower 

soil pH). Females suffered relatively more from the lack of AM symbiosis than 

males as their benefit in the number of ramets produced decreased 3.1 times 

versus the 1.8 times observed in males (paper I). The significance of this sexual 

difference on clonal growth may have important consequences for the mating 

system in this species. Pollen limitation has been shown to increase with an 

increased female-biased ramet sex ratio in A. dioica (Öster & Eriksson 2007). 
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Therefore, clonal forms can affect both pollen donation and receipt through genet 

distribution patterns (Charpentier 2002).  

Evidence is accumulating on the effect that AM fungi has on clonal 

reproduction. Streitwolf-Engel et al. (1997, 2001) observed that different co-

occurring AM fungal species had a variable effect on the number of ramets and 

their spatial distribution in Prunella grandiflora and Prunella vulgaris 

(Lamiaceae), as some fungal isolates increased the number of ramets or the length 

of these ramets more than other isolates. These differential effects by different 

AM fungal isolates were corroborated later by Sudová & Vosátka (2008) and 

Sudová (2009). In my studies, G. claroideum increased the number of ramets 

(paper I and II), but decreased the mass of these ramets (paper I), thus in 

agreement with (Streitwolf-Engel et al. 2001) who reported separately negative 

AM effects in biomass production and positive effects on the number of clonal 

units formed. Generally, a trade-off between the number and the size of ramets 

produced has been documented in clonal species (Harper et al. 1970, Stuefer et al. 

2002). AM fungi may promote plant clonal spread and thus influence population 

genetic diversity and structure.  

3.2.4 Sexual reproduction 

Probability of flowering 

Assuming higher costs of reproduction in females both in dioecious and in 

gynodioecious systems, and also no compensation mechanisms to mitigate these 

costs, demographic costs should be expected (Obeso 2002). Demographic costs in 

females could be seen as a lower survival (see above 3.2.1. Survival) or a lower 

frequency of flowering than males. In dioecious species there is a strong 

indication that males reproduce more frequently than females (29 out of 33 

studies; reviewed by Obeso 2002). However, as far as I know, information about 

flowering frequency is not available for any gynodioecious species. Data from the 

experimental G. sylvaticum plants show that a similar proportion of females and 

hermaphrodites were reflowering each year (Varga & Kytöviita, unpublished 

data).  

Since AM fungi mediate resource acquisition, and flowering is strongly 

limited by resource availability, it is not surprising to see beneficial AM effects on 

flowering. Several studies report fungal inoculation to shorten the time needed 
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until flowering and therefore to reach sexual maturity (e.g. Bryla & Koide 1990, 

Poulton et al. 2002). Furthermore, the effect of AM on flowering probability has 

been shown either to increase (e.g. Nakatsubo 1997) or to have no effect (e.g. 

Kytöviita & Ruotsalainen 2007, Bunn et al. 2009). Flowering was monitored in 

A. dioica in greenhouse studies (papers I and II). Despite the fact that the 

proportion of flowering plants was low (42% and 40%, in paper I and II 

respectively), more females flowered than males and a higher proportion of plants 

flowered in the low soil pH compared to the high soil pH (paper II). There was no 

statistically significant AM effect on flowering in the pH study (paper II), 

whereas in the study focusing on drought there was an interaction in the 

proportion of flowering plants between AM inoculation, plant sex and water 

treatment (paper I). For females, AM inoculation decreased the proportion of 

plants flowering only in the low watering regime. For males, AM inoculation 

decreased the proportion of plants flowering only in the moderate watering 

regime. Geranium sylvaticum flowering significantly increased due to AM 

inoculation with G. claroideum compared to both non-inoculated and G. hoi 

inoculated plants (paper IV and V). However, a higher proportion of females 

flowered compared to hermaphrodites (intermediates included) in non-inoculated 

plants in 2006. This sexual difference in proportion of plants flowering was 

absent in G. hoi and non-inoculated plants, indicating that hermaphrodites may 

suffer more than females from the lack of AM symbiosis. In 2007, no sexual 

differences were detected in flowering probability. My data therefore confirm that 

AM fungi may affect flowering and further suggest that the effects seems to be 

dependent on the gender of the host as well as on other ecological factors, as they 

were not uniform across the two study years. 

