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Manninen, Outi, The resilience of understorey vegetation and soil to increasing
nitrogen and disturbances in boreal forests and the subarctic ecosystem. 
University of Oulu Graduate School; University of Oulu, Faculty of Science
Acta Univ. Oul. A 672, 2016
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Climate change and its warming effects on vegetation and soils are a widely recognized
phenomenon. In addition to warming, the understorey vegetation in northern environments has
been subjected to several environmental changes, such as increasing nitrogen (N) and other
disturbances. This thesis examines the effects of N-fertilization and disturbances on the vegetation
biomass and abundance, plant community composition and plant, soil and microbial N and C
pools. Seedling establishment of the most common dwarf shrubs (deciduous Vaccinium myrtillus,
evergreens V. vitis-idaea and Empetrum nigrum ssp. hermaphroditum) was investigated after
artificial disturbance treatments (vegetation and soil removal). These studies were conducted in
the boreal and subarctic ecosystems and in the forest-tundra ecotone in northern Finland

N-fertilization and disturbances enhanced the amount of graminoids in plant communities, and
the recovery ability of graminoids was enhanced after N-fertilization, which homogenized the
vegetation and resulted in a new stable state in the plant community. The recovery ability of
evergreen dwarf shrubs was low after disturbances. Disturbances created habitats for seed
germination, but the seedling establishment of dwarf shrubs studied was still limited by seed
availability. N-fertilization had no effect on microbial biomass. Instead, microbial biomass
decreased with disturbance treatment in the boreal forest. However, the concentration of N
increased in above-ground vegetation, both after N-fertilization and disturbance without any
indication of N immobilization, suggesting that plant species captured the available N effectively
for their recovery.

The study shows that the likely outcome of N enrichment, when combined with disturbances,
is the enhanced growth of graminoids. The seedling establishment does not compensate for the
reduction of the vegetative recovery of evergreen dwarf shrubs, which makes evergreen dwarf
shrubs sensitive to environmental changes. As the understorey is more resilient to perturbations in
the boreal forest than in the subarctic ecosystem, these results emphasize the sensitivity of the
vegetation to simultaneous environmental changes in the northernmost ecosystems. Moreover,
microbial properties are more resilient to environmental changes than is above-ground vegetation.

Keywords: compensation, Empetrum, fertilization, microbial biomass, nitrogen
immobilization, plant functional types, sexual reproduction, simulated herbivory, soil
removal, Vaccinium, vegetative recovery





Manninen, Outi, Aluskasvillisuuden ja maaperän palautuvuus typen lisääntymisen
ja häiriön jälkeen boreaalisessa havumetsässä ja subarktisessa ekosysteemissä. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Luonnontieteellinen tiedekunta
Acta Univ. Oul. A 672, 2016
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Ilmaston muutos ja siitä aiheutuvan lämpenemisen vaikutus kasvillisuuteen ja maaperään on laa-
jasti tunnustettu ilmiö. Lämpenemisen lisäksi pohjoisten alueiden aluskasvillisuuteen kohdistuu
useita muutospaineita, kuten lisääntynyt typpipitoisuuden nousu ja kasvillisuutta muokkaavat
häiriöt. Tässä tutkimuksessa mitattiin lisääntyneen typpipitoisuuden ja häiriöiden vaikutus kas-
villisuuden biomassaan ja runsauteen sekä yhteisörakenteeseen, sekä kasvilajeihin, maaperään ja
mikrobibiomassaan sitoutuneen typen ja hiilen määrään. Lisäksi tutkittiin yleisimpien varpukas-
vien (lehtensä pudottava mustikka, ikivihreät puolukka ja variksenmarja) siemenellistä lisäänty-
mistä kokeellisen häiriön (kasvillisuuden tai maaperän poisto) jälkeen. Tutkimukset tehtiin bore-
aalisessa ja subarctisessa ekosysteemeissä sekä metsänrajaympäristössä Pohjois-Suomessa.

