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Abstract
Boreal urban forests are becoming more and more fragmented and, at the same time, are exposed
to low-level but long-term nitrogen and sulphur deposition. Natural mid-boreal forests are
dominated by few tree and shrub species, while herbs and grasses are rare. Soils in mid-boreal
forests are rich in ectomycorrhizal (ECM) fungi, forming a symbiotic relationship with forest
trees, which is important for the nutrient cycle especially in nutrient-poor ecosystems. 

Aims of this thesis were 1) to study differences between mid-boreal urban and rural forests in
composition of macrofungi and structure of plant communities, 2) to explore whether responses
of Scots pine seedlings to excess N are mediated via soil or via air, and 3) to study if partial
removal of vegetation and humus layer alleviates the adverse effects of excess N on plant and
fungal communities, and promotes performance and regeneration of Scots pine in urban forests.
The growth responses of seedlings and their mycorrhizal colonization were studied in both field
and greenhouse experiments. Peroxidase (POD) activity was used as a root stress indicator. 

Urban forests were poor in number of fruiting ECM fungal species, but rich in herbs and
grasses in the field layer, as compared to rural forests. These differences were thought to result
from changes in soil properties. ECM fungal colonization in Scots pine roots did not respond
significantly to high nitrogen load in soil, but high root POD activity indicated changes in root
physiology. 

ECM macrofungal diversity in urban forests was not markedly increased during a five-year
survey after a partial humus removal treatment. On the other hand, fruiting of Cortinarius
semisanguineus is a positive response to the treatment. Scots pine seedling emergence was poor
due to rapid revegetation at the urban sites, but the treatment promoted both root and shoot growth
of planted Scots pine seedlings in urban forests. Decreased root POD activity in Scots pine
seedlings in the humus removal treatment possibly indicates lowered root stress. 

Soil manipulations may result in a risk of nutrient leakage, and a risk of invasion by non-typical
plants. Also, small stand size with high recreation pressure causes a risk for tree regeneration in
urban forest stands. These risks need to be considered when planning management of urban
coniferous forests. 

Keywords: boreal forests, ectomycorrhizae, environmental pollution, environmental
restoration, fungi, humus, nitrogen deposition, phosphorus, Pinus sylvestris, seedlings,
soil, sporocarp production, sulphur deposition, urban environments, vegetation changes
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HPLC High-performance liquid chromatography 

OM Organic matter 

PCA Principal component analysis 

PC-ORD Software for ordination analysis 

POD Peroxidase 

sp. Species 

spp. Several species belonging to the same genus 

SPSS Software for statistics 

TDN Total dissolved nitrogen 

TDP Total dissolved phosphorus 
  



10 

 



 11

List of original articles 

This thesis is based on the following papers, which are referred to in the text by 

their Roman numerals: 

I  Tarvainen O, Markkola AM & Strömmer R (2003) Diversity of macrofungi and plants 
in Scots pine forests along an urban pollution gradient. Basic and Applied Ecology 4: 
547–556. DOI: 10.1078/1439-1791-00156. 

II  Markkola AM, Tarvainen O, Ahonen-Jonnarth U & Strömmer R (2002) Urban 
polluted forest soils induce elevated root peroxidase activity in Scots pine (Pinus 
sylvestris L.) seedlings. – Environmental Pollution 116: 273–278. DOI: 
10.1016/S0269-7491(01)00126-9. 

III  Tarvainen O, Markkola AM, Ahonen-Jonnarth U, Jumpponen A & Strömmer R 
(2004) Changes in ectomycorrhizal colonization and root peroxidase activity in Pinus 
sylvestris nursery seedlings planted in forest humus. Scandinavian Journal of Forest 
Research 19: 400–408. DOI: 10.1080/02827580410030181. 

IV  Tarvainen O, Ohenoja E, Strömmer R & Markkola AM (2009) Responses of fungal 
and plant communities to partial humus removal in mid-boreal N-enriched forests. 
Manuscript. 

V  Tarvainen O, Strömmer R & Markkola AM (2009) Responses of Scots pine seedlings 
to partial humus removal in mid-boreal N-enriched forests. Manuscript. 

VI  Tarvainen O, Leal Riesco I & Markkola AM (2009) Management of humus layer for 
restoration of urban mid-boreal forests: a greenhouse experiment. Manuscript. 

Author’s contribution: O. Tarvainen participated in fungal surveys (I), 

establishing the experiments (II), and was responsible for statistical analyses (I & 

III). She planned the field experiment (IV & V) together with supervisors A.M. 

Markkola and R. Strömmer and the greenhouse experiment (VI) by herself. She 

was responsible for the laboratory work and statistical analyses interpreted in 

papers IV, V and VI. She was the corresponding author for papers I and III-VI, 

and participated in the writing of paper II. 
  



12 

 



 13

Contents 

Abstract 
Acknowledgements 7 
Abbreviations 9 
List of original articles 11 
Contents 13 
1 Introduction 15 

1.1 Root peroxidase activity as an indicator for stress .................................. 16 
1.2 N deposition effects on boreal forests ..................................................... 17 
1.3 Urban forests ........................................................................................... 19 
1.4 Restoration of urban forests .................................................................... 21 

2 Aims of the research 23 
3 Materials and Methods 25 

3.1 Study sites ............................................................................................... 25 
3.2 Greenhouse and chamber experiments .................................................... 25 
3.3 Restoration experiment in the field ......................................................... 26 
3.4 Fungal and plant community studies ....................................................... 27 
3.5 Shoot and root growth parameters .......................................................... 27 
3.6 Mycorrhizal colonization and peroxidase activity in the roots ............... 28 
3.7 Soil analyses ............................................................................................ 28 
3.8 Data analysis ........................................................................................... 29 

4 Results 31 
4.1 Comparison of urban and rural forests .................................................... 31 

4.1.1 Macrofungal and plant communities in urban and rural 

forests ........................................................................................... 31 
4.1.2 Properties of urban and rural forest soils ...................................... 33 

4.2 Responses of Scots pine seedlings to excess N ....................................... 33 
4.3 Reduction of N enrichment in urban forests ........................................... 35 

4.3.1 Responses of fungal and plant species to restoration ................... 35 
4.3.2 Soil nutrient availability ............................................................... 36 
4.3.3 Responses of Scots pine to restoration ......................................... 37 

5 Discussion 39 
5.1 Fungi in urban coniferous forests ............................................................ 39 
5.2 Plant diversity in urban coniferous forests .............................................. 41 
5.3 Responses of Scots pine to N and S compounds ..................................... 43 

5.3.1 The effects of N and S mediated via soil ...................................... 43 



14 

5.3.2 Root peroxidase activity ............................................................... 45 
5.3.3 Responses of Scots pine to restoration ......................................... 46 

5.4 Soil manipulation as a restoration method in urban forests .................... 47 
5.4.1 Does partial removal of vegetation and humus layer 

improve diversity of fruiting ECM fungal species in urban 

forests?.......................................................................................... 47 
5.4.2 The effects of soil manipulation on vegetation and soil 

nutrient availability ....................................................................... 48 
5.4.3 Concluding remarks about soil manipulation methods ................. 50 

6 Implications for management of urban coniferous forests 53 
References 55 
Original articles 71 



 15

1 Introduction 

Soils in boreal forests are typically fungal-dominated systems characterized by 

the closed nutrient cycle, slow processes and low productivity (van der Heijden et 

al. 2008). The communities of ectomycorrhizal (ECM) fungal symbionts 

associated with forest trees are highly diverse (Allen et al. 1995, Väre et al. 1996, 

Taylor et al. 2000). It is estimated that several hundreds of ECM fungal species 

can be found in boreal climatic zone (Dahlberg 2002). In contrast to the rich ECM 

fungal community, the understory vegetation tends to be low in diversity and have 

a relatively extensive, uniform structure in pristine forests in Finland (Kokko et 

al. 2002). Typically, boreal forests are rich in slowly growing dwarf shrubs, many 

of which are evergreen species. 

Plant species composition affects both the amount and quality of litter. 

Biochemical composition of litter, decomposition processes, and soil organic 

matter formation have important roles in the nutrient cycle (Nilsson et al. 1999, 

Prescott et al. 2000, Vestgarden 2001). Litter in boreal forests consists mostly of 

needles of coniferous trees, which are decomposed slowly (Prescott et al. 2000). 

This leads to a situation where the forest humus layer acts as a long-term sink of 

organically bound nitrogen (Berg & Dise 2004, Vestgarden et al. 2004). Thus, it is 

not surprising that most common plant species in boreal forests, such as 

ectomycorrhizal trees, Scots pine (Pinus sylvestris L.) and Norway spruce (Picea 

abies (L.) H. Karst.), and ericoid mycorrhizal shrubs, e.g. blueberry (Vaccinium 

myrtillus L.), are capable of bypassing nitrogen mineralization and taking up 

organic nitrogen by their mycorrhizal roots (Näsholm 1998, Näsholm et al. 1998, 

Persson & Näsholm 2001). This is because some ECM and ericoid fungal 

symbionts generally are capable of using organic N sources in the forest humus 

(Smith & Read 2008). 

Ectomycorrhizal symbiosis is more than necessary for the nutrient uptake of 

trees in a nutrient poor environment, but the relationship is also costly, since 

mycorrhizal fungi consume considerable amounts of carbon assimilated by 

foliage. Godbold et al. (2006) suggest that the external mycelium of mycorrhizal 

fungi is the dominant pathway through which carbon enters the soil organic pool, 

exceeding the input via leaf litter and fine root turnover. Furthermore, the role of 

mycorrhizal fungi in the functioning of ecosystems is irreplaceable, as they are 

responsible for not only carbon input but also the major part of the nitrogen and 

phosphorus cycle in the soil (van der Heijden et al. 2008). Almost 100% of fine 

root tips in boreal trees are colonized by ECM fungi (Taylor et al. 2000), and 
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several ECM fungal species inhabit roots of an individual tree (Saari et al. 2005). 