Pollen production 

The amount of pollen produced by a given plant will be related to the amount of 

male flowers produced and the number of pollen grains developed within these 

flowers. I quantified the effect of AM symbiosis on flower and pollen production 

in G. sylvaticum (paper V). Inoculation with either of the two Glomus species did 

not result in an increase in the number of pollen grains per anther basis. However, 

non-mycorrhizal plants had significantly fewer functional stamens per flower than 

AM inoculated plants. Consequently, the amount of pollen was increased due to 

AM inoculation on a per flower basis. Pollen production in mycorrhizal plants 

was around 3500 pollen grains per flower, thus in agreement with estimations of 
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pollen production in the field (Ramula & Mutikainen 2003). However, as 

mycorrhizal plants had fewer flowers than non-mycorrhizal plants, pollen 

production per plant was significantly decreased by AM symbiosis.  

AM fungi have been reported to affect pollen production at two different 

levels: flower production and pollen production per flower. Flower production is 

usually reported to increase due to AM inoculation (Poulton et al. 2001b, 2002), 

even thought the opposite effect (Poulton et al. 2001a, Nuortila et al. 2004, study 

V) or no effect (Philip et al. 2001) have also been reported. Following the same 

trend, pollen production per flower has been shown to increase on a per plant 

(Pendleton 2000, Poulton et al. 2002) and per flower basis (Philip et al. 2001, 

Poulton et al. 2001b, 2002), even though neutral effects have also been reported 

on a per flower (Lau et al. 1995, Poulton et al. 2001b) and per plant basis (Philip 

et al. 2001).  

In general, the amount of pollen produced by a plant and the probability to 

sire seeds will be positively correlated (Schoen & Steward 1986, Devlin et al. 

1992). Therefore, non-mycorrhizal G. sylvaticum plants should have higher 

potential fathering success than mycorrhizal plants given the similar visitation 

rates they had by pollinators, especially bumblebees (paper V). However, when 

the number of pollen grains deposited on the stigma exceeds the number of ovules 

to fertilise, pollen competition will occur between pollen grains (Mulcahy 1979), 

and pollen vigour may become essential for seed sire success. Enhancement of 

pollen tube growth and increased in vivo siring success by AM symbiosis have 

been reported (Stephenson et al. 1998, Poulton et al. 2001a, b) with consequences 

for seed siring success. 

Very few studies have investigated the relationship between AM symbiosis 

and pollen dynamics and these results are not conclusive (Lau et al. 1995, 

Stephenson et al. 1998, Pendleton 2000, Poulton et al. 2001a, b, 2002). 

Nevertheless, AM fungi may influence both the quantity and the quality of pollen 

grains produced. However, it should be advisable to check how the mycorrhizal 

effects on pollen production are translated into offspring performance in nature. 

Moreover, androdioecious plants may be a useful experimental system for testing 

sex-specific variation in pollen production and performance due to AM fungi, as 

both male and hermaphrodite plants produce pollen.  
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Pollinator attraction 

In insect-pollinated plants such as A. dioica and G. sylvaticum, seed production 

relies on the plant’s success to attract the right pollinators to effectively transfer 

the pollen and fertilise the ovules. Thus, many floral adaptations have arisen in 

response to selection by pollinators (reviewed in Harder & Barrett 2006). AM 

fungi are reported to influence plant traits that may affect pollinator behaviour 

(Gange & Smith 2005, Wolfe et al. 2005), but whether the observed effects are 

the same in both genders is not established. The results of paper V indicate that 

AM influenced several floral traits which may be important in the attraction of 

pollinators such as the number of flowers produced and the amount of pollen 

present in male flowers. Furthermore, floral diameter was significantly increased 

by AM inoculation, but sexual dimorphism in this trait was only significant when 

in symbiosis with G. claroideum (paper V). I could further corroborate previous 

findings that AM fungi affect visitation rates. The mechanism behind this pattern 

seems to be species-specific for both the plant and the animal taxa involved in the 

interaction as suggested by Gange & Smith (2005). In my observations, only 

dipterans and hymenopterans (excluding bumblebees) showed a preference for 

mycorrhizal plants (paper V). Since bumblebees may be the most effective 

pollinators in G. sylvaticum, this lack of preference by bumblebees is likely to 

have a great impact on the reproductive success of the plants. Indeed, seed 

production was larger in female plants (see below, Seed production). In addition, I 

could confirm that pollinators show a preference for hermaphrodite over female 

plants in this species (Asikainen & Mutikainen 2005). Hermaphrodites had larger 

flowers than females only when in symbiosis with G. claroideum, which 

correlated with the higher the number of visits made by dipterans (paper V). This 

suggests that larger floral size may be a cue used by dipterans to forage for pollen.  