Typpilannoitus ja häiriöt lisäsivät heinien määrää kasviyhteisöissä. Lisäksi typpilannoitus
edisti heinien kasvullista palautumiskykyä häiriön jälkeen, joka johti kasvillisuuden homogeni-
soitumiseen ja kasviyhteisön uuteen tasapainotilaan. Häiriöt heikensivät ikivihreiden varpujen
kasvullista palautumista häiriön jälkeen. Häiriö loi sopivia elinympäristöjä siementen itämiselle,
mutta tutkittujen lajien siementen määrä rajoitti siemenellistä lisääntymistä. Typpilannoitus ei
vaikuttanut mikrobibiomassaan, mutta häiriö vähensi mikrobibiomassaa boreaalisessa ekosys-
teemissä. Kuitenkin kasvien typen pitoisuudet lisääntyivät sekä lannoituksen että häiriön jäl-
keen ilman viitteitä typen sitoutumisesta mikrobibiomassaan. Tämä viittaa siihen, että kasvit
käyttävät maaperän typen tehokkaasti häiriön jälkeiseen palautumiseen.

Väitöskirjan mukaan typen lisääntyminen häiriöiden yhteydessä edistää heinien esiintymistä.
Koska ikivihreiden varpujen siemenellinen lisääntyminen ei kompensoi häiriöstä kasvulliselle
palautumiselle aiheutuvaa haittaa, ovat ikivihreät varvut erityisen herkkiä häiriöille. Aluskasvil-
lisuus on vastustuskykyisempi ympäristön muutoksille boreaalisessa kuin subarktisessa ekosys-
teemissä, mikä korostaa pohjoisimpien alueiden herkkyyttä yhtäaikaisille ympäristön muutoksil-
le. Maaperän olosuhteet ovat kasvillisuutta kestävämpiä ympäristön muutoksille.

Asiasanat: Empetrum, kasvien funktionaaliset tyypit, kasvullinen palautuminen
kompensaatio, lannoitus, maaperän poisto, mikrobibiomassa, siemenellinen
lisääntyminen, simuloitu laidunnus, typen sitoutuminen, Vaccinium
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1 Introduction  

Human- induced emissions of reactive nitrogen (Nr) have increased considerably 

worldwide since the beginning of the industrial revolution (Galloway et al. 2008). 

The emissions of N originate mostly from the combustion of fossil fuels, N usage 

in agriculture and industry and in large part from the inefficiency in their use 

(Galloway et al. 2008). Increased N concentration in the atmosphere alters the 

biogeochemistry and biodiversity of several aquatic and terrestrial ecosystems 

through deposition. Concurrently with N deposition, changing climate indirectly 

enhances soil mineralization processes, which then increases the availability of N 

for plants and soil microorganisms (Rustad et al. 2001, Dieleman et al. 2012).  

In addition to increasing nutrient availability, human induced and naturally 

occurring disturbances are the principal elements that modify ecosystem 

processes (Sousa 1984). Disturbance is defined by Grime (1977) as events that 

causes “partial or total destruction of plant biomass” or more widely by Pickett 

& White (1985) as “…any event in time that breaks the structure or physical 
environment of ecosystem, community and population, and changes the amount 
and availability of resources.”  

Resilience is defined as the capacity of a system to absorb perturbation and 

reorganize while undergoing changes to retain essentially the same function, 

structure, identity, and feedbacks (Walker et al. 2004). The ecosystems are not 

equally sensitive to perturbations concerning any increasing N and disturbances 

(Bobbink et al. 2010), which indicates that the resilience also varies among 

different ecosystems. The vegetation in boreal and arctic ecosystems is 

characterized by a strong nitrogen (N) limitation (Tamm 1991, Shaver et al. 
2001), cold climate, short growing season and the dominance of slow-growing 

clonal plant species (Van Cleve & Alexander 1981) that are associated with high 

ecosystem sensitivity and low resilience. Since warming has been, and is 

predicted to be the most pronounced in the northern regions, vegetation is 

expected to face more changes further north  than in the ecosystems further south 

(IPCC 2013, Wookey 2009). 

1.1 Sources of increasing N in the ecosystems  

The main reasons for increased N in the northern ecosystems are human induced 

emissions, accelerated below- and above-ground litter and soil organic matter 

decomposition and N mineralization rates due to climate change, and forest 
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fertilization in managed boreal forests. N deposition in Europe is delivered mainly 

from animal husbandry and farming, while N as a by-product of fossil fuel 

combustion is slightly smaller in magnitude (Holland et al. 2005). N deposition is 

both wet and dry deposition that include both organic and inorganic forms of N 

(nitrate, NH3
- and ammonium, NH4

+), the bulk of which and the throughfall 

deposition of inorganic N is most commonly measured (Waldner et al. 2012). The 

northernmost ecosystems in Europe are remote and distanced from the main N 

emission sources, and consequently, they are subjected to low N depositions. In 

Finland, the annual total N bulk deposition ranges from approximately 3.5 in 

southern Finland to 1.5 kg ha1- in northern Finland (Lindroos et al. 2007), of 

which approximately 3.1 and 1.3 kg ha1-, respectively, are inorganic N (Lindroos 

et al. 2013).  