Due to their relatively short life span, fine roots and mycorrhizae of forest trees 

are distinctly affected by chemical characteristics of the soil (Rennenberg et al. 

1998, Persson & Ahlström 2002, Hagerberg et al. 2003). High N availability in 

the soil is generally assumed to decrease allocation to below-ground plant parts, 

as plants allocate resources to organs they use to acquire limiting resources 

(Bloom et al. 1985). Thus, decreased below-ground allocation in temperate 

forests (Nadelhoffer 2000) might be a result of increased foliar uptake of N 

(Sievering et al. 2007, Tomaszewski & Sievering 2007, Sparks 2009). Also, 

changed availability of other nutrients in the soil may affect allocation to roots 

(Corbin et al. 2003, Hagerberg et al. 2003, Dighton et al. 2004).  

Scots pine seedlings of natural origin are colonized by ECM fungi 

immediately as their roots start to grow. Nursery seedlings commonly used in 

forest regeneration are mainly colonized by mycorrhizal fungi which are typical 

only in the nursery soils (Lehto 1989, Kernaghan et al. 2003, Iwański et al. 2006). 

When the nursery seedlings are planted in the forest, these fungal symbionts are 

replaced by indigenous ECM fungi originating from the forest soil (Dahlberg 

1990, Pennanen et al. 2005). Differences in environmental growth conditions in 

the soil cause the changes in the ECM fungal community structure observed in 

roots of outplanted seedlings (Jones et al. 2003, Heinonsalo 2004, Cudlin et al. 

2007). Also the genotype of an individual tree may affect the ECM fungal 

community colonizing roots (Korkama et al. 2006). Moreover, Korkama et al. 

(2007) suggest that different tree clones directly or indirectly affect understory 

vegetation and soil microbes. Thus, performance of Scots pine is dependent on its 

own genotype as well as indigenous ECM fungal inocula in soil, and is affected 

by environmental conditions and stress factors. 

1.1 Root peroxidase activity as an indicator for stress 

Stress reactions in plants are often studied by measuring biomass and nutrient 

allocation into different plant parts, but also by using enzyme activity levels as 

indicators. For example, peroxidase (POD) activity has been widely used as a 

stress indicator (Passardi et al. 2005). Non-mycorrhizal pine seedlings maintain 

higher POD activity than mycorrhizal ones (Mitchell et al. 1986, Ahonen et al. 

1989). On the other hand, some ECM fungi may increase POD levels in the ECM 

roots of Scots pine seedlings (Günther et al. 1998). It is suggested that auxins 

produced by the ECM fungi reduce POD-catalyzed cross-linking of cell-wall 
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constituents (Salzer & Hager 1993, Charvet-Candela et al. 2002). This 

mechanism may make the cell walls in the roots less rigid and allow colonization 

of the intercellular space by symbiotic fungi (Tarkka et al. 2001). During early 

colonization, mycorrhizal fungi may temporarily increase POD activity in roots 

(Salzer & Hager 1993), but the activity decreases when the mycorrhiza formation 

is established (Spanu & Bonfante-Fasolo 1988, Münzenberger et al. 1997). 

Furthermore, exposure of roots to certain saprophytic and pathogenic fungi leads 

to a two- to four-fold increase in root POD activity (Asiegbu et al. 1999). Also, 

ECM fungi can occur along a biotrophy-saprotrophy continuum (Jones & Smith 

2004, Koide et al. 2008), which may also affect changes in root POD activity.  

1.2 N deposition effects on boreal forests 

Anthropogenic N deposition has resulted in enhanced N availability in many 

areas. Forests in these areas show a clear response to an increased N load 

(Bobbink et al. 1998, Gundersen et al. 1998, Andersson et al. 2002, Dighton et al. 

2004, Nordin et al. 2005, Högberg et al. 2006). Forest soils generally display 

great biological and structural complexity. Chronic N deposition decreases spatial 

heterogeneity of soil N processes, which may have strong implications for forest 

field layer plant species (Gilliam 2006). Composition and structure of plant 

communities change due to various interactive processed, such as competitive 

exclusion (Hutchings et al. 2003). Excess N favors plants with high relative 

growth rates (Tilman 1996). In boreal forests, N enrichment to a level at which it 

is no more a limiting factor for plant growth often leads to a switch from the 

shrub-dominated field layer to dominance of herbs and grasses (Fangmeier et al. 

1994, Strengbom et al. 2001, 2003). Slow-growing shrub species are adapted to 

low N levels and decline with increasing competition with more fast-growing 

plant species.  

Responses of forest field layer species to excess N may arise from nitrogen 

mediated changes in interactions between plants and their mycorrhizal symbionts 

(Gilliam 2006, van der Heijden et al. 2008). While N deposition may increase the 

productivity of forest trees and number of understory herbs and grasses in boreal 

forests, enrichment of N in forest soils may be unfavorable to the ECM fungi 

(Ruotsalainen & Kozlov 2006). Nitrogen deposition in the coniferous forests of 

Europe has decreased the number of ectomycorrhizal species producing 

sporocarps (e.g. Arnolds 1991, Brandrud 1995, Kårén 1997, Lilleskov et al. 

2001). Sporocarp inventories are used in evaluating the responses of ECM fungal 
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communities to disturbances, even though sporocarp production alone is not 

sufficient for determining the diversity of fungal communities. Not all ECM fungi 

produce hypogeous sporocarps which could be recorded in macrofungal 

inventories. According to Kårén (1997) and Brandrud & Timmermann (1998), 

excess N affects sporocarp production of ECM fungal species more than the total 

number of ECM fungal species in a community. Thus, the fruiting of fungal 

species can be used to find disturbance indicator species for N deposition effects. 

The direct and indirect effects of N enrichment on biological processes are 

difficult to assess. Pathways of N incorporation into an ecosystem vary across 

environments (Sparks 2009). The availability of N and, thus, the effects of N 

deposition on the ecosystem are modified by the differences in soil organic 

matter, clay, and moisture content (Vestgarden & Kjønaas 2003); climatic and 

meteorological conditions (de Vries et al. 2003); and soil pH (Stevens et al. 

2004). A critical N load level for significant harmful effects in forest ecosystems 

is suggested to be much lower for acid soils than for more neutral soils 

(Falkengren-Grerup & Diekmann 2003). The critical load estimates for boreal 

forests in Scandinavia varies from 1.3 kg (Rosén et al. 1992) to 6 kg N ha–1 year–1 

(Nordin et al. 2005). These levels are much lower than critical N load levels in 

the more southern forest areas (de Vries et al. 2000, Posch et al. 2001). As 

compared to these estimates, the nitrogen deposition level in the area of this study 

is relatively low (approx. 2 kg NO3-N ha–1 year–1; Oulun seudun ympäristövirasto 

2005), although higher than the lowest estimate for critical load. Moreover, 

effects of N enrichment on the biota persist for substantially longer periods than 

direct effects of excess N on soil chemical properties. This situation should be 

considered when assessing critical loads of N deposition for ecosystems 

(Strengbom et al. 2001). Moreover, the amount and quality of other nutrients, 

especially phosphorus (P), in boreal forest soils may also become limiting factors 

due to N deposition (Hagerberg et al. 2003).  

The interplay of nutrients at the ecosystem level is challenging in studies 

where the nutrient levels are manipulated. Total removal of vegetation and the 

humus layer (sod-cutting) is used in mid-Europe as a method for reducing the N 

load in N-enriched coniferous forests and to promote ECM fungi (de Vries et al. 

1995, Baar & ter Braak 1996, Baar 1997, Baar & Kuyper 1998, Smit et al. 2003, 

Boxman & Roelofs 2006). According to these experiments (Table 1), sod-cutting 

increases soil pH and decreases concentrations of exchangeable N and P 

compounds in both mineral and newly accumulated humus/litter layers. Sod-

cutting also increases the number of ECM fungal species producing sporocarps. 
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In contrast, repeated litter removal increased fruiting of some Russula species but 

decreased fruiting of Lactarius subdulcis Bull. ex. Fr. and many saprophytic fungi 

in a Swedish experiment (Tyler 1991; Table 1). In order to see whether the 

negative effects of excess N can also be successfully diminished in mid-boreal 

urban forests, responses of fungal as well as plant species need to be studied. 

1.3 Urban forests 

Urban forests represent patches of biodiversity within otherwise degraded 

landscapes (Vidra et al. 2007). Compact city structure is admired as being 

resource efficient and economically sustainable, but people also desire contact 

with nature (van den Berg et al. 2007). Natural areas within cities can be 

considered as a design option that promotes urban sustainability (van den Berg et 

al. 2007, Pickett & Cadenasso 2008). Sustainability means improving the local 

residents’ quality of life through environmental planning. Fragmentation of 

natural areas within cities often leads to a situation where species diversity of 

urban forests can differ greatly from that in more natural forests. Not only does 

the chronic deposition of pollutants affect the urban forest ecosystems, but also 

the increased recreational pressure causes changes in these forests. 

The main consequence of urbanization is biotic homogenization of plant 

communities (Alvey 2006). This means that urban biota will become more 

uniform in species composition by an increase in the abundance and range 

expansion of common native or non-typical species, and by a decrease in the 

abundance or even extinction of the originally rare species (McKinney 2006, 

Kühn & Klotz 2006). These events are related to disturbance frequency, isolation 

of patches from each other, habitat requirements of plant species, and plant 

dispersal ability (Niemelä 1999). Relatively small changes in local land use are 

linked to changes in vegetation (Borgmann & Rodewald 2005, Vidra & Shear 

2008). Changes in species composition and structure also vary geographically 

because of differences in growing season length, temperature, precipitation and 

soil nutrient levels. 
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Both species diversity and tolerance of individual species to disturbance 

(Niemelä 1999, Byers & Noonburg 2003, Zvereva et al. 2008) affect responses of 

a plant community to urbanization. Tolerance of plant communities to 

recreational use parallels the productivity of the forest stand (Malmivaara-Lämsä 

2008) and the size of forest fragments (Hamberg et al. 2008). Forest 

fragmentation leads to an increase in forest edges, which may function as 

‘collectors’ of wind-carried nutrients and pollutants both affecting ecological 

processes near edges (Weathers et al. 2001). Also changing light conditions in the 

forest patches (Coomes and Grubb 2000, Gilliam 2006, Hamberg et al. 2008) and 

trampling intensity (Malmivaara et al. 2002) are important factors affecting 

understory vegetation in urban forests. 