Also other plant traits may be responsible for sex-differential visitation in 

dimorphic plants and the effect of AM fungi on them. For example, Ashman et al. 

(2005) demonstrated that female flowers of Fragaria virginiana lack an attractant 

solely emitted by pollen-bearing anthers and that contributed to pollinator 

discriminatory behaviour. Moreover, AM fungi may also influence nectar 

production (Laird & Addicott 2007). These studies give indications of the exact 

mechanisms governing the AM fungal effects on visitation rates of pollinating 

insects. In addition, if different AM fungi differ in the benefit given to the host 

plants as seen in paper V, it could cause a shift in the community of floral visitors 

as reported by Cahill et al. (2008).  
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Seed production 

In most gynodioecious species (and probably also in G. sylvaticum, Asikainen 

2004), male sterility is controlled by cytoplasmically inherited genes 

(Charlesworth & Laporte 1998). In these species, models predict that females can 

spread and be maintained in a hermaphroditic population even with minimal 

fecundity advantage which would allow females to produce more seeds or higher 

quality seeds than hermaphrodites (Lewis 1941). Fecundity advantage for females 

has been reported in many gynodioecious species (reviewed in Shykoff et al. 

2003). At least four mutually non exclusive hypotheses have been suggested so 

far to explain this female advantage and AM fungi may play a role in all of them. 

The inbreeding avoidance hypothesis (i) states that hermaphrodites may suffer 

from inbreeding depression (the reduction in fitness of selfed relative to 

outcrossed progeny) and exhibit reduced fitness compared to females (e.g. 

Ashman 1992). AM fungi have been shown to affect inbreeding depression in 

hermaphroditic Campanula rotundifolia (Nuortila et al. 2004) and gynodioecious 

Fragaria virginiana (Botham et al. 2009). The resource reallocation hypothesis 

(ii) predicts that females may be able to use resources saved from lower floral 

investment (Eckhart 1999) to increase seed production. AM fungi mediate 

nutrient and carbon economy in the host and may affect flower diameter (paper 

V) and pollen production (e.g. Poulton et al. 2002, paper V). Less detrimental 

interactions with pathogens and herbivores (iii) may mitigate the cost of 

reproduction for the non-preferred sex (e.g. Ashman 2002), and AM may 

contribute by increasing resistance to pathogens and herbivores (Azcón-Aguilar 

& Barea 1992). Lastly, sexes may be spatially segregated (iv), and seed 

production may be related to differences in microhabitat quality (Graff 1999) 

which could be related to different AM fungal communities.  

In G. sylvaticum, differences in seed production have been observed, with 

females producing more seeds than hermaphrodites (Vaarama & Jääskeläinen 

1967, Ramula & Mutikainen 2003), which were dependent on the population and 

year (Asikainen & Mutikainen 2003). My work suggests that AM symbiosis may 

contribute to female maintenance in this species by affecting resource allocation 

patterns and pollinator attraction. I measured G. sylvaticum seed production in the 

field (paper III) and in the common-garden experiment (paper V). Females 

produced 65% and 66% more seeds than hermaphrodites in the field and in the 

common-garden experiment respectively. Moreover, AM symbiosis with G. 

claroideum decreased the amount of seeds produced compared to non-
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mycorrhizal plants and plants in symbiosis with G. hoi had intermediate seed 

production (paper V).  

As with pollen production, seed production depends on resource availability 

(assuming no pollen limitation). Therefore, the amount of seeds produced by a 

plant will be related to the amount of flowers produced, the proportion of flowers 

producing fruits, and the number of seeds produced per fruit. AM fungi have been 

shown to have positive or neutral effects on flower, fruit and seed production, 

even though exceptions also exist (Nuortila et al. 2004, and references there). The 

response observed seems to be dependent on the fungal species used (Jensen 

1982, Schenk & Smith 1982, Oliveira et al. 2006), as when the same plant was 

inoculated with different AM fungal species, a range of different responses was 

observed (as also seen in paper V). Inoculation with G. hoi had no effect on 

flower, fruit and seed number, whereas inoculation with G. claroideum decreased 

both the amount of fruits and seeds produced (paper V) compared to non-

mycorrhizal plants. The mycorrhizal effects on seed production and performance 

are largely the result of improved P acquisition, as AM inoculation and high soil P 

conditions have similar beneficial effects on female function (e.g. Stanley et al. 

