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Abstract
Mycorrhizal fungi are important contributors to the functioning of boreal forests, since they act in
the bilateral carbon and nutrient transport between above- and belowground parts of the
ecosystem. In ectomycorrhizal (ECM) symbiosis of woody host plants, both fungal and plant
partners depend on resources provided by the other. A single tree may simultaneously host several
ECM fungal partners, which greatly enhance the host's nutrient uptake. At the same time nearly
20% of host primary production is allocated to mycorrhizal fungi.

Although fungi depend on host-derived carbon, it is poorly understood how reduced carbon
availability, e.g., due to herbivory, affects the ECM fungal symbionts. In this thesis I studied the
impact of simulated insect defoliation or mammal browsing on mycorrhizal fungi of boreal woody
hosts. Quantitative and qualitative changes in biomass partitioning in different fungal
compartments were detected. None of the experiments showed that defoliation or shoot clipping
treatments reduced the intensity of ECM colonisation, while treatments often shifted fungal
composition towards less biomass producing ECM morphotypes. Above- and belowground
diversity in ECM symbionts tended to decrease due to shoot or foliar damage. In addition, in some
cases defoliation also reduced fungal biomass in fine roots and decreased ECM sexual
reproduction by reducing the number of sporocarps produced.

Defoliation induced a similar response pattern in the host and in ECM fungi with a stronger
response to increasing severity of treatment (e.g. degree of removed foliage or repeated years of
defoliation). This was also confirmed when relating the effects of host and ECM fungal symbionts
to defoliation using present and previously published data. The present results suggest that
belowground adaptation of boreal trees to the changing environment is mediated by changes in
fungal community or biomass partitioning. The lack of response in the intensity of ECM
colonisation further emphasises the importance of the symbiosis to boreal trees.

Keywords: belowground carbon allocation, Betula pubescens, colonisation, defoliation,
dual mycorrhizal, ectomycorrhiza, fungal community, herbivory, host tree, morphotype,
Pinus sylvestris, Salix repens, sporocarp
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1 Introduction 

Most boreal tree species maintain symbiotic ectomycorrhizal (ECM) fungi in their 
roots. ECM fungi are key components in forest ecosystems, since they act in the 
bilateral carbon and nutrient transport between above- and belowground parts of 
the ecosystem. In ECM symbiosis both fungal and plant partners depend on 
resources provided by the other. Boreal forest soils are characterised by low 
nutrient availability, especially nitrogen and phosphorus, due to low litter 
turnover, leaching and low pH (Persson et al. 2000, Wardle et al. 2004). High 
levels of complex polyphenolic compounds in coniferous needle litter further 
undermine nutrient availability by immobilising nitrogen into recalcitrant forms 
in forest humus compounds (Northup et al. 1995). In such conditions trees 
heavily rely on ECM fungal symbionts in their nutrient uptake and especially 
Pinaceae are regarded as obligately ectomycorrhizal (Read 1998). At the same 
time ECM fungi depend on host-derived carbon, since most of them have only a 
very limited capacity to obtain carbon by decomposing organic matter. A 
considerable proportion, nearly 20%, of a host’s photosynthetic carbon is 
allocated to the ECM fungal guild (Hobbie & Hobbie 2006). Allocation of host 
plant-derived carbon to mycorrhizal fungi is important for the whole belowground 
forest ecosystem, since it provides a main pathway by which carbon enters the 
soil organic matter pool (Godbold et al. 2006).  

1.1 ECM structures, function, and diversity 

In boreal trees a vast majority of root tips, nearly 100%, are colonised by ECM 
fungi (Taylor et al. 2000). A multi-layered ECM mantle encloses one, or in some 
cases several, tips simultaneously inside a common sheath. ECM fungal 
colonisation induces short root ramification, leading to a multiplication of the 
number of root tips. Especially the genera Suillus and Rhizopogon are known to 
induce large short root clusters with a common fungal sheath (Agerer 1987–
1996). An intimate contact zone, the Hartig net, where also nutrient exchange 
between the symbionts takes place, is formed between fungal and root epidermal 
or cortical cells. External mycelium extending from the ECM fungal mantle to the 
surrounding soil forms the most functionally important fungal compartment, and 
constitutes the main part of the ECM fungal biomass in the forest soil (Wallander 
et al. 2001). Host trees may be interconnected by ECM mycelial networks, which 
are also responsible for suggested nutrient and carbon transfer between hosts 
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(Simard et al. 2002) The structure of external mycelium varies significantly 
depending on fungal species: some ECM fungi produce sparse, simple mycelium 
contacting the surrounding substrates nearby, while others have extensive 
mycelium with large hyphal cords, rhizomorphs, which are specialised in long-
distance translocation of resources (Agerer 2001). Especially many 
Basiodiomycetes also allocate a large proportion of fungal biomass to sexual 
reproduction in sporocarps.  

Nutrient uptake by boreal trees occurs mainly through ECM fungi, which 
cover nearly all nutrient absorbing regions in roots isolating them from the soil 
solution (Bücking et al. 2002, Taylor & Peterson 2005). Soil nutrients and water 
are more efficiently taken up by ECM fungal hyphae than by bare tree roots, due 
to their larger volume, ability to access small soil pores and to grow beyond the 
root’s nutrient depletion zone (Yanai et al. 1995, Simard et al. 2002). Further, 
through their high enzyme production ECM fungi may exploit organic forms of 
nitrogen and phosphorus mainly inaccessible to the host plant (Chalot & Brun 
1998, Read & Perez-Moreno 2003). ECM fungal hyphae may also excrete oxalic 
acids, which mobilise inorganic nutrients such as phosphorus, potassium, calcium 
and magnesium by mineral weathering (Landeweert et al. 2001). Ability to use 
organic and inorganic nutrient sources shows, however, high variability among 
ECM taxa. 

The diversity of boreal ECM fungal species is high including at least 700 
species (Dahlberg 2002) with an increasing number of new ECM taxa constantly 
being identified especially among Ascomycetes (Tedersoo et al. 2006) but also in 
Basidiomycetes (Kõljalg et al. 2000). Such species richness is remarkable 
compared to the low number of host tree species in boreal forests. An individual 
tree may harbour several species of ECM fungal symbionts in its roots 
simultaneously (Saari et al. 2005) with some tens of fungal species inhabiting one 
monoculture stand (Dickie 2007). Identification of ECM species from 
belowground parts, root tips or soil mycelium, requires molecular methods 
(Gardes & Bruns 1993), but in ecological studies grouping of fungi into 
morphotypes, including several related species according to morphological 
characteristics in different fungal compartments, is often used (Agerer 1987–
1996). While it has been traditionally assumed that ECM trees and ericoid 
mycorrhizal (ERM) dwarf shrubs in forest ecosystems harbour different fungal 
symbionts, recent reports on common fungal taxa and even the same strains 
forming ECM in the tree host and ERM in the ericoid host (Villareal-Ruiz et al. 
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2004, Vrålstad 2004) further adds to diversity of mycorrhizal symbioses in boreal 
woody hosts. 

In addition, some predominantly ECM boreal tree genera, such as Salix, 
Populus and Alnus, may also support arbuscular mycorrhizal (AM) symbionts in 
their roots. (Lodge 1989, Cervantes & Rodriguez-Barrueco 1992). Studies with 
other dual mycorrhizal trees show that the dominant mycorrhizal type may 
change during growth and ageing of a plant with high AM colonisation in young 
seedlings but ECM dominance in older plants (Bellei et al. 1992, Chen et al. 
2000). AM fungi belonging to Glomeromycetes form mainly internal structures 
and usually less external mycelia than many ECM fungal species (Olsson et al. 
2002). Traditionally, ECM fungi are thought in greater extent to specialise in 
nitrogen uptake, while AM fungi mainly contribute to their host’s phosphorus 
nutrition (Olsson et al. 2002). 

1.2 Carbon economy in ECM symbiosis 

Carbon allocation dynamics in ECM symbiosis is affected by several factors, such 
as host photosynthetic activity, nutrient availability, symbiont identity, and sink 
strength created by the symbiont. ECM fungal activity and host photosynthesis 
are temporally tightly coupled, since photosynthetic carbon can be traced from 
ECM root tips within few days of fixation (Högberg et al. 2008). Further, even a 
slight change in, e.g., the host plant’s light conditions may result in a lower rate of 
fungal growth or respiration (Lamhamedi et al. 1994, Heinemeyer et al. 2007). 
Photosynthesis is a strongly sink-regulated process, where unloading of 
carbohydrates from photosynthetic tissues mainly determines the rate of carbon 
fixation (Luxmoore et al. 1995). Belowground sink strength is largely increased 
by stimulation of short root ramification by ECM fungal colonisation, and thus, 
increases the number of active, meristematic root tips. Further, ECM fungal 
colonisation may enhance host photosynthesis even beyond nutritional benefits 
provided by the fungal symbiont (Dosskey et al. 1990, Rousseau & Reid 1990, 
Conjeaud et al. 1996). Thus, acting as a strong carbon sink in roots, ECM fungi 
generate a positive feedback to the host’s carbon acquisition. However, in order to 
prevent parasitic exploitation the host may, at least to some extent, control the 
carbohydrate flow to ECM symbionts.  

Carbon is transported from the host to fungal tissues as soluble sugars and 
organic acids (Nehls et al. 2007). The main carbon transport form in plant tissues 
is sucrose, which cannot be utilised by ECM fungi as such (Salzer & Hager 
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1991). Thus, sucrose must first be hydrolysed into simpler monosaccharides by 
the plant-derived acid invertase in the apoplastic space between fungal and plant 
cells in the Hartig net region (Salzer & Hager 1991). Regulation of the host’s acid 
invertase activity may provide the first checkpoint for controlling carbon flow to 
the fungus (Nehls & Hampp 2000, Wright et al. 2000). Fungal cells take up 
monosaccharides from the apoplast via special transport proteins, after which the 
sugars are rapidly converted into fungal metabolites (Nehls et al. 2007). High 
monosaccharide concentration in apoplastic space stimulates fungal carbon 
uptake increasing the sink activity in ECM symbionts (Hampp et al. 1999). 
Monosaccharide transport from the apoplast may provide another mechanism by 
which carbon flow to ECM fungi is controlled. Some plant monosaccharide 
transporter genes have shown up-regulation in ECM symbiosis, and thus the host 
plant may compete with the fungus for carbohydrates (Grunze et al. 2004). Host 
competition of carbohydrates could operate in a case where carbon consumption 
exceeds the nutritional benefits provided by the fungal symbiont. Further, fine 
root longevity is closely related to soil nutrient availability (especially nitrogen), 
which implies that carbon allocation to fine roots continues as long as they are 
able to provide nutritional benefits (Burton et al. 2000). Theoretically, the host 
could selectively abort such ECM root tips in which the carbon costs exceed the 
benefits provided as mineral nutrients (Hoeksema & Kummel 2003). 

Carbon consumption for ECM metabolism and biomass production varies 
between fungal species and even within the same species depending on its 
activity. Fungal biomass is an important determinant of the structural carbon cost 
of the ECM symbiosis. In laboratory studies ECM fungi producing extensive 
mycelium in soil have been shown to require more carbon from the host tree than 
fungi with lower fungal biomass (Colpaert et al. 1992, Gorissen & Kuyper 2000). 
Production of fungal biomass by ECM morphotypes has been linked to carbon 
costs also at community level, where morphotype assemblage was determined by 
host carbon availability (Godbold & Berntson 1997, Godbold et al. 1997, 
Saikkonen et al. 1999). However, fungal biomass production is only a part of the 
carbon costs of the ECM symbiosis for the host. Many ECM fungal species are 
able to produce extracellular enzymes for exploitation of organic nutrient sources 
(Read & Perez-Moreno 2003), which requires extra energy from the host. For 
example, species of Lactarius and Russula show high enzymatic activity, but do 
not produce high mycelial biomass in soil (Agerer 2001). Furthermore, ECM 
carbon consumption is greatly affected by fungal respiration, which may vary 
between and within the species and also show temporal variation depending on 
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fungal activity, e.g. in nutrient assimilation (Söderström & Read 1987, Bidartondo 
et al. 2001, Fransson et al. 2007a). To some extent respiratory carbon loss via 
ECM fungi seems to be related to fungal biomass (Fransson et al. 2007a, b). 
Finally, the amount of carbon allocated to ECM fungi depends on the age of the 
root. Carbon allocation to senescing ECM root tips has been reported to decrease 
(Durall et al. 1994), while at the same time ECM fungi prolong fine root life-span 
and thus maintain the activity of the belowground carbon sink for a longer period 
(Pregitzer 2002).  