Fungi in urban areas are studied less than those in more pristine forests. Many 

studies report the harmful effects of pathogenic fungi on urban trees (e.g. Annesi 

et al. 2003, Terho et al. 2007, Schubert et al. 2008). Studies describing 

mycorrhizal fungal communities in urban areas are few (Markkola et al. 1995, 

Baxter et al. 1999, Egerton-Warburton & Allen 2000, Cousins et al. 2003, 

Dighton et al. 2004, Ochimaru & Fukuda 2007). Sporocarp production of ECM 

fungi decreases along rural-urban gradients in pine (Markkola et al. 1995) and 

oak forests (Ochimaru & Fukuda 2007). Similar decreases are observed in ECM 

morphotype diversity along rural-urban N pollution gradients in mature oak 

(Baxter et al. 1999) and pine stands (Dighton et al. 2004), and also in the 

diversity of arbuscular mycorrhizal fungi in shrublands (Egerton-Warburton & 

Allen 2000). Most of these studies are conducted in the temperate climatic zone, 

whereas only one study has been done in mid-boreal forests (Markkola et al. 

1995). The response of ECM fungi is similar in all of these studies, but no special 

indicator species or group can be named because of differences in species 

composition in different areas.  

1.4 Restoration of urban forests 

The main focus of many restoration projects in urban areas has involved 

eradicating non-typical plant species (e.g. Byers et al. 2002, Borgmann & 

Rodewald 2005, Ruiz-Jaén & Aide 2006, Vidra et al. 2007). Recovery of urban 

ecosystems can also be stimulated by planting woody species (Ruiz-Jaén & Aide 

2006) or by re-introducing native plants with repeated removal of non-typical 

species (Vidra et al. 2007). However, it is assumed that the risk of reinvasion by 

non-typical plant species is rather constant because of continuing external 
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disturbances (Byers et al. 2002, Vidra et al. 2007). Urbanized areas themselves 

may serve as the main source from which non-typical species can further spread 

into an area (Tait et al. 2005). Thus, restoration of urban forests needs to be 

planned and examined well before any large-scale operations. 

Manipulation of the vegetation and forest soil as a restoration method in 

urban forest areas also includes environmental risks. Intensity of soil 

manipulation (Gomez et al. 2002) and even size of manipulated gaps (Prescott et 

al. 2003) affect rates of nutrient mineralization, which may promote changes in 

plant growth (Baar 1997, Gomez et al. 2002), and soil biota (Setälä et al. 2000), 

and often leads to leaching of nutrients from the system (Kubin 1998, 

Spangenberg & Kölling 2004, Piirainen et al. 2007). On the other hand, removing 

soil N load should enhance root growth, as lower N availability in the soil 

generally increases biomass allocation to belowground plant parts (Baar 1997, 

Nadelhoffer 2000). Increased biomass growth, especially allocation into root 

biomass, could possibly be a sign of decreased risk of nutrient leakage. 
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2 Aims of the research 

Soil ecosystems in Scots pine forests on an anthropogenic pollution gradient 

around the industrialized city of Oulu, northern Finland, have been studied since 

1987 (e.g. Ohtonen et al. 1989). The urban forests differ from the rural forests in 

many soil properties, such as a thicker humus layer, lower microbial activity (e.g. 

Ohtonen 1994) and lower fungal biomass allocation to ECM sporocarps 

(Markkola et al. 1995). The differences are assumed to be a result of long-term 

low-level N and S deposition in urban forests, which increases the number and 

biomass of herbaceous species and thus also change the quality and accumulation 

of soil organic matter. Accumulated N and S compounds in urban soil could 

possibly elevate POD activity in Scots pine roots (Markkola et al. 1990), the 

increase of which is assumed to indicate stress in plant tissues (e.g. Katainen et al. 

1984, Roitto et al. 1999, 2001, 2003, Passardi et al. 2005). 

There were three main aims in this thesis: 

1. to study how mid-boreal urban Scots pine forests differ from rural ones in 

terms of composition of macrofungi and structure of the plant community (I, 

IV). It was hypothesized that the species richness of ECM macrofungi 

decreases along the urban pollution gradient, whereas diversity of plant 

species increases, and plant species with high growth rates become more 

abundant, towards pollution sources. The ECM fungal species were evaluated 

in order to find specific indicator species which reflect the pollution gradient. 

2. to study whether the effects of N and S compounds in Scots pine and its ECM 

fungal symbionts are mediated via soil (II, V, VI) or via air (III). It was 

hypothesized that addition of N and S compounds and usage of N-enriched 

soil of a natural origin would decrease ECM fungal colonization in the roots 

and increase root POD activity in seedlings. Also, indirect effects of gaseous 

ozone as well as gaseous N and S compounds were investigated, all of which 

were expected to negatively affect root condition and ECM fungal 

colonization of seedlings indirectly via their effects on shoots. 

3. to study if partial removal of vegetation and humus layer alleviates the 

adverse effects of excess N on plant and fungal communities (IV), and 

promotes performance and regeneration of Scots pine in urban forests (IV, V). 
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Fig. 1. Location of study zones around the city of Oulu. Arrow indicates the main wind 
direction, as approximately 40% of wind blows from south and south-east (I). 
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3 Materials and Methods 

3.1 Study sites 

The study area (Fig. 1), the city of Oulu and its surroundings, is located within the 

middle boreal vegetation zone (Ahti et al. 1968) in northern Finland (65°00’N, 

25°30’E). The forests are characterized by nutrient-poor soils and Scots pine as a 

dominant tree species. The principal emissions in the area have decreased during 

the last decades. The NOx emissions have decreased to one third, while SO2 

emissions have decreased to half of the late-1980s level. The main pollution 

sources are located within the urban area, and pollution decreases gradually with 

distance from the city center.  

In total, 20 study sites (I) were chosen in mature Scots pine stands. Five sites 

were selected for each of the four pollution zones (Fig. 1), which were determined 

by sulphur concentration in Scots pine needles at various distances from the city 

center (Karhu 1986). Total nitrogen concentrations in the forest humus layer were 

on average 14, 17, 19 and 20 mg g-1 OM, and total sulphur concentrations 2.1, 

2.6, 3.1 and 3.6 μg g-1 OM in zones I, II, III and IV, respectively (Markkola et al. 

1995).  

Fifteen mature Scots pine forest sites were chosen for the restoration study 

(IV, V). Seven urban sites were located in the city of Oulu and eight rural sites 40 

km southeast of the city in the county of Muhos (64°45’N, 26°00’E). Four of the 

urban sites were the same as in our earlier investigation in zone IV (I).  

Average annual precipitation for the years 1971–2000 was 518 and 517 mm, 

and mean temperature +2.2 and +2.1°C, in Oulu and Muhos, respectively (Drebs 

et al. 2002). The monthly precipitation and snow cover follow similar trends in 

both areas.  

3.2 Greenhouse and chamber experiments 

In 1992 (II), axenically grown 12-week-old Scots pine seedlings were planted in 

280-cm3 pots with forest humus. In the first experiment (A), the seedlings were 

grown in humus originating from three non-polluted or three polluted forests (20 

seedlings in each). In the second experiment (B), the seedlings grown in non-

polluted humus were treated with five levels of ammonium or potassium sulphate 

(10 seedlings in each). After seven months, half of the seedlings in experiment 
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(A) and all of those in experiment (B) were harvested. The other half of the 

seedlings in experiment (A) were subjected to winter acclimation conditions for 

another six weeks.  

In the third experiment (III), one-year-old containerized Scots pine seedlings 

were planted in a mixture of natural forest humus and sand in 500-cm3 pots and 

placed in outdoor open-top-chambers (30 seedlings in each). Chambers were 

fumigated using combinations of ambient or elevated levels of gaseous O3, SO2 

and NOx. Ten seedlings were harvested from each chamber at 4, 8 and 16 weeks 

after planting in July, August and October 1992.  

For the fourth experiment (VI), the soil was sampled in June 2001 from three 

urban sites and from three rural sites. Eight soil cores, 12 cm in depth and 6.8 cm 

in diameter, were taken within a 5-m radius from the central point of a randomly 

chosen sampling plot at each study site. The entire humus layer was removed 

from four of the soil cores. The rest of the soil core, i.e. the upper mineral layer 

with a minor amount of humus on the top, was used as a group simulating 

restoration management with an intensive removal of the humus layer (total 

humus removal treatment). The humus layer, which was only removed from the 

core used for the total humus removal treatment, was in turn used in comparisons 

as a group simulating slight disturbance (humus disturbance treatment). The four 

intact soil cores were used as controls. The sown-origin seedlings were harvested 

four months after establishing the experiment. 

3.3 Restoration experiment in the field 

A restoration experiment with partial removal of the vegetation and humus layer 

(partial humus removal treatment) was established in June 2001 (IV, V). A round 

study plot was randomly established at each of the seven urban and eight rural 

study sites, and an experimental square of 2 m × 2 m was placed in the middle of 

each plot. One-half of the square was treated as a partial humus removal treatment 

by removing all above-ground parts of the vegetation and the upper half of the 

humus layer, and the other half was left as a control treatment. Both treatments 

were further divided into two subsquares, one of them used for vegetation surveys 

(IV), and the other for monitoring the development of one-year-old Scots pine 

nursery seedlings (21 in each subsquare; V). Seedlings were harvested in 

September 2003, three growing seasons after planting. 
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3.4 Fungal and plant community studies 

The structure of fungal and plant communities was studied along the urban 

pollution gradient (I). Species composition of macrofungi was inventoried at each 

site within a 50-m radius in 1987–1990 and again in 1997. The sporocarp 

production of ECM and saprotrophic fungi was studied by collecting all of them 

along a 50-m2 transect, one per site. In 1987, five soil samples from each site 

were taken for ECM morphotyping (see 3.6). Coverages of higher plants, 

bryophytes, and lichens were estimated from ten randomly selected 1-m2 quadrats 

per site in June–August 1989. 