Climatic factors, such as low temperature and moisture, limit the 

decomposition process in the northern ecosystems, and a high amount of the 

nutrient pool is accumulated in soil organic matter (SOM) (Jonasson et al. 1999). 

Litter and soil organic matter decomposition and N mineralization rates are 

expected to increase if sufficient moisture content is achieved in a warming 

climate, leading to increased N amounts in the soil (Nadelhoffer 1991, Chapin et 
al. 1995, Rustad et al. 2001, Schmidt et al. 2002, Aerts et al. 2006, Dieleman et 
al. 2012, Natali et al. 2012, Sistla et al. 2013). Warming- induced N 

mineralization varies greatly between sites; however, net N mineralization has 

increased about 46% in a meta-analysis of experimental warming of 2.4 °C, 

including 32 study sites in several biomes  ranging from tundra to grassland 

(Rustad et al. 2001) and further about 70% in short-term warming experiments 

conducted in the northern tundra ecosystem (Aerts et al. 2006). 

1.1.1 Understorey vegetation and increasing N  

The effects of increasing N in the ecosystems depend first on the total amount, 

duration and form of N inputted into the ecosystem, secondly, on the sensitivity of 

existing plant species to N in the ecosystem, and third, on the abiotic conditions 

found in the ecosystem (Bobbink et al. 2010). Several factors, such as intrinsic 

soil nutrient availability and the N-immobilization rate, as well as present and 

past land use and management, are also important (Strengbom & Nordin 2008, 

Bobbink et al. 2010, Hedwall et al. 2013). Consequently, different ecosystems 

show a high variation in their sensitivity to increasing N. 
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N has detrimental effects on vegetation and soil (Aber et al. 1998, Bobbink et 
al. 2010), but it also increases the growth of vegetation in N deficient ecosystems 

(van Wijk et al. 2004). Moreover, increasing N may change the plant community 

composition and structure due to the replacement of N-sensitive species by N-

tolerant species, and due to new species introduced to the ecosystems (Strengbom 

& Nordin 2008, Pardo et al. 2011, Dirnbök et al. 2014).  

Plant fertilization studies carried out in boreal forests show that both NPK- 

and N-fertilization commonly increase the abundance of graminoids and/or 

deciduous species and decrease the abundance of mosses and lichens (Nams et al. 
1993, Hallbäcken & Zhang 1998, Smolander et al. 2000, Skrindo & Økland 2002, 

Turkington et al. 2002) and in subarctic and arctic areas (van Wijk et al. 2004, 

Campioli et al. 2012, Gough et al. 2008, 2012, Alatalo et al. 2015, Veen et al. 
2015). In subarctic and arctic ecosystems, however, high regional variability has 

been observed in the responses of plant functional types to a nutrient increase 

(van Wijk et al. 2004). In the northern Scandinavian treeless heath ecosystems, 

fertilization has led to an increase in all plant functional types, whereas in the 

tussock tundra in northern Alaska, fertilization has led to a strong increase of one 

specific deciduous shrub, Betula nana L., and the decrease of evergreen species 

(van Wijk et al. 2004, Zamin et al. 2014). Therefore it seems that environmental 

changes may have different implications in the subarctic and arctic ecosystems in 

Scandinavia and Alaska.   

1.2 Disturbances in the boreal and subarctic environments 

Vegetation in the boreal and subarctic ecosystems is subjected to several types of 

natural disturbances, such as storms and windthrows (Ulanova 2000), forest fires 

(Nilsson & Wardle 2005), insect outbreaks (Karlsen et al. 2013), and herbivory by 

small rodents (Olofsson et al. 2012) and large ungulates (Tømmervik et al. 2004). 

Moreover, these ecosystems are affected by human activities, including tourism, 

recreational use, and forest management (Kangas et al. 2009, Törn et al. 2009, 

Tonteri et al. 2013), which are gradually replacing natural disturbances in the 

northern ecosystems in terms of their impacts (Esseen et al. 1997). 