1.3 Host and ECM symbiont responses to aboveground herbivory 

Generally, the growth of forest trees decreases after insect herbivory, browsing by 
mammals, or artificial defoliation (Krause & Raffa 1992, Reich et al. 1993, Kolb 
et al. 1999), the response to damage often being proportional to the amount of lost 
foliage (e.g. May and Carlyle 2003). After foliar damage plants tend to shift 
allocation from belowground to aboveground parts which may result in a 
decreased root to shoot ratio (Vranjic & Ash 1997). Such a shift in allocation after 
foliar damage may be a part of the plant’s compensatory mechanism to obtain the 
most limiting resource (Bloom et al. 1985), which in the case of foliar damage 
would often be photosynthetic carbon. In the long run, plants also tend to 
maintain a rather constant ratio between shoot and root biomass, such that a 
decrease in one leads to a parallel reduction in the other (Brouwer 1983). In 
addition, defoliation usually induces carbon-based secondary metabolites in 
foliage (Roitto et al. 2003, Mumm & Hilker 2006), which further shifts allocation 
towards shoots. 

Due to a reduced carbon flux belowground and consequent decline in carbon 
availability especially in roots, herbivory usually affects mycorrhizal fungal 
symbionts negatively. Hence, reduced carbon assimilation in the host tree due to 
insect or artificial defoliation has been found to negatively affect ECM symbionts 
by reducing the production of ECM sporocarps (Last et al. 1979), fungal biomass 
in the fine roots (Stark & Kytöviita 2005) and, in some cases, intensity of ECM 
colonisation in fine root tips (Gehring & Whitham 1991, 1995, Del Vecchio et al. 
1993, Gehring et al. 1997, Rossow et al. 1997, Kolb et al. 1999). In most boreal 
tree species, studied so far, reduction in total ECM colonisation has not been 
detected (Markkola 1996, Saikkonen et al. 1999, Cullings et al. 2001), but instead 
defoliation has caused more qualitative changes in the ECM community. 
Saikkonen et al. (1999) showed a decrease in ECM morphotypes with high fungal 
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biomass in mantle or external mycelia in defoliated Scots pine, which suggests a 
greater carbon demand in these types compared to ECM fungi producing less 
fungal biomass. Defoliation-induced changes were also reported from an ECM 
community investigated by molecular methods, where differing carbon demand 
was proposed as one plausible mechanism causing the shifts in fungal species 
(Cullings et al. 2001, 2005). Further, ECM community change from 
Basidiomycetes to Ascomycetes, which typically have a lower biomass 
production, has been reported due to natural insect herbivores in Pinus edulis 
(Brown et al. 2001, Gehring & Whitham 2002). Variation in the host’s carbon 
assimilation is thus likely to cause changes in ECM assemblage depending on 
carbon requirement and biomass production of the individual fungal symbionts 
(Fig. 1). 
 

Fig. 1. Low-biomass (A) and high-biomass (B, C) ECM morphotypes in Scots pine 
roots collected from Hailuoto. Smoot type without extensive extraradical mycelia or 
rhizomorps (A), Suillus or Rhizopogon type enclosing several root tips inside a 
uniform mantle and with abundant rhizomorps (B), and a highly rhizomorphous type 
(C). 

In addition to studies reporting herbivore-mediated effects on mycorrhizal 
symbionts, a number of studies have shown that also mycorrhizal status of the 
host can affect herbivore performance (Wardle et al. 2004). Both AM and ECM 
symbiosis typically increase host nutrient content, which especially in low 
nitrogen environments may attract insects to oviposit and feed more on 
mycorrhizal plants (Manninen et al. 1998, Goverde et al. 2000). However, 
mycorrhizal colonisation may also affect herbivores negatively by increasing the 
host’s secondary metabolite production as a result of changes in carbon allocation 
(Gange & West 1994), although neutral effects of especially ECM colonisation 
have also been reported (Gehring et al. 1997, Manninen et al. 2000). Moreover, 
interactions between mycorrhizal fungi and aboveground herbivores seem to 

A B C
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depend on both insect and fungal species identity. Mycorrhizal colonisation may 
increase performance of specialist herbivores, but decrease the performance of 
generalists (Gange et al. 2002). Fungal species and community composition 
affects host plant response to herbivore attack (Gange et al. 2005, Bennet & 
Bever 2007) and may thus result in a variable response in herbivore performance 
(Goverde et al. 2000). 

1.4 Aims of the study 

Although mycorrhizal fungi depend on host plant-derived carbon, it is poorly 
understood how reduced carbon availability affects especially ECM fungal 
symbionts, which are important contributors in the functioning of the boreal forest 
ecosystem. Only a limited number of studies report the impact of host foliar 
damage on related ECM symbionts, and the existing data have shown partially 
divergent results. This thesis aims to further elucidate general trends arising in 
belowground fungal symbionts as a response to aboveground simulated herbivory, 
and more specifically report treatment effects on quantitative and qualitative 
changes in biomass partitioning in different fungal compartments. In addition, I 
tested the hypothesis that the biomass produced by an ECM symbiont correlates 
with its carbon cost, which in turn could affect ECM morphotype composition 
depending on the host’s carbon availability.  

In the first study (I), the effect of Scots pine needle removal on related ECM 
symbionts was tested in natural conditions, with special emphasis on ECM sexual 
reproduction. The extent and structure of the aboveground ECM community was 
studied, and an estimate of fungal biomass allocation between ECM sporocarps, 
soil mycelium and ectomycorrhizas was provided for defoliated and non-
defoliated trees. The main belowground ECM morphotypes were identified using 
molecular methods. 

The two following studies (II, III) were conducted with Scots pine and white 
birch seedlings in an experimental field, which enabled examination of various 
defoliation treatments on host seedlings’ biomass partitioning in relation to fungal 
biomass in roots and ECM morphotypes. Defoliation treatments were repeated on 
one to three years with two defoliation intensity levels in white birch and three 
different seasonal timing treatments of defoliation in Scots pine. Morphotypes in 
both studies were divided into only two categories, high-biomass and low-
biomass types, the abundance of which was assessed in all treatments. 
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In the last study (IV), the effect of shoot clipping on dual mycorrhizal, 
dioecious Salix repens was examined in a natural seashore stand. ECM 
morphotype community and AM structures and their interactions were 
investigated in male and female hosts. Further, host growth and flowering 
frequency of both genders were assessed in the following year. 

The results from the present studies are discussed in comparison with the 
previous studies, and the discrepancies that have arisen, especially in changes in 
ECM colonisation, are reviewed. Finally, relative effects of defoliation or shoot 
clipping on host plants and ECM fungi were calculated from the present and 
previous available data. This was done in order to examine, whether the response 
of ECM symbionts to simulated or natural herbivory was dependent on and of 
similar magnitude than the host plant response. 
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2 Material and methods 

2.1 Study sites 

Two experiments (I, IV) were conducted on natural sites on the coast of the island 
of Hailuoto in the Bothnian Bay. The sandy soils on the primary seashore 
succession area are young and nutrient-poor. Due to the young age of the soil, no 
podsol structure is yet seen. The area was chosen because of the sparse vegetation 
and low number of ECM species. The study area of Salix repens (IV) situates in 
Mäntyniemi (65°04’ N, 24°37’ E) on the dune slack behind the shore dune ridge, 
where vegetation is uneven and is dominated by patches of Salix repens and to a 
lesser extent mountain crowberry (Empetrum nigrum ssp. hermaphroditum). A 
few herbs, grasses and sedges (Hieracium umbellatum, Rumex acetosella, Leymus 
arenarius, Deschampsia flexuosa, Juncus balticus) are also present, but ground 
vegetation is rare or absent. Single tree seedlings (Pinus sylvestris, Betula 
pubescens) also occur. Soil pH is low, on average 4.8 (Oriol Grau, upubl.). The 
study site of young Scots pine (I) is situated in Virpiniemi (65°03’ N, 24°36’ E) 
on slightly older ground on a dune slack behind the dune zone. Vegetation is still 
patchy, consisting of dwarf shrubs (Empetrum nigrum ssp. hermaphroditum, 
Vaccinium uliginosum) lichens (Cladonia spp., Cladina spp., Stereocaulon sp.) 
and mosses (Racomitrium canescens, Polytrichum piliferum, P. juniperinum). 
Sparsely distributed young Scots pines are the dominant tree species. The humus 
layer is patchy and very thin (0.5–1.0 cm), if present. The mineral soil is acidic 
(pH 4.8), and organic matter and total nitrogen content are low (0.2% and 
< 0.01% of soil dry mass, respectively). 

Two other experiments with seedlings of Scots pine (II) and European white 
birch (III) were conducted in an experimental field at the Botanical Gardens of 
the University of Oulu (65°00’ N, 25°30’ E). Here the soil is a moderately fertile 
peat-mineral soil mixture (pH 5.3; total nitrogen 30.9 mg g–1 soil organic matter) 
limed and fertilised with a NPK fertiliser 7 years before the experiments. In the 
experimental field, nursery-grown seedlings were planted in rows 0.5-1 m apart 
from each other one year prior to the treatments. All other vegetation was 
removed by harrowing the topsoil yearly. 
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2.2 Study species and experimental setups 

Scots pine (Pinus sylvestris L.) is one of the most common forest trees in the 
boreal zone, being the dominating tree species in 65% of the forest area in 
Finland (Finnish Forest Research Institute 2005). Like most boreal coniferous tree 
species, Scots pine also follows a determined seasonal growth pattern, where the 
number of needle pairs and internodes are determined according to the growth 
conditions of the previous season (Kozlowski et al. 1991) and resource allocation 
to different plant parts changes periodically. Shoot elongation is, however, 
affected by current season conditions, e.g. precipitation. Early in the growing 
season elongating shoots form a strong sink that is mainly fed by 
photosynthetically active previous years’ needles, while stored carbohydrates play 
a less important role (Hansen & Beck 1994, Lippu 1998). After shoot elongation a 
major proportion of resources is allocated to developing needles, which gradually 
shift from sinks to carbon sources towards the end of the season (Ericsson 1978, 
Troeng & Linder 1982). Root growth mainly occurs after shoot and needle growth 
late in the growing season (Iivonen et al. 2001).  

White birch (Betula pubescens Ehrh.) is another common boreal tree species. 
Unlike conifers, boreal deciduous trees show a less distinctive seasonal growth 
pattern and the number of leaves is not determined in the previous season 
(Kozlowski et al. 1991). Instead, their growth depends relatively more on 
environmental factors of the current season, affecting the number of leaves 
produced in long shoots. Thus, deciduous trees may show a greater capacity for 
compensatory growth than conifers, e.g., after herbivore damage. Salix repens L. 
is a dioecious, clonal shrub, which is very common especially in coastal dune 
areas. S. repens shows high plasticity in shoot growth varying from very low (up 
to 10 cm) to higher growth forms (80 cm) (Ranwell 1960). In the present, study S. 
repens mostly grew low shoots, most likely due to harsh environmental 
conditions, such as heavy coastal winds and moving sand. Further, under the 
influence of moving sand S. repens forms clearly defined hummocks in the 
experimental area (IV). 

Tree roots in the present studies were highly mycorrhizal by ECM fungi with 
over 93% of root tips colonised in Scots pine trees (I), 89% in Scots pine 
seedlings (II), 98% in white birch (III) and 72% in Salix repens (IV). From the 
young Scots pine stand in the seashore succession area, altogether 15 ECM 
morphotypes were identified from roots and 12 ECM species were producing 
sporocarps (I). Based on the sporocarp and molecular data from roots, Suillus and 
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Rhizopogon spp. dominated in the ECM community. As expected, at the younger 
succession stage the number of ECM morphotypes in Salix repens roots was 
lower with only six characterised morphotypes (IV). Unlike other species studied, 
S. repens may form dual mycorrhizal symbiosis with both ECM and AM fungi, 
although ECM fungi typically are the dominant symbionts in the roots (van der 
Heijden & Vosatka 1999). The dominant ECM coloniser in Salix roots was 
Cenococcum geophilum, one of the few ECM species which may be identified in 
the roots on the basis of morphology. In the experimental field the fungal 
inoculum for planted seedlings was initially provided by the soil of the nursery 
from where they originated (II, III). During the experiments only some 
Thelephora terrestris and Hebeloma sp. were fruiting at the site, suggesting that 
the ECM community in the experimental field consisted of fungal species typical 
for disturbed soils. Additional inoculum was likely contributed by the young 
Scots pine-dominated stand surrounding the experimental field and having typical 
boreal ECM community of an urban area (Tarvainen et al. 2003).  

Both Scots pine and white birch were defoliated manually with scissors by 
cutting the whole needle pairs or leaves from the base to mimic insect herbivory 
(I, II, III). In Scots pine the developing current needle class was always left intact. 
In experiments I, III, and IV defoliation was done in the middle of the growing 
season. At that time Scots pine has a fully elongated annual shoot with newly 
developing needles, white birch has matured the early leaves and Salix repens is 
already shedding seeds. In experiment II, Scots pine seedlings received three 
different seasonal defoliation treatments: Early season defoliation was conducted 
before the current year shoot elongation (late May-early June), middle season 
defoliation was conducted after the current shoot elongation period but before 
current needle growth had started (mid-June) and late season defoliation was 
conducted after the cessation of current shoot and needle growth (early August). 
Seasonal timing, intensity and repetition treatments in consecutive years varied 
depending on the experiment (Table 1). Mammalian browsing was simulated in 
Salix repens (IV) by manually clipping away half of each shoot.  