The effects of the restoration treatment on plant and fungal communities were 

studied at urban and rural forest sites (IV). The presence/absence of the ECM and 

saprophytic macrofungal species was inventoried 4–6 times at two-week intervals 

each autumn during 2001–2005. All sporocarps in the control and partial humus 

removal subsquares were collected. To obtain a representative estimate for the 

whole ECM fungal community at each site, sporocarps of ECM fungal species 

found from the entire study plot were also recorded.  

Vegetation cover analyses were conducted before establishing the restoration 

treatments (IV) in June 2001 from a 0.25-m2 subsquare in both halves of the 

experimental square. The visual estimation method was used to obtain a 

percentage of the total area covered by vegetation (Jalonen et al. 1998). This was 

repeated in July 2003. The percent cover of exposed soil, litter and plant species 

in the partial humus removal treatment was estimated in October 2001 and 2002 

by recording the frequency of each species at 100 random points within a 0.25-m2 

subsquare (Stampfli 1991).  

3.5 Shoot and root growth parameters 

The plant growth parameters were measured from above- and below-ground parts 

of the seedlings (II, III, V, VI). Needles and stems were sampled by keeping each 

year-class of the shoot separate. Needle length was measured from ten current-

year needles per seedling (V, VI). Roots were divided into coarse (> 1 mm in 

diameter) and fine (< 1 mm) roots. Fine roots were cut into pieces and mixed, and 

sub-samples were randomly collected for dry weight, fungal biomass and root 

POD activity analyses. Biomass of the needles, lateral shoots, stems and coarse 

roots and the C:N ratio of the current-year needles were determined (V, VI).  
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3.6 Mycorrhizal colonization and peroxidase activity in the roots 

The percentage of ectomycorrhizae was calculated as the number of root tips on 

which ectomycorrhizae were observed per the number of all root tips in the 

subsamples using a dissection microscope (I, II, III, VI). Mycorrhizal short roots 

were classified into morphotypes based on their color and morphological features, 

and morphotype frequencies were recorded (I, II, III).  

Fungal biomass in the fine roots (II, III, V, VI) was estimated from freeze-

dried, ground roots using a modified ergosterol assay (Nylund & Wallander 

1992). Ergosterol was quantified with high-performance liquid chromatography 

(HPLC). The estimate for total fungal biomass per seedling was obtained by 

multiplying the root ergosterol concentration by the total fine root biomass (III, V, 

VI). 

Root POD activity and specific POD activity per root protein content (II, III, 

V, VI) were measured in frozen, homogenized fine roots of the pine seedlings 

(Roitto et al. 1999, 2001).  

3.7 Soil analyses 

In the field experiments, the soil nutrient status was measured in the beginning 

(I, IV) and at the end of the experiment (V). Soil analyses were also done at the 

end of the greenhouse experiment (VI). Soil subsamples (I, IV) were analyzed for 

total N and P concentration. The soil acidity was measured in water extracts (IV, 

V, VI). The homogenized fresh or defrosted soil samples were analyzed for 

gravimetric moisture and organic matter (OM) content. Subsamples extracted 

with 0.5 M K2SO4 were used for analyses of dissolved nutrients: ammonium N, 

nitrate N, total dissolved N (TDN), total dissolved P (TDP) and phosphate P. 

Dissolved organic N (DON) was calculated by subtracting the inorganic N from 

the total dissolved N. 

The soil C:N ratio was studied in 2002 in the field restoration experiment. 

Soil subsamples were dried at room temperature, ground, and analyzed for C and 

N concentration the same way as the foliar C:N ratio. 

Biological soil analyses included living fungal biomass (IV, VI) and soil 

respiration (IV). Fungal biomass was estimated as ergosterol concentration (μg g-1 

soil OM) using a modified ergosterol assay (Nylund & Wallander 1992). Soil 

respiration, an index of microbial activity, was analyzed as described by Ohtonen 

(1994). 



 29

3.8 Data analysis 

Statistical analyses were performed using mean values for each treatment, site or 

subsquare. The differences in plant and fungal community structure and in soil 

properties between the urban and rural sites were analysed using one-way 

ANOVA or non-parametric tests (I, IV), indicator species and principal 

component analyses (PCA, I). Impacts of soil origin and addition of N and S on 

Scots pine seedling growth, root POD activity, and mycorrhizal parameters were 

analysed with two-way ANOVA (II). Repeated measures ANOVA was used in 

analysing effects of gaseous pollutants and time of season on Scots pine seedlings 

(III). Effects of soil origin and restoration treatments on soil properties, fungal 

and plant species, and Scots pine seedlings were tested using linear mixed models 

(IV, V, VI). The tests were performed either with SPSS or PC-ORD packages for 

Windows. More detailed descriptions for the tests can be found in corresponding 

original papers. 
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4 Results 

4.1 Comparison of urban and rural forests 

4.1.1 Macrofungal and plant communities in urban and rural forests 

Fruiting of fungi and plant communities both showed differences between sites of 

differing anthropogenic influence (Table 2; I, IV). The number of fruiting ECM 

fungal species, especially those of Cortinarius spp., decreased towards the N and 

S emission sources. The diversity of ECM macrofungi was lowest at the most 

polluted urban sites, whereas diversity among ECM morphotypes in pine roots 

did not differ between the pollution zones. Saprophytic macrofungal communities 

were quite similar at all sites.  

The fungal diversity recorded in 1987–1990 in the 50-m radius plots 

consisted of 168 taxa (I). In an additional survey in 1997, 25 new species were 

found, most of them at urban sites. Eight fruiting fungal species reflected the 

differences between the pollution zones and showed distinctly contrasting 

strategies in their responses. Most of them were declining in relation to increasing 

pollution (PCA with fungal indicator species; I). These species were almost all 

ectomycorrhizal: Chroogomphus rutilus (Schaeff.:Fr.) O.K.Mill., Cortinarius 

anomalus (Fr.:Fr.) Fr. coll., Cortinarius brunneus (Pers.:Fr.) Fr. coll., Cortinarius 

gentilis (Fr.:Fr.) Fr., Cortinarius semisanguineus (Fr.) Gillet, and Suillus 

variegatus (Sw.:Fr.) Kuntze., with only one species, Cantharellula umbonata 

(J.F.Gmel.:Fr.) Singer, considered as saprotrophic. One indicator species, Paxillus 

involutus (Batsch:Fr.) Fr., showed quite the opposite trend and proved to be 

pollution tolerant.  
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Table 2. Responses of macrofungi and vegetation to N load and to restoration by 
partial removal of humus layer. ↑=higher/increase, ↓=lower/decrease, 0=no 
difference/change in comparison to control.  

Parameter N enriched soil 

I & IV 

Partial humus removal 

IV 

Fruiting macrofungi   

All ectomycorrhizal fungi ↓ ↑ 
Chroogomphus rutilus ↓ 0 
Cortinarius anomalus ↓ 0 
Cortinarius brunneus ↓ 0 
Cortinarius gentilis ↓ 0 
Cortinarius semisanguineus ↓ ↑ 
Suillus variegatus ↓ 0 
Paxillus involutus ↑ 0 

All saprophytic fungi 0 ↓ 

Cantharellula umbonata ↓ 0 

Vegetation   

Mosses ↓ ↓ 

Lichens ↓ ↓ 
Herbs ↑ 0 

Graminoids ↑ 0 

Shrubs ↓0 0 

Woody species 0 0 

Within smaller 5-m radius plots, 90 fruiting ECM fungal species were found 

during 2001–2005 (IV). In this survey, differences in ECM fungal communities 

remained similar between the urban and rural study sites, as was observed in 

earlier surveys. The rural sites were rich in Cortinarius spp., among which C. 

gentilis, C. obtusus Fr.:Fr. and C. paragaudis Fr. coll. occurred solely at the rural 

sites (IV). Also, Suillus variegatus and Cantharellula umbonata, which were 

indicator species in the earlier survey, were typical for the rural sites. Paxillus 

involutus was present at all urban sites, but was not found at the rural sites.  

In contrast to the ECM fungal community, the diversity of plant species on 

the forest floor increased towards the N and S emission sources. Dwarf shrubs, 

Vaccinium myrtillus and V. vitis-idaea L. were dominat species in the field layer at 

all sites (I, IV). Close to the emission sources, slowly growing plant species were 

displaced by species typical of more nutrient-rich forests. Thus, herbs and grasses 

became more abundant while the number of bryophyte species diminished and 

lichens were absent. Deschampsia flexuosa (L.) Trin., Maianthemum bifolium (L.) 
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F.W.Schmidt, Trientalis europaea L., Rubus idaeus L. and Sorbus aucuparia L. 

were typical plant species at the urban forest sites.  

4.1.2 Properties of urban and rural forest soils 

Differences in the soil parameters (Table 3) between the pollution zones were 

similar when comparing parameters measured in 1987 (I), in 2000 (I), and when 

the restoration experiment was started in 2001 (IV). The thickness of the humus 

layer and its total N concentration increased towards the pollution sources. 

Acidity and ammonium N concentration in the humus layer did not differ 

significantly, although ammonium N showed large variation and was on average 

3–4 times higher at the polluted urban sites than at the most rural sites (I). In 

addition, at the urban sites of the restoration experiment, the humus layer was 

thicker and its pH, total N, ammonium N, and total P were higher as compared to 

the rural sites (IV). In contrast, dissolved organic N, total dissolved P, and 

phosphate P in the humus layer were lower at the urban than at the rural sites. 