1993). However, AM may alter resource allocation to reproduction (Koide et al. 

1988) and this might explain the fact that inoculation with G. claroideum 

increased plant biomass, but decreased plant reproductive output (paper V).  

3.3 Benefits from AM symbiosis for fungi growing with plants of 
different sex  

Even though the AM fungi incapable of heterotrophic carbon acquisition naturally 

benefit from the symbiotically derived carbon in an absolute sense, the benefit 

may still vary, and different plant species are known to vary in their overall 

quality as hosts (reviewed in Bever & Shchultz 2005). This idea can also be 

applied to different sexes: since the sexes in dimorphic plants have different 

resource budgets, one could expect differences in the amount of resources 

allocated to the fungus. I indirectly (and only partially) estimated the amount of 

carbon allocated to the fungus using colonisation intensity and spore production 

(Pringle & Taylor 2002) as a measure of resource allocation. There were no 

consistent results in A. dioica experiments. The sexes had a similar amount of 

root colonised by hyphae, vesicles and arbuscules in paper I, but females had 

more root length colonised by hyphae than males in the second study (paper II). 

Differences in root colonisation dynamics between the sexes have also been 
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reported in other dioecious species. Gehring & Whitham (1992) reported similar 

AM colonisation levels in both sexes of the dioecious Juniperus monosperma 

under low levels of parasitic mistletoe in the field. However, under a high density 

of mistletoe, females had significantly lower levels of AM colonisation than 

males. Vega-Frutis & Guevara (2009) reported higher root colonisation in female 

compared to males in Carica papaya, and Eppley et al. (2009) have reported 

differences in AM fungal colonisation between female and male Distichlis 

spicata: females were more likely to be colonised and had a greater root length 

colonised than males.  

In G. sylvaticum, AM hyphal colonisation was similar between female and 

hermaphrodite plants growing both in the field (paper III) and in the open garden 

(paper V). However, sexes differed in colonisation frequencies in the open garden 

experiment (paper IV). The differences observed between the latter two 

experiments might be partially explained by the different timing when the 

samples were taken. In contrast to the common garden experiment (paper V), in 

the greenhouse experiment (paper IV) plants were reproducing at the time of root 

sampling. At this point, resource allocation to the developing floral structures 

might have constrained resource allocation to symbiosis.  

It should be noted that relating the frequency of AM structures in roots to the 

plant benefit observed is not always possible. The observed AM fungal 

colonisation rate depends on both the nutritional needs and the root growth rate of 

the plant, as well as the carbon and nutrients available to AM fungal growth 

(Smith & Walker 1981, Allen 2001). Therefore, it is difficult to relate differences 

in colonisation rates and reproductive output. Nevertheless, the amount of hyphae 

positively correlated with P content in the plants (paper IV) and P content was 

positively correlated in turn with the number of seeds produced (paper III). 

Moreover, at the time of reproducing, the total amount of seeds produced was 

positively related to the amount of arbuscules in female roots (paper IV). Even 

though these correlations might only be the result of other unobserved factors 

influencing both fungal colonisation and seed production, taken together these 

results suggest that the responses observed depend on the plant sex. In agreement, 

Vega-Frutis & Guevara (2009) have claimed that females in dioecious Carica 

papaya invest more in AM fungi than males, presumably to enhance their uptake 

of P.  

The carbon flow to AM fungi ranges between four and 20% of daily gross 

photosynthesis (Smith & Read 1997). The biochemical pathways involved in C 

transfer between the two partners are being revealed (Bago et al. 2003). However, 



44 

it is still unclear whether plants regulate this process (Graham et al. 1997). 