To further examine effects of defoliation on fungal fruiting, a separate 
experiment was done with Scots pine seedlings among the young Scots pine trees 
(I) in the same natural stand in Hailuoto. Thirty similar-sized (~1 m in height) 
seedlings were selected, of which every other seedling (n = 15) was randomly 
allotted to be defoliated by removing all mature needles in the middle of the 
growing season. The rest of the selected seedlings were left intact (n = 15). 
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Table 1.  Summary of the study plants and treatments. Defoliation intensity is reported 
as degree of mature foliage removed. AD = apical damage on each shoot. 

Paper I II III IV 

Target plant Pinus sylvestris Pinus sylvestris Betula pubescens Salix repens 

Plant age young trees seedlings seedlings mature 

Study site natural stand experimental field experimental field natural stand 

Defoliation     

Intensity 0 or 100% 0 or 100% 0, 50 or 100% 0 or 50% AD 

Repetition (yrs)  two one, two, or three one or two one 

Seasonal timing middle early, middle, or late middle middle 

No. of treatments three ten seven four 

Replicates per 

treatment 

15 15 15 10 

Blocking no yes no yes 

2.3 Plant parameters 

In the experimental field (II, III), plant biomass was measured from excavated 
seedlings after drying (60° C, 48 h) by separately weighing shoots, 
leaves/needles, stem, coarse roots and fine roots (< 2 mm in diameter in pine, 
< 1 mm in birch). Shoot length was measured in Scots pine (I, II) from main 
annual shoots, and in Salix repens (IV) from lateral branches of shoots. In Salix 
also the number of vegetative shoots per patch was estimated (IV). Root biomass 
in Scots pine trees in the natural stand (I) was assessed from soil cores collected 
around studied trees. Reproductive investment was estimated as number of female 
cones in Scots pine (I) and as number and proportion of flowering shoots in Salix 
repens (IV). Foliar nitrogen and carbon content was determined with a CHN 
analyser in dried (< 60 °C) and pulverised samples in experiments I, II and IV. 
Non-structural carbohydrates (glucose, fructose, sucrose and starch) were 
quantified from pulverised fine roots of white birch (< 1 mm in diameter; III) and 
Scots pine (< 2 mm in diameter; I) colorimetrically according to Beutler et al. 
(1978). 

Data in experiments II and III were analysed by factorial ANOVA including 
number of repeated defoliation years, defoliation intensity or seasonal timing as 
fixed factors and block as the random factor. Planned contrasts were designed to 
compare the control group with the individual defoliation treatments (III) or with 
pooled treatments (II), when the ANOVA model did not reveal any significant 
effects. Factorial ANOVA was also used in experiment IV, where host clipping 
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and gender were assigned as fixed factors and block as the random factor. In 
experiment I, data were analysed by repeated-measures ANOVA with defoliation 
year as a within-subjects and defoliation treatment as between-subjects factor. 
Differences between control and defoliated trees within each year were tested by 
t-tests (significance levels corrected by means of Dunn-Sidák method). The 
relationship between the host and fungal parameters were analysed using the 
Pearson correlation coefficient or linear regression.  

2.4 Fungal colonisation, biomass and community structure 

Various parameters in mycorrhizal fungi in the present experiments were 
investigated (Table 2). Root samples for determination of mycorrhizal 
colonisation and morphotype analysis were taken with a soil corer (3 cm in 
diameter into 15 cm depth) in natural stands (I, IV). Ten soil core samples were 
examined around young Scots pine trees. In each Salix repens patch six soil core 
samples were taken, out of which two to six were examined to reach a similar 
number of root tips (minimum 300 tips per patch). Soil core samples were kept in 
a freezer (–20 °C) until preparation. All samples were thawed at room 
temperature, after which soil samples were gently sieved through 2 mm mesh 
under running tap water. In the studies conducted in the experimental field (II, III) 
samples were collected around the root system of each seedling, and pooled to 
make a composite sample, then frozen (–20 °C). Roots were picked out under a 
stereomicroscope and classified as ectomycorrhizal (mostly short roots with a 
visible fungal mantle) and non-mycorrhizal (roots without mantle and sometimes 
with root hairs) to obtain the total colonisation of ECM fungi in roots.  

ECM roots tips were further classified in morphotypes according to their 
morphology and colour (Agerer 1987–1996) and proportional colonisation of 
each morphotype of all root tips was counted. In the experimental field (II, III), 
the main aim was to separate morphotypes by the visible amount of fungal 
biomass, and hence individual types were divided only into two categories: thin-
mantled types with sparsely attached mycelia, if any (referred as low-biomass 
types), and all thick-mantled types, or those types forming abundant hyphal 
bundles or rhizomorphs (referred as high-biomass types). Classification of 
morphotypes into thin- and thick-mantled types was confirmed in these 
experiments by measuring the diameter of ECM root tips. Molecular 
identification of the most common morphotypes (n = 8) was used in the study 
with young Scots pine trees (I). Fungal DNA was extracted from fresh individual 
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mycorrhizae and amplified by polymerase chain reaction (PCR) using the primers 
ITS1, ITS4, ITS1-F, and ITS4-B (Gardes & Bruns 1993). The PCR product was 
sequenced, and the fungi were identified by comparing the obtained sequence 
data with fungal sequences in the GenBank database using the BLAST program. 

In dual mycorrhizal Salix repens, also AM structures from the roots were 
examined. Roots were stained by trypan blue method to assess the internal AM 
colonisation (Phillips & Hayman 1970). Roots were kept over night in 10% KOH, 
rinsed with water, and soaked in 30% H2O2 for 60 min to bleach the melanised 
roots. After this, roots were rinsed again with water, kept in 1% HCl for 2.5 hours 
and stained in trypan blue (90° C 60 min). After the staining procedure AM 
structures were monitored from a random subsample of the stained roots mounted 
on a slide. Whole root length was assessed under a light microscope under 100–
400 × magnification. Due to the relatively thick and melanised roots of Salix 
repens at the site, I only detected AM spores, vesicles and lobed spores/vesicles 
from the roots, while other structures (e.g. single hyphae or arbuscules) could not 
be observed. Root length from each slide was measured using image analysis 
software (iSolutionTM). On average 43.6 ± 0.38 cm of root was examined per each 
treatment patch. Data are reported as number of AM structures (spores, vesicles) 
per examined root length (cm). 

Ergosterol concentration was used as an estimate of fungal biomass in fine 
roots (I–III) and mineral soil (I, IV). Ergosterol is a component of fungal cell 
membranes and provides a quantitative estimate of living fungal biomass, 
although the amount of ergosterol may depend on the species and age of 
mycelium (Antibus & Sinsabaugh 1993). Ergosterol is present in higher fungi 
such as Basidio- and Ascomycetes, which typically form mycorrhizal associations 
with woody plants or are saprotrophic, while ergosterol has not been discovered 
in the AM symbiotic fungi Glomeromycetes in vivo (Fontaine et al. 2001, Olsson 
et al. 2003). Freshly collected fine roots and soil samples were first frozen in 
liquid nitrogen and stored in a freezer (−70° C). Ergosterol was analysed using a 
modified assay (Nylund & Wallander 1992, O. Kåren, personal communication). 
Free ergosterol was extracted with ethanol, followed by saponification with KOH 
for esterified ergosterol fraction; pentane was used for final extraction. Ergosterol 
was quantified with high performance liquid chromatography (HPLC) using a 
reverse-phase C18 column and methanol as the eluant. Commercial ergosterol 
(5,7,22-Ergostatrien-3ß-ol, Fluka AG) was used as a standard. Ergosterol 
concentration is reported as μg per mg of dry fine root / soil material. 
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In the natural Scots pine stand in Hailuoto, ECM sporocarps were examined 
(I). The number of sporocarps of each species was monitored twice a month 
during 1998–2001 from August to September or October depending on duration 
of fungal fruiting. Only sporocarps around the experimental trees (n = 30) at a 
distance of 1.5 m from the tree trunk were counted. Similarly, ECM sporocarps 
around defoliated and control Scots pine seedlings (n = 30) among young Scots 
pine trees were monitored during 2002–2003 from August to October. However, 
due to the small size of the seedlings and the proximity of other seedlings, 
sporocarps only at a distance of 1 m from the trunk were counted. Also non-ECM 
sporocarps were counted in both experiments to control to the overall treatment 
effect on fungal fruiting. 

For ECM sporocarps and morphotypes species richness, Shannon diversity 
index (I, IV) and Simpson’s dominance index (IV) were applied in assessing the 
above- and belowground community structure in the natural stands. Sporocarp 
numbers around defoliated and non-defoliated Scots pine seedlings were 
compared with t-tests performed separately for both defoliation years (2002–
2003). All fungal data were analysed as plant parameter data (cf. chapter 2.3).  

Table 2. Summary of the examined fungal parameters in the experiments. ECM 
diversity refers to the Shannon diversity index calculated from sporocarp (I) or 
morphotype (IV) data. ECM dominance refers to Simpson’s dominance index 
calculated from morphotype data. 

Paper I II III IV 

Host plant Pinus sylvestris Pinus sylvestris Betula pubescens Salix repens 

ECM colonisation x x x x 

ECM morphotypes x x x x 

ECM diversity x   x 

ECM dominance    x 

ECM sporocarps x    

Root fungal biomass x x x  

Soil fungal biomass x   x 

AM structures    x 

2.5 Response of fungal symbiont in relation to host response 

To assess, whether defoliation or clipping treatment resulted in a response of 
similar magnitude in the host plant and ECM fungal symbionts, relative effects 
were calculated from data presented here (I–IV) as well as from previously 
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published data (Gehring & Whitham 1995, Markkola 1996, Kolb et al. 1999, 
Mueller et al. 2005, Stark & Kytöviita 2005). Relative effects of simulated or 
insect herbivory were calculated by taking into account the most severely effected 
plant and ECM fungal parameters in damaged plants in comparison to intact 
plants. Plant parameters used in Figure 3 are stem or total plant biomass (II, III, 
Markkola 1996, Kolb et al. 1999, Stark & Kytöviita 2005), current shoot growth 
(I), shoot mortality (Gehring & Whitham 1995, Mueller et al. 2005) and host 
flowering shoot proportion (IV). Respective ECM fungal parameters are total 
colonisation (Gehring & Whitham 1995, Kolb et al. 1999, Mueller et al. 2005), 
the number of ECM roots (Markkola 1996), fungal biomass in soil or in fine roots 
(IV, Stark & Kytöviita 2005), colonisation of ECM morphotypes (II, III) and 
number of ECM sporocarps (I). Other details are presented in Table 5. 
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3 Results 

3.1 Mycorrhizal response to defoliation 

Defoliation or shoot clipping had a generally negative effect on different fungal 
parameters, although many neutral responses were also detected (Table 3). In 
none of the experiments did the treatments decrease the total ECM colonisation. 
Instead, a shift in ECM morphotype community was often found. In the 
experimental field, both 50 and 100% defoliation in two consecutive years 
reduced colonisation by high-biomass ECM morphotypes in white birch roots, 
while neither of the defoliation intensities applied during only one growing 
season had a significant effect (III). Likewise, in Scots pine repeated defoliation 
in two or three consecutive years increased colonisation by low-biomass ECM 
with a simultaneous though non-significant decline in high-biomass ECM after 
two years of defoliation (II). A similar declining trend in high-biomass 
morphotypes, molecularly identified as Suillus and Rhizopogon spp., was found in 
a nutrient poor, natural Scots pine stand (I). Despite the observed reduction of 
high-biomass morphotypes, fine root fungal biomass (μg g–1; indicated as 
ergosterol) was found to decrease by defoliation only in white birch (III), while in 
Scots pine fungal biomass did not show a significant response (I, II). Effects of 
defoliation on soil fungal biomass were studied in natural field experiments (I, 
IV), where soil fungal biomass only in clipped male Salix repens showed a 
decreasing trend. 