Basal respiration and soil ergosterol concentration were lower in the urban than in 

the rural soils (IV). 

4.2 Responses of Scots pine seedlings to excess N 

The effects of N pollution on Scots pine seedlings (Table 3) were mediated via 

soil (II, V, VI), whereas aerial pollution did not affect the seedlings during the 

first growing season after planting (III). While root POD activity increased only 

slightly after addition of N and S compounds to the soil (II), using the urban soil 

as a growing medium resulted in increased root POD activity (II, V). Urban soil 

did not affect root POD activity in the seedlings grown four months in the 

greenhouse (VI).  

Neither the intensity of mycorrhizal colonization nor the relative proportions 

of ECM morphotypes were affected by the origin of soil used as a growth media 

of pine seedlings (II). The number of ECM morphotypes in both greenhouse 

experiments was low (II, VI data not shown). In the field experiment, soil origin 

did not affect fungal biomass in the seedlings, which was estimated as ergosterol 

concentration in the fine roots (V). In the greenhouse experiment, concentration 

and total content of ergosterol in the pine roots both were at a higher level in the 

urban than in the rural intact soil (VI).  
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Only slight differences were found in the growth of planted Scots pine 

nursery seedlings between urban and rural areas. At the urban sites the N 

concentration in current-year-needles was higher, while the needles were shorter, 

than those at the rural sites (V). Similarly, neither above- nor below-ground 

seedling biomasses were affected by the origin of the soil in a seven-month 

greenhouse experiment (II). On the contrary, sown-origin Scots pine seedlings 

generally grew larger in the urban soils than in the rural soils in the four-month 

greenhouse experiment (VI).  

Seasonal differences were detected in responses of Scots pine seedlings (II, 

III). Needle and stem biomass increased during the winter acclimation period in 

the greenhouse experiment (II), whereas in the open-top chamber experiment, 

above-ground and below-ground seedling biomass both increased during the 

growing season (III). Root-to-shoot ratios of Scots pine seedlings increased 

evenly during the experimental period parallel to increased fine-root biomass 

(III). Mycorrhizal colonization increased in both experiments towards the end of 

the growing season. On the other hand, fungal biomass in fine roots peaked in 

August, 8 wks after planting (III). Root POD activity increased in six weeks in 9-

month-old seedlings during winter acclimation in the greenhouse (II), while POD 

activity decreased during the growing season in 18-month-old seedlings in open-

top chambers (III).  
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Table 3. Responses of Scots pine seedlings and soil properties to excess soil N, N 
addition, and management of humus layer of urban forest soil. ↑=higher/increase, 
↓=lower/decrease, 0=no difference/change in relation to control/intact soil, -=not 
measured. 

N enriched 

soil 

N addition 

via soil 

N addition 

via air 

Parameter Humus 

disturbance 

Partial 

humus 

removal 

Total 

humus 

removal 

I, II, V & VI II III  VI V VI 

   Scots pine seedlings    

0 - - Height growth 0 0 0 

0 0 0 Shoot biomass 0 ↑ ↓ 
0↑ - 0 Needle biomass 0 ↑ ↓ 
↓↑ - - Needle length 0 ↑ 0 

↑ - - Needle N % 0 0 ↓ 
0↑ - 0 Root biomass 0 ↑ ↓ 
↑0 0 0 POD activity in roots ↑ ↓ ↓ 
0 - 0 Fungal biomass in roots 0 0 0 

0 - 0 Number of ECM morphotypes 0 - 0 

       

   Soil parameters    

↑ - - pH 0 ↑ ↑ 
↑ - - Total N - - - 
↑ - - Ammonium N ↑ ↑ 0 

↑   Total P - - - 
↓ - - Phosphate P ↑ 0 0 

↓ - - C to N ratio - 0 - 
↓ - - Fungal biomass 0 - 0 

↓ - - Microbial activity - - - 

4.3 Reduction of N enrichment in urban forests 

4.3.1 Responses of fungal and plant species to restoration 

The partial humus removal treatment affected ECM fungal species, which 

produced more sporocarps during the study period as compared to the control, 

whereas saprophytic fungi showed a decreasing trend (Table 2; IV). However, the 

change in the fruiting ECM fungal community was slow during the first three 

years (2001–2003), and the stimulating effect of the partial humus removal to 

sporocarp production was more obvious only in the last study year, 2005. At the 

urban sites, effects were generally weaker than at the rural sites. The partial 
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humus removal treatment resulted in three fruiting ECM fungal species in 2005, 

whereas during the whole survey period, only five ECM fungal species were 

found in the urban subsquares: i.e. Cortinarius croceus (Schaeff.) Gray, C. 

semisanguineus, Inocybe sp., Lactarius rufus (Scop.:Fr.) Fr. and L. turpis 

(Weinm.) Fr..  

The plant species number did not differ between the partial humus removal 

and control treatments (IV). After the third growing season in 2003, the plant 

cover in the partial humus removal treatment of the urban sites had reached the 

initial level recorded in June 2001 (Table 2). Deschampsia flexuosa, Sorbus 

aucuparia and Vaccinium spp. recovered well, showing equal coverage in 2003 to 

that before establishing the experiment. In contrast, Empetrum nigrum L. suffered 

from the treatment and did not return to the urban sites during the study period. 

Mosses recovered very poorly, and lichens were absent even after the partial 

humus removal treatment. 

4.3.2 Soil nutrient availability 

The thickness of the humus layer was reduced to approximately 60% of that of 

the control after partial humus removal treatment in the field (V). The C:N ratio 

in the humus layer did not differ between the control and partial humus removal 

treatments at urban sites, whereas at rural sites the C:N ratio was higher than at 

urban sites and decreased after the partial humus removal treatment (Fig. 1). The 

partial humus removal treatment at urban sites resulted in higher levels of soil 

ammonium and nitrate N as well as DON as compared to the control. In the 

greenhouse soil manipulation experiment (VI), the levels of ammonium N were 

high in the humus disturbance treatment, whereas the levels of nitrate N were 

high in the total humus removal treatment. The treatments did not differ in soil 

pH, DON, TDN or soluble P compound levels in the urban soils, whereas the 

disturbance treatment increased soil fungal biomass in both urban and rural soils 

as compared to the other treatments (VI). 
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Fig. 2. Carbon-to-nitrogen ratio (mean C:N ratio + standard deviation) in rural and 
urban forest humus layer in 2002, two growing seasons after partial removal of 
vegetation and humus layer (REMOVAL). Significant differences are expressed with 
different letters. 

4.3.3 Responses of Scots pine to restoration 

Soil manipulations resulted in different responses in the field and in the 

greenhouse experiments. In the field experiment, after the partial humus removal 

treatment the growth of the pine seedlings was generally facilitated (V). At urban 

sites, the partial humus removal treatment resulted in higher needle and fine-root 

biomass and a slight decrease in the root-to-shoot ratio as compared to the 

control. A slight decrease in foliar N concentration and root POD acitivity were 

found at urban sites. Fungal biomass in the roots, estimated as root ergosterol 

concentration, did not differ between the treatments. Emergence of Scots pine 

seedlings was poor during the study period, and new seedlings were found only at 

two of the urban sites after partial removal of the vegetation and humus layer 

(IV).  

In the greenhouse experiment, both the humus disturbance and total humus 

removal treatment decreased pine seedling growth in the urban soils (VI). Root to 

shoot ratio did not vary among the soil manipulation treatments. A slight decrease 
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in foliar N concentration as well as root POD activity were found after total 

humus removal in seedlings grown in the urban soils. On the other hand, root 

POD activity was at the highest level in the humus disturbance treatment with an 

increase in soluble N compounds in the soil. Fungal biomass in the roots, 

measured as root ergosterol concentration, showed no specific response to 

treatments. 
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5 Discussion 

5.1 Fungi in urban coniferous forests 

The number of ECM fungal species producing sporocarps decreased along the 

urban pollution gradient. Especially, species belonging to Cortinarius spp. were 

rare at urban N-enriched sites. This is parallel to earlier findings that ECM 

morphotype diversity and ECM sporocarp production decrease along rural-urban 

pollution gradients (Baxter et al. 1999, Dighton et al. 2004, Ochimaru & Fukuda 

2007). The high N load in the soil is reflected by a declining number of fruiting 

ECM fungal species in more natural coniferous forests (Ohenoja 1994, Brandrud 

1995, Kårén & Nylund 1997, Jonsson et al. 2000, Peter et al. 2001, Lilleskov et 

al. 2001), while excess N does not seem to affect the species richness of 

saprophytes (Ohenoja 1994, Peter et al. 2001). Similarly saprophytic fungi did 

not differ along the urban pollution gradient.  

Brandrud (1995) divides ECM fungal species into stress-tolerant and stress-

sensitive taxa. Paxillus involutus and Lactarius rufus belong to stress-tolerant 

fungi, dominating the macrofungal community under acidification (SO4; Shaw et 

al. 1992, Såstad & Jenssen 1993) and N-fertilization treatments (Ohenoja 1994). 

On the other hand, Lilleskov et al. (2001) assess L. rufus as a nitrophobic species, 

because its sporocarp production decreases due to long-term N addition. While 

Paxillus involutus is a species with a wide range of tolerance (Chalot et al. 1996, 

Courbot et al. 2004, Fransson et al. 2005, Langenfeld-Heyser et al. 2007), 

Cortinarius spp. as well as Russula spp. are among the most sensitive and the first 

to suffer when N input increases (Brandrud 1995, Brandrud & Timmermann 

1998, Strengbom et al. 2001). One indicator species in this study, Cantharellula 

umbonata, is mainly presumed to be saprophytic, but Ohenoja (1995) suggests 

that yearly weather conditions and especially winters affect its fruiting in a similar 

way as the fruiting of ECM fungi. In the present study, C. umbonata decreased 

along the urban pollution gradient, as did the ECM fungal indicator species. 