Assuming that the amount of carbon allocated to the fungus should be somehow 

related to the fungal biomass present in the roots (including external hyphae and 

spores), the sexes of A. dioica and G. sylvaticum may differ in the amount of 

resources allocated to their fungal symbionts (paper I, II and IV). Again, this 

result should be interpreted with caution as only one plant and one AM fungus 

was present in the experimental unit. The different AM species are functionally 

not identical (Munkvold et al. 2004), but at the moment there is little comparative 

information on how different AM species contribute to carbon consumption and 

plant fitness (Helgasson & Fitter 2009). Glomus hoi produced higher amounts of 

fungal structures than G. claroideum in association with G. sylvaticum (paper IV). 

Therefore, carbon requirements should be higher in G. hoi than in G. claroideum 

(assuming both no differences in fungal respiration and that the intraradical 

amount of fungi reflect that constructed extraradically). Correspondingly, above 

ground biomass of plants in symbiosis with G. hoi was smaller than when in 

symbiosis with G. claroideum, indicating different resource requirements in the 

two fungal species. 
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4 Conclusions 

The beneficial effects of AM symbiosis on several life history traits and on 

population dynamics are relatively well established in plants with monomorphic 

breeding systems. The results of this thesis confirm that AM symbioses also have 

similar beneficial effects to life history traits in the two dimorphic plant species 

investigated. However, my results also demonstrate that AM effects on plant life 

history traits may be dependent on the sex of the host. Moreover, in accordance 

with previous results with monomorphic plants, the AM responses observed in 

dimorphic plants varied depending on both the AM fungal and plant species 

involved, joining the growing evidence of host-specific differences in plant 

response to AM fungi and in fungal response to plants.  

AM symbioses are considered a mutualistic affair between plants and fungi. 

Therefore, both partners should benefit from the relation. From the plant point of 

view, association with AM fungi was mostly beneficial for both plant species 

studied as mycorrhizal plants had improved survival and growth compared to 

non-mycorrhizal plants. However, even though flowering was increased, 

reproduction was reduced due to AM symbiosis in G. sylvaticum. From the point 

of view of the fungus, as obligate symbionts they must colonise a root in order to 

grow. The investigated Glomus species grew well with their respective hosts. 

However, G. hoi produced higher amounts of fungal structures than G. 

claroideum in association with the same host, indicating a larger benefit in the 

former. Nevertheless, both plant hosts and AM fungi gained sex-specific benefits 

from AM. The results obtained in this study highlight the complexity of AM 

interactions: sex-specific benefits were not uniformly observed in all experiments, 

indicating that other factors may shape the interactions between AM fungi and 

hosts.  

Even though I used simplified systems, many interactions were observed 

which complicated the interpretation of the results. In a more realistic (and 

complex) scenario, other components of the soil community and diversity in the 

plant and fungal community should be represented. Under this more realistic 

situation, results observed in this work may not hold or may change. In addition, 

among-year variation can obscure the responses observed. Plant responses to AM 

fungi by a polycarpic host species may come at the cost of future survival, growth 

or reproduction. Nevertheless, through sex-specific effects on survival, growth 

and reproduction of the hosts, AM fungi play a role in the evolution of the life 

histories in the studied species. However, from my results it is difficult to forecast 
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the net result of these sex-specific mycorrhizal effects. Neither sex was a clear 

“winner” in all important life history traits considered. Moreover, mycorrhizal 

benefits were lost under certain environmental conditions, indicating that other 

ecological factors may be important in determining the outcome of the 

relationship.  

My results suggest that the plant-mycorrhizal fungus relationship may differ 

in different genders. Sex-specific relationships between plants and their 

mycorrhizal symbionts may have potential important consequences for the 

population dynamics of the sexual morphs, which should be studied in greater 

detail. So far, too few plant and fungal species have been examined to draw any 

reliable conclusion. The mechanisms involved, the incidence, and the importance 

of sex-specific relationships between AM fungi and plants will be hopefully 

investigated in greater detail in the near future. Moreover, molecular methods 

should be used to identify the fungal communities colonising the roots of the 

different genders in order to set up realistic experiments. Experiments should be 

designed to infer the effects AM fungi may have on other important plant life 

history parameters such as seed germination and seedling establishment. In 

addition, longer studies should be used to realistically include and consider future 

trade-offs within plant functions. Nevertheless, I hope that the findings shown in 

this work stimulate further research where the gender of the host plant is also 

taken into consideration. 
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