The number of ECM sporocarps around defoliated Scots pine trees decreased 
to about one third compared to controls in the first defoliation year (I). The same 
pattern was seen in the fungal biomass allocation to sexual reproduction and 
mycelial growth in roots and soil: in the first defoliation year the proportion of 
sporocarp biomass of the estimated total fungal biomass was 21% in controls and 
only 6.3% in defoliated trees, and in the second defoliation year 11.5% in controls 
and 3.9% in defoliated trees. Defoliation only affected the fungal biomass 
allocation pattern, while the total fungal biomass in ECM symbionts remained 
unchanged (I). However, a similar defoliation treatment conducted in two 
successive years (2002–2003) on Scots pine seedlings among the young Scots 
pine trees in the same natural stand did not result in a similar reduction in ECM 
sporocarps (t28 = 0.641, p = 0.572 in 2002; t28 = –0.483, p = 0.633 in 2003; Fig 2). 
Defoliation did not affect the number of non-ECM sporocarps around the studied 
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trees or seedlings. Further, in young Scots pine trees defoliation also mediated 
qualitative changes in the aboveground ECM community by reducing diversity of 
ECM sporocarps measured as species richness and Shannon diversity index (I). 
The strongest decline was detected in absolute number of Suillus bovinus 
sporocarps, but in none of the ECM species did the relative sporocarp number 
show a significant reduction due to defoliation. In Salix repens a decreasing trend 
in morphotype diversity (Shannon index) and an increase in morphotype 
dominance (Simpson’s index) were detected (IV).  

The negative effect of defoliation on ECM parameters was related to how 
early in the growing season the treatment was applied. In Scots pine roots 
colonisation of low-biomass ECM increased in the early- and middle-season-
defoliated seedlings. High-biomass ECM colonised slightly, but non-significantly, 
less root tips in defoliated seedlings, while in early-defoliated seedlings the 
proportion of non-mycorrhizal root tips was decreased, possibly indicating 
reduced growth potential in this treatment (II). Root fungal biomass did not 
express any clear response pattern to seasonal defoliation treatments. 

Table 3. Summary of the impact of different defoliation treatments or shoot clipping on 
studied fungal parameters. Neutral response is indicated as ‘0’; statistically significant 
(p < 0.05) negative or positive responses as ‘–’ and ‘+’ , and nearly significant (p < 0.1) 
negative response as ‘(–)’. ECM diversity refers to Shannon diversity index calculated 
from sporocarp (I) or morphotype (IV) data. ECM dominance refers to Simpson’s 
dominance index calculated from morphotype data. 

Paper I II III IV 

Host plant Pinus sylvestris Pinus sylvestris Betula pubescens Salix repens 

ECM colonisation 0 0 0 0 

ECM morphotypes     

High biomass ECM (–) (–) / – –  

Low biomass ECM  +   

ECM diversity –   (–) 

ECM dominance    + 

ECM sporocarps –    

Root fungal biomass (–) 0 –  

Soil fungal biomass 0   (–) 

AM structures    0 
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Fig. 2.  ECM sporocarps (mean ± SE) produced (A) around young trees (I) and (B) 
seedlings of Scots pine in a primary seashore succession stand. 1st and 2nd year refer 
to studied years, when 100% consecutive removal of mature needles was applied 
(1998–1999 for young trees and 2002–2003 for seedlings).  

3.2 Host responses to defoliation 

Host plants typically showed a strong negative response to defoliation or shoot 
clipping (Table 4). One of the most striking effects of defoliation in Scots pine 
was reduction in shoot growth (I, II). In white birch seedlings full defoliation on 
two consecutive years reduced shoot biomass as much as 86% (III). A reduction 
of the same magnitude was also detected in Scots pine shoot biomass in the most 
severe treatment (early season defoliation of pine seedlings in three consecutive 
years; II). Further, in Scots pine current main shoot length was especially reduced 
by previous year defoliation in both young trees in the natural stand and in 
seedlings in the experimental field (I, II). In young Scots pine trees (I) also a 
significant increase in carbon-based secondary metabolites in needles 
accompanied by a decrease in foliar nitrogen was observed (Roitto et al. 2003). In 
belowground parts, coarse roots were strongly reduced by defoliation treatments 
in the experimental field. Defoliation decreased root biomass relatively more than 
shoot biomass, which in Scots pine and white birch seedlings was also seen as a 
reduction in root to shoot ratio (II, III). No significant reduction in root biomass 
estimated from soil cores was detected in the natural Scots pine stand.  

Defoliation and shoot clipping also negatively affected host reproduction. 
After two years of repeated defoliation, female cone production in young Scots 
pine trees was almost completely inhibited (I). Similarly, in Salix repens shoot 
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clipping performed during the previous year reduced the proportion of shoots 
producing either female or male inflorescences.  

Seasonal timing of defoliation significantly affected the response of Scots 
pine seedlings to foliar damage (II). Similar to the fungal symbionts, defoliation 
induced a more negative effect in relation to the earlier in the growing season it 
was applied. Current main shoot length and root to shoot ratio were significantly 
decreased by early and middle season defoliation. Total shoot and coarse root 
biomasses showed a similar decreasing pattern, except that defoliation always had 
a significant negative effect on both parameters irrespective of season when 
defoliation was conducted (II). 

Table 4. Summary of the impact of different defoliation treatments or shoot clipping on 
plant parameters. Symbols as in Table 3. 

Paper I II III IV 

Target plant Pinus sylvestris Pinus sylvestris Betula pubescens Salix repens 

Current shoot length – –   

Total shoot biomass  – –  

Lateral shoot length    0 

Host reproduction –   – 

Root carbohydrates 0  (–)  

Fine root biomass  0 –  

Coarse root biomass  – –  

Total root biomass 0    

Root to shoot ratio  – –  

3.3 Interactions between fungal and plant partners 

In all studies it was possible to relate root fungal biomass, colonisation by high-
biomass ECM or morphotype richness to host tree growth. In young Scots pine 
trees (I) current shoot growth was positively correlated with root fungal biomass 
(r = 0.526, p = 0.003) and number of sporocarps (r = 0.384, p = 0.036). In Scots 
pine seedlings (II) current shoot growth had a negative relation to colonisation by 
low-biomass morphotypes (r = –0.229, p = 0.027), while root fungal biomass 
showed no trend. In fully (100%) defoliated white birch there was a strong 
positive relation between high-biomass ECM and leaf biomass (proportionated to 
non-photosynthetic plant biomass; III). This relation was less evident in 50% 
defoliation and was absent in controls. In Salix repens ECM morphotype richness 
and host lateral shoot growth was positively correlated (IV).  
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4 Discussion 

4.1 Mycorrhizal responses to defoliation 

Reduced aboveground biomass of the host was also reflected in belowground 
mycorrhizal fungal symbionts in all present studies. Host defoliation or shoot 
clipping induced a negative response in different ECM fungal compartments 
(sporocarps, fungal biomass in roots and to a lesser extent in soil) or caused a 
shift in ECM morphotypes, though no reduction in the intensity of ECM 
colonisation was found in any of the host species studied. Results from the 
present experiments are well in line with previous studies (Table 5), although 
some dissimilarities, which are discussed below, also emerged.  

4.1.1 ECM colonisation 

Total ECM colonisation is a conservative, although important measure, since it 
describes the degree of individual nutrient transport connections between the host 
and fungal symbiont, and is thus closely related to the functioning of the 
symbiosis. In all the present experiments total ECM colonisation remained 
unaffected despite severe defoliation treatments, while in previous studies both 
negative and neutral effects have been reported (Table 5). Several different factors 
may account for the discrepancy in the responses of ECM symbionts. Firstly, 
ECM colonisation was mainly decreased in studies where trees were defoliated 
repeatedly by natural long-term (≥ 4 years) herbivory on pinyon pine (Pinus 
edulis; Gehring & Whitham 1991, 1995, Del Vecchio et al. 1993, Gehring et al. 
1997) or on willows and balsam poplar (Rossow et al. 1997). In addition, in 
pinyon pine studies, insects were allowed to choose the trees they were feeding on 
resulting in heavily attacked susceptible trees and resistant trees with only minor 
herbivore defoliation. Natural food plant selection implies that herbivore-
susceptible and herbivore-resistant pinyon pines may differ, e.g. genetically, 
which may have contributed to the reduced ECM colonisation in the susceptible 
trees (Gehring & Whitham 1991). However, defaunation of herbivore insects 
from susceptible pinyons recovered the ECM colonisation to the same level as in 
resistant trees, which implies that severity and duration of herbivore damage, 
rather than inherent differences in hosts, drive the degree of ECM colonisation in 
pinyon pine (Del Vecchio et al. 1993). 
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However, in the present studies even three years of repeated, severe 
defoliation did not reduce ECM colonisation in Scots pine seedlings in the 
moderately nutrient rich experimental field (II), suggesting that response of 
mycorrhizal colonisation may be system specific. Studies reporting neutral 
response of ECM colonisation to defoliation have mostly been conducted in 
boreal trees (Table 5). Boreal trees are adapted to grow in nutrient-poor 
conditions in rather moist soils with a high organic nitrogen content and low pH, 
which in turn provides an excellent breeding ground especially for ECM fungi 
and results in very high ECM colonisation in roots. A dramatic decrease in fungal 
colonisation potential in boreal soils would require large-scale deterioration of 
host trees or the soil ecosystem, and hence, defoliation treatments conducted on 
individual trees, may not reduce fungal inoculum enough to have an impact on 
total colonisation. Studies showing reduced ECM colonisation in pinyon pine 
roots (Gehring & Whitham 1991, 1995, Del Vecchio et al. 1993, Gehring et al. 
1997) were conducted on less favourable semi-arid sites, where ECM 
colonisation has been shown to be strongly dependent on soil moisture conditions 
(Swaty et al. 1998). In these environments ECM colonisation of pinyon roots is 
highly variable and distinctly lower (~ 30–80%, Del Vecchio et al. 1993, Gehring 
et al. 1995) compared to nearly 100% constant ECM colonisation typical for 
boreal tees (Taylor et al. 2000). Defoliation in less favourable environments for 
fungal growth could result in a shortage of fungal inoculum, and thus lead to 
reduced colonisation. This idea is supported by Gehring et al. (1995), who report 
that shoot clipping decreased ECM colonisation in a water and nutrient-stressed 
site whereas colonisation remained unchanged in a less stressful site. Further, in 
the sandy seashore site shoot clipping did not reduce ECM colonisation in dual 
mycorrhizal Salix repens (IV). In another dual mycorrhizal woody host, Quercus 
turbinella, herbivory has been reported to decrease ECM colonisation, 
accompanied by a simultaneous increase in AM colonisation (Mueller et al. 
2005). The present results agree with Kosola et al. (2004) who reported similar 
ECM and AM colonisation in defoliated and undefoliated hybrid poplars. 

High investment in ECM fungal colonisation seems to be a common feature 
in boreal trees adapted to low-nutrient conditions. In laboratory studies, where 
nutrient addition is adjusted so that the host is not able to derive any nutritional 
benefits from ECM symbiosis, fungal colonisation has been shown to decrease 
host growth (Colpaert et al. 1992, Colpaert et al. 1996, Goriseen & Kuyper 2000), 
which can be regarded as a direct carbon cost of the symbiont (Hobbie 2006). In 
these studies the host plant exhibited almost full ECM colonisation, which 
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suggests that trees have a limited potential to regulate ECM colonisation in 
laboratory conditions even if the symbiosis would be detrimental to host growth. 
Therefore, the mechanism behind the possible reduction in ECM colonisation in 
herbivore-damaged trees in the field would most likely be reduced inoculum 
potential of the fungi. This hypothesis was recently tested by Lewis et al. (2008), 
who reported a reduced ECM colonisation and morphotype richness in oak 
seedlings planted in herbivore-damaged Tsuga canadensis forest compared to 
transplants in intact oak forest. However, since no herbivore-intact Tsuga forest 
was available to control the effect of host tree species on fungal inoculum (Lewis 
et al. 2008), the decline in oak seedlings’ ECM colonisation could be due to 
incompatibility with the Tsuga ECM community or due to an actual reduction in 
fungal inoculum in the herbivore-damaged forest. 