Though the present and several other studies show that ECM fungi fruit less 

under excess N, the proximal mechanisms for the changes are unclear (Brandrud 

& Timmermann 1998, Lilleskov & Bruns 2001, Hobbie et al. 2005, Carfrae et al. 

2006, Lilleskov et al. 2008). The decrease in sporocarp production of ECM fungi 

may be related to a reduction in the number of species forming sporocarps and to 

factors that disturb the development of sporocarps (Kårén & Nylund 1997). 
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Increased nitrogen assimilation of ECM fungi under excess N consumes more C 

than growth of extramatrical mycelium and sporocarp development (Carfrae et al. 

2006, Sims et al. 2007). Also, the nutrient status of the host tree affects fungal 

growth (Nilsson & Wallander 2003, Nilsson et al. 2005). It is hypothesized that 

most ECM fungal species can survive periods of excess N supply, but decreasing 

vitality indicates that they may disappear with time if N availability remains high 

(Brandrud 1995), and a decline in ECM fungal diversity can be seen long after 

termination of N exposure (Strengbom et al. 2001). However, studies based on 

sporocarp inventories may not give a sufficient picture, as sporocarp production 

often varies due to differences in weather conditions (Ohenoja 1993, Jonsson et 

al. 2000). Moreover, not all ECM fungal species produce above-ground 

sporocarps that could be surveyed. 

Excess N has been reported to affect the formation of mycorrhizae less than 

sporocarp production (Wallander 1995, Kårén & Nylund 1997, Brandrud & 

Timmermann 1998, Jonsson et al. 2000, Peter et al. 2001). Peter et al. (2001) 

found that the impact of nitrogen on below-ground ECM fungal diversity is slight, 

but the change in the ECM fungal community can be seen at both above- and 

below-ground levels. Also dispersal abilities of ECM fungi are low, as the main 

portion of a fungal biomass is allocated in external mycelium (Wallander et al. 

2001). Furthermore, the chances of successful establishment are weak even 

though an individual ECM fungal propagule can travel long distances (Peay et al. 

2007). Responses of the ECM fungal community in urban forests to excess N 

may partially depend on a variety of other environmental factors (Lilleskov et al. 

2001, Jones et al. 2003, Heinonsalo 2004). Trampling, which is also an urban 

disturbance factor, has not been found to negatively affect sporocarp production 

of fungi (Egli et al. 2006). However, trampling can cause damage in mycorrhizal 

fine roots of beech seedlings but not in roots of mature trees (Waltert et al. 2002). 

Thus, when studying the community structure of ECM fungi, all stages of the 

fungal life cycle (mycelia, mycorrhizal root tip, sporocarp) and also age of the 

tree symbionts should be taken into consideration. 

One probable mechanism for reduced fruiting of ECM fungi is that increased 

N availability stimulates shoot growth of the host plant instead of C allocation to 

the fungal symbionts (Wallander et al. 1994, Markkola et al. 1995, Nilsson & 

Wallander 2003), resulting in decreased C flow to soil. Carbohydrate support to 

ECM fungi is generally linked to plant nutrition (Nehls et al. 2007). Foliar N 

uptake increases under high N deposition levels (Sparks 2009). The increase in 

foliar uptake means a lowered demand for root uptake. Thus, the resource 



 41

allocation to roots and the necessity of mycorrhizal symbiosis decreases. It is 

likely that the different benefits and costs of symbiosis with different fungal 

species may play an important role in shaping ECM fungal communities (Tuomi 

et al. 2001). It has been suggested that the host plant may even be able to choose 

a symbiont with low C-cost (Saikkonen et al. 1999, Kuikka et al. 2003, Markkola 

et al. 2004, Bever et al. 2009). Under excess N, the host plant may allocate less C 

to those ECM fungi with abundant external hyphal structures that are costly to the 

host plant. Such species as, e.g. Cortinarius and Suillus, were found to decrease 

towards the urban end of the gradient. This may result in less C-demanding 

smooth mycorrhizal morphotypes becoming more common at the root level.  

However, the picture is not simple. It is suggested that the fungus itself, rather 

than the host plant, modifies the carbon allocation patterns to fit with the N 

supply. This ability varies among ECM fungal species depending on their 

capacity to assimilate N and their sensitivity to harmful levels of N (Wallander 

1995, Gorissen & Kuyper 2000). Moreover, carbon allocation to external ECM 

mycelium is reduced in the presence of a wood-decomposer fungus (Leake et al. 

2001) which raises the question of a possible increase in competition for carbon 

between ECM and saprotrophic fungi at sites with a high N load. In addition, 

Lindahl et al. (2007) propose that interactions between decomposers and 

mycorrhizal fungi are antagonistic. Some mycorrhizal fungi evidently also have 

decomposing ability which affects soil C balance (Talbot et al. 2009). High soil N 

could mediate changes in ECM fungal communities, which may have further 

long-term ecological significance by affecting the capacity of their plant 

symbionts, i.e. long-living trees, to grow in changing forest ecosystems. However, 

present knowledge about these mechanisms is ambiguous to date. 

5.2 Plant diversity in urban coniferous forests 

A distinctly higher number of herb and grass species was observed at the urban 

end of the pollution gradient, whereas the number and cover of mosses and 

lichens were diminished at urban sites (I, IV). Also, the number of herb and grass 

species increased from 1989 to 2003 at the urban sites. In a 1960’s forest 

inventory (Estama 1967), the urban study sites were still classified into the dryish 

Empetrum-Vaccinium forest type with fewer understory species. The increase in 

plant species diversity was evident. During recent decades, urbanization and low-

level N and S deposition have affected the urban forest sites. In more nutrient-rich 

forests, N enrichment decreases plant species richness (Bobbink et al. 1998, 
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Vanha-Majamaa & Reinikainen 2000), having a direct effect on competitive 

abilities of various plant species (Hutchings et al. 2003, Gilliam 2006). In 

particular, bryophytes are sensitive to increases in N input (Mäkipää 1994, 

Strengbom et al. 2001, Nordin et al. 2005). As Falkengren-Grerup and Diekmann 

(2003) state, even a slight increase in soil pH affects N processes in the soil, the 

plant life history traits and plant response to N deposition. Species indicating high 

N (Diekmann & Falkengren-Grerup 1998) were more typical at urban sites with 

higher pH and available N levels than at rural sites with lower pH and available N 

levels. 

Plant species recorded only at the urban sites were Deschampsia flexuosa, 

Luzula pilosa (L.) Willd., Maianthemum bifolium, Trientalis europaea, Rubus 

idaeus and Sorbus aucuparia, which are typical for mesic boreal forests with 

Norway spruce as the dominating tree species (Kokko et al. 2002, Hamberg et al. 

2008). Furthermore, the herb and grass species found at urban sites are more 

typical of open forest edges than of a closed forest (Hamberg et al. 2008). 

Bryophytes declining at urban sites are sensitive to increased light (Hamberg et 

al. 2008) and to trampling (Malmivaara et al. 2002, Törn et al. 2006, 2009, 

Hamberg et al. 2008). Thus, many plant species found at urban sites are generally 

uncommon species in mid-boreal pine dominated forests. 

Successful invasions by non-typical species are more common in human-

modified habitats than in less disturbed and pristine habitats (Niemelä 1999, 

McKinney 2005, Alvey 2006). In the present study, the level of recreation 

increased towards the city center, which could have contributed to reduced cover 

of ground layer mosses and lichens and to the increased number of herb and grass 

species. The urban sites were relatively small patches with a fairly open canopy, 

except the most eutrophic sites characterized by a high Sorbus aucuparia density. 

Increased nutrient and light availability at urban sites could be expected to favor 

plants with high growth rates. Deschampsia flexuosa is often found as a 

dominating species with increasing N (Rosén et al. 1992, Kellner & Redbo-

Torstensson 1995, Strengbom et al. 2001), but also with increasing light 

availability (Strengbom et al. 2003, Hamberg et al. 2008) and after silvicultural 

disturbances (Uotila et al. 2005). Strengbom et al. (2004) suggest that light is 

more important in determining D. flexuosa expansion than N availability, 

indicating more severe above-ground than below-ground competition.  

However, below-ground competition may occur at the mycorrhizal level and 

be expressed as competition for photosynthetic C allocation. Competition can 

occur between ecto-, ericoid and arbuscular mycorrhizal fungi. Increased numbers 
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of plant species forming arbuscular mycorrhiza in coniferous forests with high N 

availability (Sipola 1994, Mäkipää 1994, Lilleskov et al. 2001, Strengbom et al. 

2003, I, IV) support this view. Also, garden plants, i.e. Impatiens glandulifera 

Royle, Humulus lupulus L., Glechoma hederacea L., Solanum dulcamara L. etc., 

have spread to urban forest stands around the city of Oulu (personal 

observations). There is a great risk for invasion of other non-typical plant species 

into mid-boreal urban forests, especially due to predicted milder winters as part of 

global climate change. 

5.3 Responses of Scots pine to N and S compounds 

5.3.1 The effects of N and S mediated via soil 

The growth responses of Scots pine seedlings to N enrichment were apparently 

mediated mainly via soil (II, V, VI), whereas simulated pollution in experimental 

conditions as fertilizer (II) or in gaseous form (III) had no measurable effects on 

growth of the seedlings. Elevated gaseous pollutant concentrations have caused 

slight differences or negative growth responses in similar short-term studies 

(Edwards et al. 1992, Shan et al. 1997, Takemoto et al. 1997). Sparks (2009) 

suggests, however, that foliar uptake of deposited N could influence plant growth 

more readily than uptake of soil-deposited N. The N deposition level affects the 

magnitude of foliar uptake. Under low pollution levels, the influence of foliar N 

uptake might be less significant than uptake of N via soil. Consequently, the 

responses of seedlings grown in N-enriched urban soil, e.g. high root POD 

activity (II, V, VI) and foliar N concentration (V, VI), were obviously due to the 

original differences in the soil properties.  