4.1.2 Belowground ECM community 

Nitrogen availability in the environment has been recognised as an important 
factor in shaping belowground ECM fungal communities (Taylor et al. 2000, 
Peter et al. 2001, Lilleskov et al. 2002). There is an increasing body of evidence 
indicating that also host carbon resources affect ECM community composition by 
causing shifts in morphotype or species abundances (reviewed by Kuikka et al. 
2007). As discussed in the previous chapter, in boreal forest soil stacked with 
fungal mycelium, the host tree may have only a limited control over being fully 
colonised. However, the host may reduce carbon flow to the individual ECM 
fungal symbiont by competing for carbohydrates in the apoplast (Grunze et al. 
2004) or possibly by aborting such ECM short roots in which the carbon costs 
outweigh the nutritional benefits (Hoeksema & Kummel 2003). Fungi with rapid 
growth rates are presumably the first ones to colonise newly-emerged root tips, 
but after that succession of fungal colonisers will take place (Shaw et al. 1995, 
Wu et al. 1999). In a situation where host photosynthesis is limited, an ECM 
fungus which is able to maintain its growth and metabolism at low carbon levels 
would have a competitive advantage (Saikkonen et al. 1999). A superior fungal 
competitor may reduce colonisation by the inferior ECM species (Kennedy et al. 
2007, Hortal et al. 2008) or in an extreme case, take over already colonised root 
tips (Wu et al. 1999). Thus, competition between fungi with differing carbon 
demands would be a plausible mechanism for ECM community change when 
energy supply is low. 
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Saikkonen et al. (1999) were first to report a shift in ECM morphotype 
assemblage in defoliated Scots pine, where a thick-mantled and rhizomorphous 
type was decreased and smooth types with less external mycelium increased 
compared to non-defoliated controls. Similarly, a lower colonisation of thick-
mantled ECM morphotypes was found with severely defoliated Betula pubescens 
(III), and a decreasing trend in rhizomorphous and thick-mantled 
Suillus/Rhizopogon type was observed in defoliated Scots pine trees in the field 
(I). Respectively, in Scots pine seedlings (II) defoliation increased the abundance 
of low-biomass morphotypes. Changes in morphotype assemblages may originate 
from different carbon demands of the morphotypes, fungi with high biomass in 
mantle and rhizomorphs having a higher carbon requirement (Colpaert et al. 
1992, 1996, Godbold & Berntson 1997, Saikkonen et al. 1999, Gorissen & 
Kuyper 2000). At the species level, defoliation of Pinus contorta altered ECM 
community composition detected by molecular methods, while overall ECM 
species richness remained unchanged (Cullings et al. 2001). Species from the 
genera Inocybe and Cortinarius dominated the undefoliated control plots, while 
defoliation reduced or inhibited their occurrence (Cullings et al. 2001). Especially 
species in the large fungal genus Cortinarius often form an abundant mycelial 
network with rhizomorphs in the soil, and are known to be sensitive to 
disturbance, such as nitrogen deposition (Lilleskov et al. 2002, Tarvainen et al. 
2003) and forestry practices (Lazaruk et al. 2005). The change in ECM fungal 
species composition in roots of defoliated Pinus contorta was not detected in soil 
mycelium by molecular methods, but reductions in individual species were 
attributable to mycelial production (Cullings et al. 2005). In pinyon pine ECM 
communities in herbivore-resistant trees were dominated by Basidiomycetes, 
while in susceptible trees Ascomycetes were more abundant (Brown et al. 2001, 
Gehring & Whitham 2002). Ascomycetous ECM fungi typically produce a low 
amount of fungal mycelium in the soil (Agerer 2001, Tedersoo et al. 2006). In 
addition, Ascomycetous ECM have been reported to be more abundant in slowly 
rather than fast-growing host clones, possibly due to lower biomass allocation 
below ground and inability to maintain ECM symbionts with high mycelial 
production in slow-growth hosts (Korkama et al. 2006, 2007).  

Due to differing phenologies in host trees and ECM fungi, the growth of the 
latter mainly occurring later in the season than that of the host (Lippu 1998, 
Wallander et al. 2001), a contrasting response of host and fungal symbionts to 
different seasonal defoliation treatments could have been expected. However, 
despite the differences in the seasonal growth dynamics, ECM fungi followed the 
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response patterns of the host (II). Seasonal defoliation treatments had a stronger 
negative effect on Scots pine growth and biomass allocation in relation to the 
earlier in the growing season they were applied. Similarly, early and middle 
season defoliation increased root colonisation of low-biomass morphotypes by 
over 20% compared to controls, with a simultaneous, though non-significant 
reduction in high-biomass morphotypes in all seasonal defoliation treatments (II). 

Although clipping did not reduce lateral shoot growth in Salix repens, the 
lateral shoot length correlated positively with the number of ECM morphotypes. 
Jonsson et al. (2001) have shown that host productivity is positively related to 
ECM fungal species richness, although this may depend on host plant species and 
soil fertility. Different ECM fungal species have specialised nutrient uptake 
capacities (Landeweert et al. 2001, Read & Perez-Moreno 2003), and thus a more 
diverse ECM community may lead to better nutrition and consequently, to 
enhanced growth of the host. On the other hand, the driving force for this kind of 
positive relation might come from the host: a more species rich ECM community 
in better growing hosts may be due to higher belowground carbon allocation in 
hosts that have high productivity (Korkama et al. 2006). 

Results form the present studies strongly support the hypothesis, that biomass 
produced by an ECM symbiont is in relation to its carbon cost, since defoliation 
shifted ECM communities from high-biomass towards low-biomass morphotypes. 
However, a possibility of morphological changes taking place in ECM in a 
carbon-limited environment cannot be excluded. Therefore, defoliation may have 
caused an originally high-biomass ECM fungi to produce a low amount of 
external fungal biomass and reduced fungal mantle, especially in Scots pine 
seedlings (II) in which the dominating ECM type was very poor. Nevertheless, 
ECM fungal species show substantial variance in biomass production, which can 
be attributed to their carbon requirement (Colpaert et al. 1992, 1996, Gorissen & 
Kuyper 2000). Carbon demand of ECM fungal species could be one important 
factor in determining their niche partitioning (Bruns 1995), according to which 
fungal species could be specified similarly to nitrophilic and nitrophobic ECM 
species (see Taylor et al. 2000). Moreover, ECM fungal species have been 
distinguished in relation to their external mycelial production by Agerer (2001), 
who classified, e.g., smooth-mantled Russula and Lactarius ECM to the short-
distance contact exploration type, whereas highly rhizomorphous Suillus and 
Rhizopogon are regarded as functioning in long-distance nutrient exploration. 
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4.1.3 ECM external mycelium and sporocarps 

Although the unquestionable importance of ECM mycelium in nutrient 
exploration from soil and symbiosis functioning, production of external mycelium 
especially by individual ECM taxa has been less studied due to methodological 
difficulties (see Wallander 2006). Here in natural seashore succession stands soil 
fungal biomass, measured as ergosterol concentration, was not decreased around 
defoliated Scots pine trees (I), but showed a decreasing trend in clipped male 
Salix repens. This latter negative trend in soil fungal biomass is likely to be 
mediated via Salix repens, since in young coastal dune ecosystem soil fungal 
biomass mainly consists of mycorrhizal fungal mycelium due to low organic 
matter in the soil.  

Sporocarp production of the ECM symbionts constitutes a considerable 
carbon sink for the host tree. Although sporocarp biomass forms only a minor 
proportion of the total ECM biomass, it may vary between sites, consisting of up 
to 2% of total ECM fungal biomass in mature Scots pine and Norway spruce 
forest stands (Markkola et al. 1995, Wallander et al. 2001) compared to estimates 
of 10–20% in the young Scots pine stand in the seashore succession area (I). 
Moreover, ECM fruiting occurs during a rather short period in the late summer 
and fall, which puts a heavy short-time carbon requirement on the hosts. ECM 
sporocarp production seems to be dependent on recent photosynthesis and 
carbohydrate storage, e.g., in fungal mycelium cannot be used to maintain the 
fruiting (Högberg et al. 2001). Tight coupling of host photosynthesis and ECM 
sporocarp growth was also shown by Lamhamedi et al. (1994), who reported a 
decline in sporocarp growth shortly after the host was transferred to a low-light 
environment. Similarly to Last et al. (1979), who reported a decline in ECM 
sporocarps associated with defoliated Betula spp., current year defoliation 
reduced the number of ECM sporocarps produced and the estimated proportion of 
sporocarp biomass to total fungal biomass in young Scots pine trees (I). 
Differences in non-ECM fungi were not detected, which confirms that the effect 
on ECM sporocarps was mediated through host defoliation. ECM sporocarp 
production recovered gradually, and reached equal numbers as in the control trees 
two years after the last defoliation treatment (see Fig. 3 in paper I). However, 
similar defoliation did not reduce ECM sporocarps around Scots pine seedlings in 
the same stand. The lack of responses in defoliated seedlings may be explained by 
the dominant position of larger trees in the community sharing the ECM mycelial 
network in the area. Previously it has been show that naturally regenerating Scots 
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pine seedlings and mature trees maintain similar ECM communities, implying a 
shared fungal network between them (Jonsson et al. 1999). Young Scots pine 
trees with much more photosynthesising foliage than small seedlings, apparently 
dominate in the carbon flow to the ECM community resulting in reduced 
sporocarp production in defoliated young trees but not in seedlings.  

The most common ECM species fruiting in the young Scots pine stand (I) 
was Suillus bovinus. The number of S. bovinus sporocarps declined due to 
defoliation in the first treatment year, but this decline was not seen in the relative 
abundance or in any other species. Further, diversity and richness in fruiting ECM 
species decreased in defoliated trees in the second treatment year (I). Similar to 
belowground ECM community, changes in fruiting species composition due to 
defoliation may favour less carbon-costly symbionts that produce smaller or 
fewer sporocarps. This may partially explain the reduction in Suillus bovinus, 
which produces large sporocarps and abundant external mycelia in soil and in 
high-biomass mycorrhizas. The number of Suillus and Cortinarius sporocarps 
declined also at forest sites with high nitrogen deposition (Tarvainen et al. 2003) 
possibly due to decreased carbon flow to belowground nutrient foraging in a high 
nitrogen environment and consequent suffering of costly ECM symbionts. 
Further, results from the present experiment (I) imply, that ECM fungal symbionts 
may be able to change their allocation pattern by distributing proportionally less 
biomass to reproductive structures when carbon flow from the host is limited. 

4.2 Host response to defoliation 

Generally, host growth declines due to simulated or natural leaf herbivory (Krause 
& Raffa 1992, Reich et al. 1993, Kolb et al. 1999), with defoliation intensity and 
timing affecting the responses (May & Carlyle 2003, Lyytikäinen-Saarenmaa 
1999). In all the present experiments defoliation affected host growth negatively, 
except in Salix repens, in which shoot clip tended to increase total shoot number. 
In the experimental field studies biomass of Scots pine and white birch seedlings 
was reduced with a greater decline in root than in shoot biomass, resulting in a 
reduced root to shoot ratio. Reduced belowground allocation was also seen in a 
decreasing trend in carbohydrate concentration in birch roots (III). In Scots pine 
current main shoot length responded negatively to previous year defoliation (I, 
II). An increase in carbon-based secondary metabolites and a decrease in foliar 
nitrogen (Roitto et al. 2003) probably also contributed to growth loss in young 
Scots pine trees (I). Also, as reported previously (e.g. May & Carlyle 2003), 
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reductions in host growth were proportional to lost foliage, the highest defoliation 
intensity or number of repeated defoliation years resulting in the highest growth 
losses (II, III). Simulated herbivory also affected plant reproduction, since it 
nearly inhibited female cone production in young Scots pine trees (I) and reduced 
the proportion of flowering shoots of especially female Salix repens (IV).  

Timing of foliar damage within the growing season is likely to differentially 
affect biomass accumulation due to periodically changing the growth phase of 
above- and belowground parts of the tree (Lippu 1998, Iivonen et al. 2001). This 
was confirmed with Scots pine seedlings (III), where defoliation treatments had a 
stronger negative effect on host growth and biomass allocation the earlier in the 
growing season they were applied. Loss of previous years’ needles early in the 
growing season has been shown to be more detrimental to height growth of Scots 
pine than defoliation later in the season (Lyytikäinen-Saarenmaa 1999). On the 
other hand, severe loss of effectively photosynthesising current needles late in the 
season may also be harmful for tree growth (Ericsson et al. 1980). This implies 
that the effect of seasonal defoliation depends on the relative importance of 
different needle age classes during the growing season. 

Evergreen plants have substantial carbon reserves in their needles, while in 
deciduous plants carbon is mainly stored in bark and roots. Foliar herbivory is 
thus predicted to affect evergreens more negatively than deciduous plants (Bryant 
et al. 1983). Further, due to a predetermined growth pattern, in which needle and 
internode primordia are already formed in the previous season, conifers have a 
limited capacity to compensate for herbivore damage (Kozlowski et al. 1991). 
Although conifers are not able to replace lost foliage or shoots during the same 
growing season, enhanced photosynthesis in remaining needles of defoliated 
balsam fir has been reported (Little et al. 2003). Two years after the last 
defoliation treatment, current main shoot length in young Scots pine trees was 
still reduced to about one-third that of controls (I), indicating a very slow 
recovery. Biomass of Scots pine seedlings in the experimental field showed a 
dramatic decrease (> 80%) due to the most detrimental treatment of early-season 
defoliation on three consecutive years (II). However, in deciduous white birch 
defoliation, treatments were equally effective. Defoliation of white birch 
conducted in the previous year more severely reduced plant biomass than current 
year defoliation, indicating that previous year storages are also important for the 
growth of boreal deciduous trees (III). Contrary to results from Scots pine and 
white birch, shoot clipping seemed not to affect lateral shoot growth of Salix 
repens. Moreover, clipping increased density in Salix repens patches by 
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increasing the number of vegetative shoots. Salix spp. typically show a high 
potential for compensatory growth (e.g. Johnston et al. 2007). 

4.3 Defoliation effects on the host in relation to ECM fungi 

Growth loss in host trees was proportional to the severity of the defoliation 
treatments (e.g. degree of removed foliage or repeated years of defoliation), and 
the ECM fungal symbionts seemed to follow the host response patterns (II, III). A 
similar trend emerged when studying the relative effects of defoliation on host 
and ECM fungal symbionts using present and previously published data (Fig. 3). 

Firstly, the observed relation between host and fungal response suggests a 
threshold level (approx. 10%), below which defoliation effects on the host are not 
expressed in ECM symbionts. Secondly, the impact on ECM symbionts appears 
weaker than on host trees. Equal response in both partners would have resulted in 
a linear relation (dashed line in Fig. 3), where ECM symbiont response exactly 
mirrors the host response. A stronger effect on ECM symbionts in relation to hosts 
would shift data points above the linear relation, implying a lower dependence of 
the host on fungi in a facultative symbiosis. 

The observed pattern, however, shows a weaker response in ECM fungi 
compared to the host (seen as data points below the linear relation), suggesting 
that it is beneficial for the host to continue carbon allocation to fungal symbionts, 
i.e., to nutrient acquisition, despite the reduced carbon availability. 
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Fig. 3. Relative effect (%) of defoliation or shoot clipping on host plant and related 
ECM symbionts. Studies in the present thesis are marked with open symbols. Dashed 
line describes hypothetical equal response in both partners.  

Alternatively, a lower effect on ECM fungi than on the host plant may imply a 
parasitic behaviour, where carbon costs exceed the nutritional benefits provided 
by the symbiont. However, especially conifers are highly dependent on ECM 
fungi in their nutrient acquisition, and thus even very high carbon costs for 
maintaining the symbiosis seem to be acceptable (Johnson et al. 1997). Further, 
by facilitating a host’s nutrient status and enhancing photosynthesis by providing 
a strong belowground sink (Dosskey et al. 1990, Rousseau & Reid 1990, 
Conjeaud et al. 1996), ECM fungi may act in recovery from foliar damage. This 
is also supported by the present results, since sporocarp production around 
defoliated trees recovered to similar level as in controls within two years, while 
current host shoot growth showed no recovery yet (I). Overall, the above results 
imply a strong interdependence between host trees and ECM fungi.  
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5 Conclusions 

Present results confirm that aboveground herbivory does not only change host 
plant growth and biomass allocation, but may also affect belowground ECM 
fungal symbionts. Host defoliation induced changes in different ECM fungal parts 
including sporocarps, fine root fungal biomass and both the above- and 
belowground ECM community. Partially diverging from previous results, 
defoliation and shoot clipping treatments did not affect the intensity of ECM 
colonisation. Instead of decreasing colonisation in roots, ECM fungi seemed to 
respond to defoliation through changes in fungal morphotype composition. 

Both the plant and ECM fungal partner depend on resources provided by each 
other, resulting in a highly obligatory symbiosis for both the host and fungal 
symbionts. Especially boreal conifers growing in nutrient-poor conditions rely on 
ECM fungi in their nutrient acquisition. In such conditions, it would not be 
beneficial, or even possible to reduce the degree of nutrient-transferring ECM 
connections, although at the same time ECM fungi comprise a considerable 
carbon sink. Besides affecting host carbohydrate pools, defoliation may result in 
nitrogen deficiency especially in conifers due to loss of foliar nitrogen reserves 
(Roitto et al. 2003). Maintenance of ECM association in most root tips creates a 
positive feedback for host nutrient status, and may thus improve the ability of the 
host to recover from herbivore damage.  

The present results strongly support the hypothesis suggesting that in a 
carbon-limited environment biomass production of ECM fungi, which largely 
determines the carbon consumption of an individual fungal symbiont, would also 
define the morphotype composition. However, in all cases it was not possible to 
separate whether shift in morphotypes was due to true morphotype community 
change or deterioration of originally high-biomass types into low-biomass types. 
Change in morphotypes was accompanied by a reduction in fungal biomass in 
sporocarps or fine roots and to a lesser extent in soil, indicating further reduction 
in ECM structures.  

In addition, defoliation induced a parallel response pattern in the host and in 
ECM fungi with a stronger response in relation to increasing severity of treatment 
(e.g. intensity or consecutive years of defoliation). Further, seasonal defoliation 
treatment affected host and ECM symbionts similarly, the early season defoliation 
being most detrimental to host growth but also resulting in the highest 
colonisation of low-biomass morphotypes. This suggests that herbivore species 
might have different effects on the composition or condition of ECM fungal 



 44 

communities depending on their seasonal feeding regime. These observations 
were confirmed, when the magnitude of host and ECM symbiont response was 
compared by calculating relative effects of defoliation from the present and 
previous data available. A similar pattern emerged, where the ECM symbiont’s 
response was positively related to the host response. However, defoliation seemed 
to inflict a weaker impact on ECM fungi than on hosts, which further emphasises 
the importance of the symbiosis for trees. 

In a broader context, the present results confirm that belowground adaptation 
of boreal trees to the changing environment does not occur through altering the 
intensity of root colonisation but rather via changing the fungal community 
(Taylor et al. 2000, Lazaruk et al. 2005) or modifying production of external 
mycelium or sporocarps (Nilsson & Wallander 2003, Gange et al. 2007). Thus, 
reduced colonisation in highly ECM boreal trees would require large-scale or 
long-lasting disturbance. Changes in the ECM fungal community may also be 
reflected onto the whole belowground ecosystem, since mycorrhizal fungal 
mycelium is suggested to be a major pathway by which carbon enters the soil 
organic matter pool. Thus, an altered ECM community may eventually contribute 
to possible cascading effects of herbivory on the biological properties of soil 
(Ayres et al. 2004). 

 



 45 

References 
Agerer R (1987–1996) Colour Atlas of Ectomycorrhizae. Einhorn-Verlag, Schwäbisch 

Gmünd, Germany. 
Agerer R (2001) Exploration types of ectomycorrhizae: a proposal to classify 

ectomycorrhizal mycelial systems according to their patterns of differentiation and 
putative ecological importance. Mycorrhiza 11: 107–114. 

Antibus RK & Sinsabaugh RL (1993) The extraction and quantification of ergosterol from 
ectomycorrhizal fungi and roots. Mycorrhiza 3: 137–144. 

Ayres E, Heath J, Possell M, Black HIJ, Kerstiens G & Bardgett RD (2004) Tree 
physiological responses to above-ground herbivory directly modify below-ground 
processes of soil carbon and nitrogen cycling. Ecol Lett 7: 469–479. 

Bellei MM, Garbaye J & Gil M (1992) Mycorrhizal succession in young Eucalyptus 
vimnalis plantations in Santa Catarina (southern Brazil). For Ecol Manag 54: 205–
213. 

Bennet AE & Bever JD (2007) Mycorrhizal species differentially alter plant growth and 
response to herbivory. Ecology 88: 210–218. 

Beutler H-O, Michal G & Beistingl G (1978) Enzymatische Analyse von komplexen 
Kohlenhydratgemischen. Dtsch Lebensm-Rundsch 74: 431–434. 

Bidartondo M, Ek H, Wallander H & Söderström B (2001) Do nutrient alterations alter 
sink carbon sink strength of ectomycorrhizal fungi? New Phytol 151: 543–550. 

Bruns TD (1995) Thoughts on the processes that maintain local species diversity of 
ectomycorrhizal fungi. Plant Soil 170: 36–73. 

Burton AJ, Pregitzer KS & Hendrick RL (2000) Relationships between fine root dynamics 
and nitrogen availability in Michigan northern hardwood forests. Oecologia 125: 389–
399. 

Bloom AJ, Chapin FS III & Mooney HA (1985) Resource limitation in plants—an 
economic analogy. Annu Rev Ecol Syst 16: 363–392. 

Brouwer R (1983) Functional equilibrium: sense or nonsense? Neth J Arig Sci 31:335–
348. 

Brown JH, Whitham TG, Ernest Ernest SKM & Gehring CA (2001) Complex species 
interactions and the dynamics of ecological systems: long-term experiments. Science 
293: 643–650. 

Bryant JP, Chapin FS III & Klein DR (1983) Carbon/nutrient balance of boreal plant in 
relation to vertebrate herbivory. Oikos 40: 357–368. 

Bücking H, Kuhn AJ, Schröder WH & Heyser W (2002) The fungal sheath of 
ectomycorrhizal pine roots: an apoplastic barrier for the entry of calcium, magnesium, 
and potassium into the root cortex? J Exp Bot 374 :1659–1669. 

Cervantes E & Rodriguez-Barrueco C (1992) Relationships between the mycorrhizal and 
actinorhizal symbioses in non-legumes. In Norris JR, Read D & Varma AK (eds) 
Techniques for mycorrhizal research. Meth Microbiol 24: 877–892. 

Chalot M & Brun A (1998) Physiology of organic nitrogen acquisition by ectomycorrhizal 
fungi and ectomycorrhizas. FEMS Microbiol Rev 22: 21–44. 



 46 

Chen YL, Brundrett MC & Dell B (2000) Effects of ectomycorrhizas and vesicular-
arbuscular mycorrhizas, alone or in competition, on root colonization and growth of 
Eucalyptus globulus and E. urophylla. New Phytol 146: 545–556. 

Colpaert JV, van Assche JA & Luijtens K (1992) The growth of the extramatrical 
mycelium of ectomycorrhizal fungi and the growth response of Pinus sylvestris L. 
New Phytol 120: 127–135. 

Colpaert JV, van Laere A & van Assche JA (1996) Carbon and nitrogen allocation in 
ectomycorrhizal and non-mycorrhizal Pinus sylvestris L. seedlings. Tree Physiol 16: 
787–793. 

Conjeaud C, Scheromm, P & Mousain, D (1996) Effects of phosphorus and 
ectomycorrhiza on maritime pine seedlings (Pinus pinaster) New Phytol 133: 345–
351. 

Cullings K, Raleigh C, New MH & Henson J (2005) Effects of artificial defoliation of 
pines on the structure and physiology of the soil fungal community of a mixed pine-
spruce forest. Appl Env Microbiol 71: 1996–2000. 

Cullings K, Vogler DR, Parker VT & Makhija S (2001) Defoliation effects on the 
community of a mixed Pinus contorta/Picea engelmannii stand in Yellowstone Park. 
Oecologia 127: 533–539. 

Dahlberg A (2002) Effects of fire on ectomycorrhizal fungi in Fennoscandian boreal 
forests. Silva Fenn 36 :69–80. 

Del Vecchio, TA, Gehring CA,. Cobb NS & Whitham TG (1993) Negative effects of scale 
insect herbivory on the ectomycorrhizae of juvenile pinyon pine. Ecology 74: 2297–
2302. 

Dickie IA (2007) Host preference, niches and fungal diversity. New Phytol 174: 230–233. 
Dosskey MG, Linderman RG & Boersma L (1990) Carbon-sink stimulation of 

photosynthesis in Douglas fir seedlings by some ectomycorrhizas. New Phytol 115: 
269–274. 

Durall DM, Marshall JD, Jones MD, Crawford R & Trappe JM (1994) Morphological 
changes and photosynthate allocation in ageing Hebeloma crustuliniforme (Bull.) 
Quel. and Laccaria bicolor (Maire) Orton mycorrhizal of Pinus ponderosa Dougl. ex. 
Laws. New Phytol 127: 719–724. 

Ericsson A (1978) Seasonal changes in translocation of 14C from different age-classes of 
needles on 20-year-old Scots pine trees (Pinus sylvestris). Physiol Plantarum 43: 351–
358. 

Ericsson A, Larsson S & Tenow O (1980) Effects of early and late season defoliation on 
growth and carbohydrate dynamics in Scots pine. J Appl Ecol 17: 747–769. 

Finnish Forest Research Institute (2005) Metsätilastollinen vuosikirja. Vammalan 
Kirjapaino Oy Vammala. 

Fontaine J, Grandmougin-Ferjani A, Hartmann M-A & Sancholle M (2001) Sterol 
biosynthesis by the arbuscular mycorrhizal fungus Glomus intraradices. Lipids 36: 
1357–1363. 



 47 

Fransson PMA, Andersson IC & Alexander IJ (2007a) Ectomycorrhizal fungi in culture 
respond differently to increased carbon availability. FEMS Microbiol Ecol 61: 246–
257. 

Fransson PMA, Andersson IC & Alexander IJ (2007b) Does carbon partitioning in 
ectomycorrhizal pine seedlings under elevated CO2 vary within fungal species? Plant 
Soil 291: 323–333. 

Gange AC & West HM (1994) Interactions between arbuscular mycorrhizal fungi and 
foliar-feeding insects in Plantago lanceolata L. New Phytol 128: 79–87. 

Gange AC, Brown VK & Aplin DM (2005) Ecological specificity of arbuscular 
mycorrhizae: evidence from foliar- and seed-feeding insects. Ecology 86: 603–611. 

Gange AC, Gange EG, Sparks TH & Boddy L (2007) Rapid and recent changes in fungal 
fruiting patterns. Science 316: 71. 