At urban sites, the dominance-shift from dwarf shrubs to herbs and grasses, 

and the concomitant increase in litter production together with decreased 

microbial activity certainly played a part in the accumulation of humus (Ohtonen 

1994, IV). The thickness of the humus layer as well as total N and P concentration 

in the soil were higher at urban than at rural sites, indicating an higher nutrient 

pool. However, the levels of available N and P compounds were lower in the 

urban than in the rural soils (IV). The level of available P was substantially lower 

in the urban soils than in the rural soils, which is consistent with observations by 

Baxter et al. (2002) in a temperate rural-urban gradient.  
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Increased N in soil may actually create a situation where availability of P 

limits plant growth (Corbin et al. 2003, Dighton et al. 2004). Also, in the present 

study, the low amount of available P compounds in the urban soils in relation to 

high availability of N implies that P could become a limiting growth factor in 

urban N-enriched forests. The interplay between N and P availability can shape 

plant C allocation and affect their mycorrhizal symbionts. For example, Norway 

spruce responds to P limitation by increasing exploitation of P-containing 

minerals by ectomycorrhizal fungi (Hagerberg et al. 2003). Paxillus involutus, the 

species found commonly at urban sites, has been reported to be more efficient 

than other studied ECM fungi in P translocation to host plants (Bidartondo et al. 

2001) and possibly to be responsible for P exploitation under P limitation 

(Hagerberg et al. 2003). Because several ECM fungal species inhabit pine 

seedling roots simultaneously and fine roots are short-lived, the balance between 

benefits and costs of symbiosis may be retained after disturbance. 

Mycorrhizal colonization in Scots pine seedling roots was not affected by the 

origin of soil in the present experiments (II, V, VI). This was unexpected, as the 

inoculum potential of ECM fungi may have been declined in urban soils as 

suggested by earlier results obtained from mature urban trees (Markkola et al. 

1995). This was also implied by changes in ECM macrofungal composition in the 

urban forests (I, IV). Mycorrhizal symbionts of mature trees may result in 

favoring the next generation of host plants via mycelial networks (Högberg et al. 

1999, Simard et al. 2002, McGuire 2007). In addition, facilitation effect from 

mature plants to young seedlings varies among ECM fungal species (Nara 2005). 

Generally, success of Scots pine in boreal forests is related to richness of the 

ECM fungal community with varying abilities to uptake and translocate nutrients 

to their hosts together with varying abilities to adapt to environmental changes. 

In boreal forests, root growth varies during the growing season, which could 

also be seen in the open-top chamber experiment (III). Root metabolic activity in 

young seedlings is slow in spring and early summer and most intense at the end of 

the growing season (Iivonen 2002). This is related to soil temperatures: low soil 

temperature decreases C allocation to roots of Scots pine seedlings, whereas root 

growth recovers well as soil temperature increases (Lippu 1999, Domish et al. 

2002). The root-to-shoot ratio of 3-year-old seedlings grown at field sites (V) was 

at the same level as that of the seedlings grown in rural and urban soils in the 

greenhouse for 9 months (II), but lower than that of 4-month-old seedlings in the 

soil manipulation experiment (VI). The root-to-shoot ratio in one- and two-year-

old Scots pine seedlings varies between 0.3–0.7 (Markkola 1996, Alberton et al. 
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2007, personal observations). The use of a cylinder to sample roots might have 

also affected the ratio obtained from the field experiment.  

When comparing results of seedling growth responses from different climatic 

regions, we have to remember that resource allocation belowground may differ 

depending on climatic and nutritional conditions. A harsh climate with a short 

growing season affects C allocation in Scots pine, because there are two times 

more ECM root tips per unit ground area in northern Scots pine stands than in 

southern stands in Finland (Helmisaari et al. 2009). This indicates increasing C 

allocation to root systems in the north as compared to the south and may mirror 

decreasing N availability towards the north. In temperate forests, the increase in 

soil N availability is suggested to decrease fine-root biomass but stimulate fine-

root production and turnover (Nadelhoffer 2000) and increase fine-root N 

concentration (Lilleskov et al. 2008). Moreover, intraspecific variation in growth 

(Korkama et al. 2007, Karst et al. 2009) and in sensitivity to pollution (Dewald et 

al. 1992, Reinert et al. 1996, Vanhatalo et al. 2002) makes it difficult to make any 

general conclusion about the responses of seedlings to excess N. 

5.3.2 Root peroxidase activity 

Field observations (Markkola et al. 1990, IV) and present greenhouse 

experiments (II, VI) showed that certain factors in urban polluted forest soils 

elicit high POD activity in the roots of both mature trees and seedlings of Scots 

pine. Increased POD activity is often used as a stress and defense indicator in 

plant tissues (e.g. Mitchell et al. 1986, Roitto et al. 1999, 2001, 2003, Passardi et 

al. 2005). The difference in POD activity levels of the mycorrhizal roots is 

suggested to reflect differences in the ECM fungal community colonizing the 

roots (Albrecht et al. 1994, Timonen & Sen 1998). The root POD reaction in 

seedlings varied during the growing season, which may have resulted from 

changes in the composition of root fungal symbionts (II, III). High POD in roots 

of seedlings grown in nursery soils possibly indicates defense reactions. 

Ectendomycorrhizal dark septate root endophytic fungi that penetrate through the 

plant cell wall (Jumpponen & Trappe 1998) are typical in nursery seedlings, and 

they might have maintained higher POD activity in the roots at the time of 

planting (III). The decrease in root POD activity during the growing season in the 

open-top experiment was possibly due to replacement of nursery-type 

mycorrhizae by indigenous ECM fungi in forest humus.  
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Only a slight positive relation between Scots pine root POD activity and low 

levels of ammonium sulphate added to the soil was found in the greenhouse study 

(II). Also, heavy metals found in elevated concentrations in the urban soils of the 

study area (Ohtonen et al. 1990) could play a role in increased POD activity. The 

effect of Cu on POD activity in Scots pine roots may be minor according to 

previous studies (Tarvainen et al. 1991, Roitto et al. 1999, Kukkola et al. 2000), 

but it is still possible that other heavy metals such as Pb, Cr and V in urban soils 

acted as POD elicitors (Baycu et al. 2006, Brunner et al. 2008). Similar increases 

in needle POD activities were also observed (data not shown). However, use of 

POD activity as an indicator for N stress should be evaluated in greater detail in 

order to obtain a clearer picture of causal relationships. 

5.3.3 Responses of Scots pine to restoration 

The partial humus removal treatment increased natural emergence of Scots pine 

seedlings, but less at the urban than at the rural sites (IV), while the treatment 

improved the growth of planted pine nursery seedlings (V). Disturbances caused 

by human activity often lead to a decline in regeneration of spruce in urban boreal 

forest stands (Lehvävirta et al. 2004). As a pioneer species, Scots pine may not be 

severely affected by disturbances. On the other hand, allelopathic compounds e.g. 

exudates from Empetrum severely decreases germination and survival of Scots 

pine seedlings (Nilsson et al. 1993). The phenolic compounds extracted from 

Deschampsia flexuosa (Baar et al. 1994), Empetrum nigrum (Nilsson et al. 1993) 

and other dwarf shrubs growing in pristine N-poor forests (Souto et al. 2000) are 

accumulated in the humus layer. However, mycorrhizal colonization of pine 

seedlings was not affected by different combinations of litter (Nilsson et al. 

1999). As allelopathy in coniferous forest soils is possible at least in theory, it 

seems reasonable to eliminate it by soil manipulation such as partial or total 

humus removal.  

Based on restoration experiments in mid-European coniferous forests (de 

Vries et al. 1995, Baar 1997, Smit et al. 2003), root growth was expected to 

increase due to removal of the humus layer. Resource allocation to the Scots pine 

seedling root system associated with ECM fungi was not as remarkable as 

allocation to shoots. Root growth increased, but the root-to-shoot ratio decreased 

after partial humus removal at the urban sites (V). In the greenhouse experiment, 

total humus removal decreased root growth of the seedlings grown in urban soils, 

but the root-to-shoot ratio did not differ from other treatments (VI). In mid-boreal 
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forests, availability of N compounds determines plant biomass allocation (Mäkelä 

et al. 2008), and, especially, biomass allocation to roots (Helmisaari et al. 2009). 

Thus, after restoration treatments applied to urban soil, increased N availability 

was incorporated into shoots (V, VI). A slight decrease in N allocation to needles 

after restoration could imply later growth reduction of the pine seedlings at the 

urban sites. As a novel finding, root POD activity decreased after partial humus 

removal at urban sites, which possibly predicts improved conditions for Scots 

pine roots. 

5.4 Soil manipulation as a restoration method in urban forests  

5.4.1 Does partial removal of vegetation and humus layer improve 
diversity of fruiting ECM fungal species in urban forests? 

The results of the partial humus removal treatment differed from earlier studies 

(Table 1) conducted in mid-European Scots pine stands using sod-cutting, i.e. 

total removal of the vegetation and humus layer (de Vries et al. 1995, Baar & ter 

Braak 1996, Baar & Kuyper 1998, Smit et al. 2003, Boxman & Roelofs 2006) or 

in southern-Swedish Fagus sylvatica L. stands using repeated litter removal 

(Tyler 1991). Only the appearance of Cortinarius semisanguineus at the urban 

sites after partial humus removal treatment (IV) was promising in terms of 

restoration of ECM fungal communities, as this species has earlier been found to 

decline along an urban pollution gradient (I).  

It has to be kept in mind, however, that the first years after the partial humus 

removal treatment represent the early stage of the restoration process. Because 

soil microbial processes are slower in more northerly areas compared to 

conditions in the temperate zone, recovery of soil after manipulation possibly 

needs more time. The seemingly slow response of ECM fungal species to the 

restoration treatment in our experiment could also partially be explained by the 

fact that the sporocarp production was low on average during the first years of 

this experiment due to dry growing seasons. Moreover, sporocarp production does 

not necessarily indicate what happens belowground. These results emphasize the 

importance of long-term studies, as sporocarp production is strongly influenced 

by climate and soil temperature (de Aragón et al. 2007) and weather conditions in 

previous years (Ohenoja 1993). Furthermore, according to Baar & Kuyper (1998), 

total humus removal enhanced fruiting of ECM fungi more in mature than in 
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young forest stands, which means that the response is also dependent on the age 

of the forest stand.  

The removal of the humus layer should promote many ECM fungi over 

saprophytic fungi, as at least litter-decomposing saprophytic fungi are primarily 

found on the surface of the forest floor (Dickie et al. 2002, Lindahl et al. 2007). 

Thus, a relatively larger proportion of saprophytic compared to ECM fungal 

mycelia was removed along with the litter and humus layer, or, at least, their 

growth was altered. This was shown as a slight decrease in fruiting saprophytic 

fungi (IV), which is parallel to that in Tyler (1991). Competitive relations 

between saprophytic and ECM fungi could thus have changed to benefit ECM 

fungi. The relations between ECM fungal species could have been changed by 

removing most of the inocula of some ECM fungal species. Those ECM fungi 

that were fruiting in the urban restoration treatment are suggested to tolerate 

disturbance. Cortinarius croceus and C. semisanguineus produce sporocarps in 

soils rich in organic matter (Høiland 1992). Cortinarius croceus also occurs in 

disturbed soils, e.g. along roadsides, whereas C. semisanguineus is typical in 

nutrient-poor coniferous forests (Kytövuori et al. 2005). Lactarius rufus is a very 

common ECM fungal species of Scots pine forests. Lactarius turpis usually 

occurs with Betula or Picea and is common in parks (Persson et al. 1992). Some 

Inocybe spp. are typical also for parks and disturbed soils in Finland (Kytövuori et 

al. 2005). However, because of the small size of the treated square, the dry 

growing seasons and the relatively short surveying period (5 years), the present 

results are not adequate to make conclusions about whether a partial humus 

removal treatment can be used to improve conditions for ECM fungi. 

5.4.2 The effects of soil manipulation on vegetation and soil nutrient 
availability 

Restoration success may have been reduced by the rather slow recovery of the 

‘natural forest vegetation’ after partial humus removal at urban sites, though herbs 

and grasses recovered rapidly. Decline and slow recovery in Empetrum cover 

confirms earlier findings that Empetrum suffers severely from mechanical 

disturbance (Tybirk et al. 2000). The recovery of Vaccinium spp. was promoted in 

this study by leaving the main part of the rhizomes in the soil. Also, the size of 

treated area was relatively small, and the surrounding vegetation remained 

unaffected.  
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It is notable that the partial humus removal treatment was not effective in 

reducing D. flexuosa, as the species recovered at four of the six urban sites. In 

Finland, silvicultural practices such as clear-cutting, in combination with soil 

preparation have been found to favor grasses, most typically D. flexuosa (Uotila 

et al. 2005). Thus, rapid recovery of herbs and grasses could be a sign either of a 

rich seed bank in the soil (Amrein et al. 2005) or seed dispersal from nearby seed 

lots (Pykälä 2004). The rapid recovery indicates that vegetation removal should 

be done more than once to reduce the N load in the urban forests. Also Vidra et al. 

(2007) suggest that repeated removal is required to decrease non-typical species, 

especially if the site is in close proximity to a propagule source. This implies that 

slight mechanical disturbance of the humus layer, i.e. raking, could be used as a 

restoration method if it is combined with repeated harvesting of the non-typical 

plants in the middle of the growing season.  

Due to removal of the humus layer, part of the N and P stock in the forest soil 

was reduced, which was the purpose of the treatment. Disturbing N-enriched 

urban forest humus led, however, to increased availability of soil N, whereas there 

was no change (VI) or a slight increase (V) in exchangeable P levels during the 

first growing season after the treatment. Soluble nutrients in the soil were partly 

incorporated into seedling shoots, as demonstrated by high foliar N of Scots pine 

seedlings (V, VI). The C/N ratio in the remaining humus layer was not affected by 

the partial humus removal treatment at urban sites (Fig. 1). On a larger scale, soil 

management may lead to temporary leakages of N and P compounds to deeper 

soil layers, as has been observed after silvicultural practices (Kubin 1998, 

Piirainen et al. 2007). However, the leakage risk is high only if soil C/N ratio 

decreases to below 25 (MacDonald et al. 2002). They conclude that stand age, 

soil type, organic matter content, and soil buffering capacity affect leaching of 

nutrients in forest ecosystem. 

In contrast to treatments disturbing the humus layer, total humus removal 

(VI) and similar types of experiments in mid-European forests (Baar & ter Braak 

1996, Smit et al. 2003) resulted in decreased levels of available N and P in both 

the mineral and humus layer. According to Boxman & Roelofs (2006) as well, 

total removal of the humus layer also decreases available N levels in mineral soil. 

Nutrient levels in the soil are also dependent on the age of trees (Baar & ter Braak 

1996) and stand origin (Baar 1997). In stands with young trees, available N 

concentrations in the upper 5 cm of mineral soil were higher in planted stands 

than in a natural control, whereas the total humus removal showed only a slight 

decrease in available N (Baar 1997). Also, other soil properties have a strong 
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influence on responses to management, as soil properties and soil management 

interact in affecting N dynamics (Gomez et al. 2002). Thus, the outcome of a 

restoration treatment largely depends on the size of the overall nutrient pool 

accumulated in the humus layer, the stand age and management intensity. These 

aspects should be taken into account when planning urban forest restoration. 

5.4.3 Concluding remarks about soil manipulation methods 

According to present results, use of soil manipulation as a tool for restoration may 

be limited in mid-boreal urban forests. Soil manipulation treatments are time-

consuming and risk nutrient leakage from forest soils and invasion of non-typical 

plant species. Silvicultural practices also result in similar risks, but as disturbance 

seldom occurs during the rotation, recovery of the natural vegetation (Uotila et al. 

2005) and ECM fungal community (Heinonsalo 2004) is possible. Thus, as in all 

restoration planning, decision makers and planners should at first consider the 

goal for conservation and restoration projects. Is the natural mid-boreal dryish 

type of forest the goal, or can we accept more species rich forest types with 

grasses and herbs? Secondly, it is worth considering how to diminish harmful 

effects and pressures of recreation on the rest of the fragmented forests. Hamberg 

(2009) suggests that the urban spruce forests in southern Finland should be at 

least 3 ha in size, and as circular as possible to prevent harmful edge-effects on 

vegetation. Thus, risk assessment and research in improving control efforts need 

to be involved in practical conservation projects (Byers et al. 2002). The present 

study was the first attempt to investigate the effects of restoration in mid-boreal 

urban forests. 

Future restoration plans should include long-term monitoring of variables that 

reflect important ecosystem attributes in order to determine the success of a 

project and to direct future management efforts (Ruiz-Jaén & Aide 2006, Vidra et 

al. 2007). As Pickett & Cadenasso (2008) emphasize, information concerning 

ecological processes can help to integrate research into city planning, and can be 

utilized in urban design projects as tool. Restoration success should be evaluated 

using different variables of community structure, groups of organisms, species-

level responses and variables of ecosystem processes. Most of the available 

information considers responses of plant species to urbanization. Lichens and 

mosses are used as pollution indicators. Also, decomposition processes have been 

studied along rural-urban gradients (Ohtonen 1994, Pouyat et al. 1997). However, 

fungal diversity should be taken into account, because diversity of fruiting ECM 
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fungal species has decreased even in the less-urbanized mid-boreal forest stands. 

In boreal forests, homogenization of fungal communities is a more obvious 

response to urbanization than the homogenization of plant communities observed 

in temperate areas. Thus, fungal diversity in urban forests requires further 

research in order to link ecological knowledge with urban design.  
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6 Implications for management of urban 
coniferous forests 

ECM fungal communities in urban mid-boreal forest stands had few fruiting 

ectomycorrhizal species after long-term low-level exposure to N and S pollution 

as well as human recreation, whereas plant diversity increased as slow-growing 

dwarf shrubs were partly replaced by herbs and grasses. Urban soils differed 

physically, chemically and biologically from rural soils of a similar mid-boreal 

forest type. The present results also imply that N and S pollution effects were 

mediated mainly via soil, whereas aerial pollution did not severely affect growth 

of Scots pine seedlings under low pollution levels. These differences in mid-

boreal forests were thought to result from long-term changes in soil properties 

during urbanization of the area. 

As expected, the adverse effects of excess N on plant and fungal communities 

can be alleviated by managing the soil. However, the partial humus removal 

treatment alone may not be sufficient for improving conditions for fungal and 

plant species typical in the mid-boreal forests. The fungal diversity was 

potentially further diminished by removing the upper layer of litter and humus. 

On the other hand, fruiting of Cortinarius semisanguineus is a positive response 

to the partial humus removal treatment. Emergence of new Scots pine seedlings 

was poor due to rapid revegetation at the urban sites, but the soil treatment 

promoted both root and shoot growth of planted Scots pine seedlings in the urban 

forests. Decreased root POD activity in Scots pine seedlings possibly indicates 

low root stress.  

The other restoration methods, total humus removal and humus distrubance, 

could possibly be used as well. If the total humus removal treatment is used as a 

restoration method in N-rich stands, the inocula of many ECM fungi is largely 

removed. The total humus removal treatment is time consuming with high risk of 

invasion by non-typical plant species. Slight mechanical disturbance of the humus 

layer could be used to reduce the N load if combined with repeated harvesting of 

the field layer vegetation, though there is a risk of nutrient leakage.  

Restoration in mid-boreal urban forests requires more research to address 

local needs before any large-scale operations. Maintaining urban forests close to 

natural ones is dependent on the size of urban forest stands and the level of 

recreational use. The demand to densify urban areas increases as more and more 

people move to cities also in northern parts of Finland. Thus, the present 

knowledge of urban ecology needs to be linked to urban planning.  
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