Gange AC, Stagg PG & Ward LK (2002) Arbuscular mycorrhizal fungi affect 
phytophagous insect specialism. Ecol Lett 5: 11–15. 

Gardes M & Bruns TD (1993) ITS primers with enhanced specificity for basidiomycetes – 
application to the identification of mycorrhizae and rusts. Mol Ecol 2: 113–118. 

Gehring CA, Cobb NS & Whitham TG (1997) Three-way interactions among 
ectomycorrhizal mutualists, scale insects, and resistant and susceptible pinyon pines. 
Am Nat 149: 824–841. 

Gehring CA & Whitham TG (1991) Herbivore-driven mycorrhizal mutualism in insect-
susceptible pinyon pine. Nature 353: 556–557. 

Gehring CA & Whitham TG (2002) Mycorrhizae-herbivore interactions: population and 
community consequences. In van der Heijden MGA & Sanders IR (eds) Mycorrhizal 
Ecology, Springer, Berlin. Ecol Studies 157: 295–320. 

Gehring CA & Whitham TG (1995) Duration of herbivore removal and environmental 
stress affect the ectomycorrhizae of pinyon pines. Ecology 76: 2118–2123. 

Godbold DL & Berntson GM (1997) Elevated atmospheric CO2 concentration changes 
ectomycorrhizal morphotype assemblages in Betula paryrifera. Tree Physiol 17: 347–
350. 

Godbold DL, Berntson GM & Bazzaz FA (1997) Growth and mycorrhizal colonisation of 
three North American tree species under elevated atmospheric CO2. New Phytol 137: 
433–440. 

Godbold DL, Hoosbeek MR, Lukac M, Cotrufo MF, Janssens IA., Ceulemans R, Polle A, 
Velthorst EJ, Scarascia-Mugnozza G, De Angelis P, Miglietta F, Peressotti A (2006) 
Mycorrhizal hyphal turnover as a dominant process for carbon input into soil organic 
matter. Plant Soil 281: 15–24 

Gorissen A & Kuyper ThW (2000) Fungal species-specific response of ectomycorrhizal 
Scots pine (Pinus sylvestris) to elevated CO2. New Phytol 146: 163–168. 

Goverde M, van der Heijden MGA, Wiemken A, Sanders IR & Erhardt A (2000) 
Arbuscular mycorrhizal fungi influence life history traits of a lepidopteran herbivore. 
Oecologia 125: 362–369. 



 48 

Grunze N, Willman M & Nehls U (2004) The impact of ectomycorrhiza formation on 
monosaccharide transporter gene expression in poplar roots. New Phytol 164: 147–
155. 

Hampp R, Wiese J, Mikolajewski S & Nehls U (1999) Biochemical and molecular aspects 
of C/N interaction in ectomycorrhizal plants: and update. Plant Soil 215: 103–113. 

Hansen J & Beck E (1994) Seasonal changes in the utilization and turnover of assimilation 
products in 8-years-old Scots pine (Pinus sylvestris L.) trees. Trees 8: 172–182. 

Heinemeyer A, Hartley IP, Evans SP, Carreira de la Fuentes JA & Ineson P (2007) Forest 
soil CO2 flux: uncovering the contribution and environmental responses of 
ectomycorrhizas. Glob Change Biol 13: 1786–1797. 

Hobbie EA (2006) Carbon allocation two ectomycorrhizal fungi correlated with 
belowground allocation in culture studies. Ecology 87: 563–569. 

Hobbie JE & Hobbie EA (2006) 15N in symbiotic fungi and plants estimates nitrogen and 
carbon flux rates in arctic tundra. Ecology 87: 816–822. 

Hoeksema JD & Kummel M (2003) Ecological persistence of the plant-mycorrhizal 
mutualism: a hypothesis from species coexistence theory. Am Nat 162: S40–S50. 

Hortal S, Pera J & Parladé J (2008) Tracking mycorrhizas and extraradical mycelium of 
the edible fungus Lactarius deliciosus under field competition with Rhizopogon spp. 
Mycorrhiza 18: 69–77. 

Högberg P, Högberg MN, Göttlicher SG, Betson NR; Keel SG, Metcalfe DB, Campbell C, 
Schindlbacher A, Hurry V, Lundmark T, Linder S & Näsholm T (2008) High 
temporal resolution tracing of photosynthate carbon from tree canopy to forest soil 
microorganisms. New Phytol 177: 220–228. 

Högberg P, Nordgren A, Buchmann N, Taylor AFS, Ekblad A, Högberg MN, Nyberg G, 
Ottosson-Löfvenius M & Read DJ (2001) Large-scale forest girdling shows that 
current photosynthesis drives soil respiration. Nature 411: 789–792. 

Iivonen S, Rikala R & Vapaavuori E (2001) Seasonal root growth of Scots pine seedlings 
in relation to shoot phenology, carbohydrate status, and nutrient supply. Can J For Res 
31: 1569–1578. 

Johnson NC, Graham JH & Smith FA (1997) Functioning of mycorrhizal association along 
the mutualism-parasitism continuum. New Phytol 135: 575–585. 

Johnston DB, Cooper DJ & Hobbs NT (2007) Elk browsing increases aboveground growth 
of water-stressed willows by modifying plant architecture. Oecologia 154: 467–478. 

Jonsson L, Dahlberg A, Nilsson M-C, Kåren O & Zackrisson (1999) Continuity of 
ectomycorrhizal fungi in self-regenerating boreal Pinus sylvestris forests studied by 
comparing mycobiont diversity on seedlings and mature trees. New Phytol 142: 151–
162. 

Jonsson LM, Nilsson M-C, Wardle DA & Zackrisson O (2001) Context dependent effects 
of ectomycorrhizal species richness on tree seedlings productivity. Oikos 93: 353–
364. 

Kennedy PG, Hortal S, Bergemann SE & Bruns TD (2007) Competitive interactions 
among three ectomycorrhizal fungi and their relation to host plant performance. J Ecol 
95: 1338–1345. 



 49 

Kolb TE, Dodds KA & Clancy KM (1999) Effect of western spruce budworm defoliation 
on the physiology and growth of potted Douglas-fir seedlings. For Sci 45: 280–291. 

Korkama T, Fritze H, Pakkanen A & Pennanen T (2007) Interaction between extraradical 
ectomycorrhizal mycelia, microbes associated with the mycelia and growth rate of 
Norway spruce (Picea abies) clones. New Phytol 173: 798–807. 

Korkama T, Pakkanen A & Pennanen T (2006) Ectomycorrhizal community structure 
varies among Norway spruce (Picea abies ) clones. New Phytol 171: 815–824. 

Kosola KR, Durall DM, Robertson GP, Dickmann DI, Parry D, Russell CA & Paul EA 
(2004) Resilience of mycorrhizal fungi on defoliated and fertilized hybrid poplars. 
Can J Bot 82: 671–680. 

Kozlowski TT, Kramer PJ & Pallardy SG (1991) The physiological ecology of woody 
plants. Academic Press, New York. 

Kõljalg U, Dahlberg A, Taylor AFS, Larsson E, Hallenberg N, Stenlid J, Larsson K-H, 
Fransson PM, Kåren O & Jonsson L (2000) Diversity and abundance of resupinate 
thelephoroid fungi as ectomycorrhizal symbionts in Swedish boreal forests. Mol Ecol 
9: 1985–1996. 

Krause S & Raffa K (1992) Comparison of insect, fungal and mechanically induced 
defoliation of larch: effects on plant productivity and subsequent host susceptibility. 
Oecologia 90: 411–416. 

Kuikka K, Rautio P & Markkola AM (2007) Carbon availability and mycorrhizal 
symbiosis of boreal forest trees in a changing environment. In Taulavuori E & 
Taulavuori K (eds) Physiology of northern plants under changing environment, 
Research Signpost, Kerala, India: 227–240. 

Lamhamedi MSC, Godbout C & Fortin JA (1994) Dependence of Laccaria bicolor 
basidiome development on current photosynthesis of Pinus strobus seedlings. Can J 
For Res 24: 1797–1804. 

Landeweert R, Hoffland E, Finlay RD, Kuyper TW & van Breemen N (2001) Linking 
plants to rocks: ectomycorrhizal fungi mobilize nutrients from minerals. Trends Ecol 
Evol 16: 248–254. 

Last FT, Pelham J, Mason PA & Ingleby K (1979) Influence of leaves on sporophore 
production by fungi forming sheathing mycorrhizas with Betula spp. Nature 280: 
168–169. 

Lazaruk LW, Kernaghan G, Macdonald SE & Khasa D (2005) The effects of partial 
cutting on the ectomycorrhizae of Picea glauca forests in northwestern Alberta. Can J 
For Res 35: 1–13. 

Lewis JD, Licitra J, Tuininga AR, Sirulnik A, Turner GD & Johnson J (2008) Oak seedling 
growth and ectomycorrhizal colonization are less in eastern hemlock stands infested 
with hemlock woolly adelgid than in adjacent oak stands. Tree Physiol 28: 629–636. 

Lilleskov EA, Fahey TJ, Horton TR & Lovett GM (2002) Belowground ectomycorrhizal 
fungal community change over a nitrogen deposition gradient in Alaska. Ecology 83: 
104–115. 

Lippu J (1998) Redistribution of 14C-labelled reserve carbon in Pinus sylvestris seedlings 
during current shoot elongation. Silva Fenn 32: 3–10. 



 50 

Little CHA, Lavigne MB & Ostaff DP (2003) Impact of old foliage removal, simulating 
defoliation by the balsam fir sawfly, on balsam fir tree growth and photosynthesis of 
current-year shoots. For Ecol Manag 186: 261–269. 

Lodge DJ (1989) The influence of soil moisture and flooding on formation of VA-endo- 
and ectomycorrhizae in Populus and Salix. Plant Soil 117: 243–253. 

Luxmoore RJ, Oren R, Sheriff DW & Thomas RB (1995) Source-sink-storage 
relationshios of conifers. In Smith WK & Hinckley TM (eds) Resource physiology of 
conifers: acquisition, allocation and utilization, Academic Press, San Diego, CA: 143–
216. 

Lyytikäinen-Saarenmaa P (1999) The responses of Scots pine, Pinus sylvestris, to natural 
and artificial defoliation stress. Ecol Appl 9: 469–474. 

Manninen A-M, Holopainen T & Holopainen JK (1998) Susceptibility of ectomycorrhizal 
and non-mycorrhizal Scots pine (Pinus sylvestris) seedlings to a generalist insect 
herbivore, Lygus rugulipennis, at two nitrogen availability levels. New Phytol 140: 
55–63. 

Manninen A-M, Holopainen T, Lyytikäinen-Saarenmaa P & Holopainen JK (2000) The 
role of low-level ozone exposure and mycorrhizas in chemical quality and insect 
herbivore performance on Scots pine seedlings. Glob Change Biol 6: 111–121. 

Markkola AM (1996) Effect of artificial defoliation on biomass allocation in 
ectomycorrhizal Pinus sylvestris seedlings. Can J For Res 26: 899–904. 

Markkola AM, Ohtonen R, Tarvainen O & Ahonen-Jonnarth U (1995) Estimates of fungal 
biomass in Scots pine stands on an urban pollution gradient. New Phytol 131: 139–
147. 

May BM & Carlyle JC (2003) Effect of defoliation with Essigella californica on growth of 
mid-rotation Pinus radiata. For Ecol Manag 183: 297–312. 

Mueller RC, Sthulz CM, Martinez T, Gehring CA & Whitham, TG (2005) The relationship 
between stem-galling wasps and mycorrhizal colonization of Quercus turbinella. Can 
J Bot 83: 1349–1353.  

Mumm R & Hilker M (2006) Direct and indirect chemical defence of pine against 
folivorous insects. Trends Plant Sci 11: 1360–1385. 

Nehls U & Hampp R (2000) Carbon allocation in ectomycorrhizas. Physiol Mol Plant P 
57: 95–100. 

Nehls U, Grunze N, Willmann M, Reich M & Küster H (2007) Sugar for my honey: 
carbohydrate partitioning in ectomycorrhizal symbiosis. Phytochemistry 68: 82–91. 

Nilsson LO & Wallader H (2003) Production of external mycelium by ectomycorrhizal 
fungi in a Norway spruce forest was reduced in response to nitrogen fertilization. New 
Phytol 158: 409–416. 

Northup RR, Yu Z, Dahlgren RA & Vogt KA (1995) Polyphenol control of nitrogen 
release from pine litter. Nature, 377: 277–229. 

Nylund J-E & Wallander H (1992) Ergosterol analysis as a means of quantifying 
mycorrhizal biomass. In: Norris, JR, Read, D, Varma, AK (eds) Methods in 
microbiology, vol. 24. Academic Press, London: 537–548.  



 51 

Olsson PA, Jakobsen I & Wallander H (2002) Foraging and resource allocation strategies 
of mycorrhizal fungi in a patchy environment. In van der Heijden MGA & Sanders IR 
(eds) Mycorrhizal Ecology, Springer, Berlin. Ecol Studies 157: 91–115.  

Olsson PA, Larsson L, Bago B, Wallander H & van Aarle, IM (2003) Ergosterol and fatty 
acids for biomass estimation of mycorrhizal fungi. New Phytol 159: 7–10 

Peter M, Ayer F & Egli S (2001) Nitrogen addition in a Norway spruce stand altered 
macromycete sporocarps production and blow-ground ectomycorrhizal species 
composition. New Phytol 149: 311–325. 

Persson T, van Oene H, Harrison AF, Karlsson PS, Bauer GA, Cerny J, Coûteaux M-M, 
Dambrine E, Högber P, Kjøller A, Matteucci G, Rudebeck A, Schulze E-D & Paces T 
(2000) Experimental sites in the NIPHYS/CANIF project. In Schultze E-D (ed) 
Carbon and Nitrogen Cycling in European Forest Ecosystems, Springer, Berlin. Ecol 
Studies 142: 14–46. 

Phillips JM & Haymann DS (1970), Improved procedures for clearing roots and staining 
parasitic and vesicular arbuscular mycorrhizal fungi for rapid assessment of infection, 
T Brit Mycol Soc 55: 158–160. 

Pregitzer KS (2002) Fine roots of trees – a new perspective. New Phytol 154: 267–273. 
Ranwell, D (1960) Newborough Warren, Anglesey. II. Plant associes and succession 

cycles of the sand dune slack vegetation. J Ecol 48: 117–141. 
Read DJ (1998) The mycorrhizal status of Pinus. In Richardson DM (ed) Ecology and 

biogeography of Pinus. Cambrigde University Press, Cambridge: 324–340. 
Read DJ & Perez-Moreno J (2003) Mycorrhizas and nutrient cycling in ecosystemns – a 

journey towards relevance? New Phytol 157: 475–492. 
Reich PB, Walters MB, Krause SC, Vanderklein DW, Raffa KF & Tabone T (1993) 

Growth, nutrition and gas exchange of Pinus resinosa following artificial defoliation. 
Trees 7: 67–77. 

Roitto M, Markkola AM, Julkunen-Tiitto R, Sarjala T, Rautio P, Kuikka K & Tuomi J 
(2003) Defoliation-induced responses in peroxidases, phenolics, and polyamines in 
Scots pine (Pinus sylvestris L.) needles. J Chem Ecol 29: 1905–1918. 

Rousseau JVD & Reid CPP (1990) Effects of phosphorus and ectomycorrhizas on the 
carbon balance of loblolly pine seedlings. For Sci 36: 101–112. 

Rossow LJ, Bryant JP & Kielland K (1997) Effects of above ground browsing by 
mammals on mycorrhizal infection in an early successional taiga ecosystem. 
Oecologia 110: 94–98. 

Saari SK, Campbell CD, Russell J, Alexander IJ & Anderson IC (2005) Pine microsatellite 
markers allow roots and ectomycorrhizas to be linked to individual trees. New Phytol 
165: 295–304. 

Saikkonen K, Ahonen-Jonnarth U, Markkola AM, Helander M, Tuomi J, Roitto M & 
Ranta H (1999) Defoliation and mycorrhizal symbiosis: a functional balance between 
carbon sources and below-ground sinks. Ecol Lett 2: 19–26. 

Salzer P & Hager A (1991) Sucrose utilization of the ectomycorrhizal fungi Amanita 
muscaria and Hebeloma crustuliniforme depends on the cell wall-bound invertase 
activity of their host Picea abies. Bot Acta 104: 439–445. 



 52 

Shaw TM, Dighton J & Sanders FE (1995) Interactions between ectomycorrhizal and 
saprotrophic fungi on agar and in association with seedlings of lodgepole pine (Pinus 
contorta). Mycol Res 99: 159–165. 

Simard SW, Jones MD & Durall DM (2002) Carbon and nutrient fluxes within and 
between mycorrhizal plants. In van der Heijden MGA & Sanders IR (eds) 
Mycorrhizal Ecology, Springer, Berlin. Ecol. Studies 157: 33–91. 

Stark S & Kytöviita M-M (2005) Evidence of antagonistic interactions between 
rhizosphere microorganisms and mycorrhizal fungi associated with birch (Betula 
pubescens). Acta Oecol 28: 149–155. 

Swaty RL, Gehring CA, van Ert M, Theimer TC, Keim P & Whitham TG (1998) Temporal 
variation in temperature and rainfall differentially affects ectomycorrhizal 
colonization at two contrasting sites. New Phytol 139: 733–739. 

Söderström B & Read DJ (1987) Respiratory activity of intact and excised ectomycorrhizal 
mycelial systems growing in unsterilized soil. Soil Biol Biochem 19: 231–236. 

Tarvainen O, Markkola AM & Ohtonen R (2003) Diversity of macrofungi and plants in 
Scots pine forests along an urban pollution gradient. Basic Appl Ecol 4: 547–556. 

Taylor AFS, Martin F & Read DJ (2000) Fungal diversity in ectomycorrhizal communities 
of Norway spruce [Picea abies (L.) Karst.] and beech (Fagus sylvatica L.) along 
north-south transects in Europe. In Schultze E-D (ed) Carbon and Nitrogen Cycling in 
European Forest Ecosystems, Springer, Berlin. Ecol Studies 142: 343–364. 

Taylor JH & Peterson CA (2005) Ectomycorrhizal impacts on nutrient uptake pathways in 
woody roots. New Forest 30: 203–214. 

Tedersoo L, Hansen K, Perry BA & Kjøller R (2006) Molecular and morphological 
diversity if pezizalean ectomycorrhiza. New Phytol 170: 581–596. 

Troeng E & Linder S (1982) Gas exchange in a 20-year-old stand of Scots pine. Physiol 
Plantarum 54: 7–14. 

van der Heijden, EW & Vosatka, M (1999) Mycorrhizal associations of Salix repens L. 
communities in succession of dune ecosystems. II. Mycorrhizal dynamics and 
interactions of ectomycorrhizal and arbuscular mycorrhizal fungi. Can J Bot 77: 
1833–1841. 

Villarreal-Ruiz L, Anderson IC & Alexander IJ (2004) Interaction between an isolate from 
the Hymenoscyphus ericae aggregate and roots of Pinus and Vaccinium. New Phytol 
164: 183–192. 

Vranjic JA & Ash JE (1997) Scale insects consistently affect roots more than shoots: the 
impact of infestation size on growth of eucalypt seedlings. J Ecol 85: 143–149. 

Vrålstad T (2004) Are ericoid and ectomycorrhizal fungi part of a common guild? New 
Phytol 164: 7–10. 

Wallander H (2006) External mycorrhizal mycelia – the importance of quantification in 
natural ecosystems. New Phytol 171: 240–242. 

Wallander H, Nilsson LO, Hagerberg D & Bååth E (2001) Estimation of the biomass and 
seasonal growth of external mycelium of ectomycorrhizal fungi in the field. New 
Phytol 151: 753–760. 



 53 

Wardle DA, Bardgett RD, Kloronomos JN, Setälä H, van der Putten WH & Wall DH 
(2004) Ecological linkages between aboveground and belowground biota. Science 
304: 1629–1633. 

Wright DP, Scholes JD, Read DJ & Rolfe SA (2000) Changes in carbon allocation and 
expression of carbon transporter genes in Betula pendula Roth. colonized by the 
ectomycorrhizal fungus Paxillus involutus (Batsch) Fr. Plant Cell Environ 23: 39–49. 

Wu B, Nara K & Hogetsu T (1999) Competition between ectomycorrhizal fungi colonizing 
Pinus densiflora. Mycorrhiza 9: 151–159. 

Yanai RD, Fahey TJ & Miller SL (1995) Efficiency of nutrient acquisition by fine roots 
and mycorrhizae. In Smith WK & Hinckley TM (eds) Resource physiology of 
conifers: acquisition, allocation and utilization, Academic Press, San Diego, CA: 75–
103. 



 54 

 



A C T A  U N I V E R S I T A T I S  O U L U E N S I S

Distributed by
OULU UNIVERSITY LIBRARY

P.O. Box 7500, FI-90014
University of Oulu, Finland

Book orders:
OULU UNIVERSITY PRESS
P.O. Box 8200, FI-90014
University of Oulu, Finland

S E R I E S

493. Donnini, Serena (2007) Computing free energies of protein-ligand association   

494. Syrjänen, Anna-Liisa (2007) Lay participatory design: A way to develop
information technology and activity together   

495. Partanen, Sari (2007) Recent spatiotemporal changes and main determinants of
aquatic macrophyte vegetation in large lakes in Finland   

496. Vuoti, Sauli (2007) Syntheses and catalytic properties of palladium (II) complexes
of various new aryl and aryl alkyl phosphane ligands   

497. Alaviuhkola, Terhi (2007) Aromatic borate anions and thiophene derivatives for
sensor applications   

498. Törn, Anne (2007) Sustainability of nature-based tourism   

499. Autio, Kaija (2007) Characterization of 3-hydroxyacyl-ACP dehydratase of
mitochondrial fatty acid synthesis in yeast, humans and trypanosomes   

500. Raunio, Janne (2008) The use of Chironomid Pupal Exuvial Technique (CPET) in
freshwater biomonitoring: applications for boreal rivers and lakes   

501. Paasivaara, Antti (2008) Space use, habitat selection and reproductive output of
breeding common goldeneye (Bucephala clangula)   

502. Asikkala, Janne (2008) Application of ionic liquids and microwave activation in
selected organic reactions   

503. Rinta-aho, Marko (2008) On monomial exponential sums in certain index 2 cases
and their connections to coding theory   

504. Sallinen, Pirkko (2008) Myocardial infarction. Aspects relating to endogenous and
exogenous melatonin and cardiac contractility    

505. Xin, Weidong (2008) Continuum electrostatics of biomolecular systems   

506. Pyhäjärvi, Tanja (2008) Roles of demography and natural selection in molecular
evolution of trees, focus on Pinus sylvestris   

507. Kinnunen, Aulis (2008) A Palaeoproterozoic high-sulphidation epithermal gold
deposit at Orivesi, southern Finland   

508. Alahuhta, Markus (2008) Protein crystallography of triosephosphate isomerases:
functional and protein engineering studies   

509. Reif, Vitali (2008) Birds of prey and grouse in Finland. Do avian predators limit or
regulate their prey numbers?  

A510etukansi.kesken.fm  Page 2  Wednesday, May 28, 2008  11:25 AM



U N I V E R S I TAT I S  O U L U E N S I SACTA
A

SCIENTIAE RERUM
NATURALIUM

OULU 2008

A 510

Karita Saravesi

MYCORRHIZAL RESPONSES 
TO DEFOLIATION OF 
WOODY HOSTS

FACULTY OF SCIENCE,
DEPARTMENT OF BIOLOGY,
UNIVERSITY OF OULU

A
B
C
D
E
F
G

UNIVERS ITY OF OULU P.O. Box 7500   F I -90014  UNIVERS ITY OF OULU F INLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

S E R I E S  E D I T O R S

SCIENTIAE RERUM NATURALIUM

HUMANIORA

TECHNICA

MEDICA

SCIENTIAE RERUM SOCIALIUM

SCRIPTA ACADEMICA

OECONOMICA

EDITOR IN CHIEF

EDITORIAL SECRETARY

Professor Mikko Siponen

Professor Harri Mantila

Professor Hannu Heusala

Professor Olli Vuolteenaho

Senior Researcher Eila Estola

Information officer Tiina Pistokoski

Senior Lecturer Seppo Eriksson

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala

ISBN 978-951-42-8825-8 (Paperback)
ISBN 978-951-42-8826-5 (PDF)
ISSN 0355-3191 (Print)
ISSN 1796-220X (Online)

A
 510

AC
TA

 K
arita Saravesi

A510etukansi.kesken.fm  Page 1  Wednesday, May 28, 2008  11:25 AM


	Abstract
	Acknowledgements
	List of original papers
	Contents
	1 Introduction
	1.1 ECM structures, function, and diversity
	1.2 Carbon economy in ECM symbiosis
	1.3 Host and ECM symbiont responses to aboveground herbivory
	1.4 Aims of the study

	2 Material and methods
	2.1 Study sites
	2.2 Study species and experimental setups
	2.3 Plant parameters
	2.4 Fungal colonisation, biomass and community structure
	2.5 Response of fungal symbiont in relation to host response

	3 Results
	3.1 Mycorrhizal response to defoliation
	3.2 Host responses to defoliation
	3.3 Interactions between fungal and plant partners

	4 Discussion
	4.1 Mycorrhizal responses to defoliation
	4.1.1 ECM colonisation
	4.1.2 Belowground ECM community
	4.1.3 ECM external mycelium and sporocarps

	4.2 Host response to defoliation
	4.3 Defoliation effects on the host in relation to ECM fungi

	5 Conclusions
	References