Natural and anthropogenic disturbances share common features, as both 

damage or remove plant tissue, whole plants, and/or soil organic layers. Some of 

these disturbances, such as herbivory, remove plant tissue selectively and may 

thus differ in their effects from unselective disturbances. For example, selective 

herbivory of more palatable species may promote the dominance of those less 
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palatable evergreen shrubs (Ylänne et al. 2015), which are otherwise sensitive to 

unselective disturbances such as trampling (Tybirk et al. 2000). 

1.2.1 Plant vegetative recovery and sexual reproduction after 
disturbance 

The tolerance to disturbance (i.e., the ability to recover or reproduce after 

disturbance; Strauss & Agrawal 1999) varies among plant species (Speed et al. 
2010) and functional types (Chapin et al. 1996, Lavorel et al. 1997). Traits, such 

as a high photosynthetic and growth rate, belowground nutrient storages (Chapin 

1980, Bryant et al. 1983), a high number of dormant buds (Tolvanen & Laine 

1997) and their lateral location (Hawkes & Sullivan 2001) are beneficial for 

vegetative recovery after disturbances. Consequently, the vegetative recovery of 

graminoids and deciduous dwarf shrubs is generally higher than that of evergreen 

dwarf shrubs (Archer & Tieszen 1980, Chapin 1980, Karlsson 1985, Haukioja & 

Koricheva 2000, Hawkes & Sullivan 2001). Variances in the disturbance 

tolerance of plant species and functional types can lead to changes in plant 

community, resulting in alleviated resilience (Folke et al. 2004). 

Clonal plants recover after disturbance principally through vegetative growth 

from the surrounding intact vegetation in boreal forests (Hautala et al. 2001, 

2007) and in the subarctic mountain birch ecotone (Olofsson et al. 2005). 

However, the growing body of evidence on the high potential for sexual 

reproduction in terms of seed rain (Molau & Larsson 2000), soil seed bank 

(Cooper et al. 2004, Welling et al. 2004), germination rate (Vera 1997) and 

seedling recruitment (Welling & Laine 2000, Forbis 2003) challenge the 

traditional view of the rarity of sexual reproduction in the northern ecosystems.  

Successful seedling establishment includes both the availability of 

appropriate propagules and the existence of suitable habitats for seed germination 

(Salemaa & Uotila 2001, Cooper et al. 2004, Gough 2006, Klanderud & Totland 

2007). In northern poor plant communities dominated by clonal dwarf shrubs, 

seed availability is inherently lower than in the more fertile plant communities 

(Welling & Laine 2000, 2002, Welling et al. 2004, Forbis 2003, Milbau et al. 
2013) and is to a great extent dependent on the year- to year variation of 

environmental conditions (Selås 2000, Turtiainen et al. 2011).  

Disturbances have a great impact on the availability of suitable habitats for 

seedling establishment, as they provide essential soil contact for seed germination 

(Bret-Harte et al. 2004, Graae et al. 2011, Eckstein et al. 2011, Soudzilovskaia et 
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al. 2011). Disturbance is, therefore, essential for the success of sexual 

reproduction in several northern ecosystems, where seedling establishment 

greatly depends on gap formation within the existing vegetation (Eriksson & 

Fröborg 1996, Hautala et al. 2001, Graae et al. 2011). 

According to the “Shifting limitations hypothesis” (SLH; Huston 1999, Zobel 

et al. 2000, Foster et al. 2004) the relative importance of the limitations of seed 

availability and suitable microhabitats on seedling establishment varies by 

environmental gradients. The seedling establishment is suggested to be limited by 

low seed availability especially at low-productive sites, whereas the availability 

of microhabitats may limit the seedling establishment at the more productive sites 

(Eskelinen & Virtanen 2005, Foster et al. 2004, Gough 2006, Mayer & 

Erschbamer 2011).  

1.3 Relations of N and disturbances on soil microbial biomass 

The impact of N on soil microbial biomass seems to be largely a result of the 

duration and the amount of N load to the soil (Rinnan et al. 2007, Treseder 2008). 

N input may have a direct toxic effect of N on microbial biomass (Fog 1988, 

Treseder 2008) or, in the long term, decrease microbial biomass and change the 

microbial community composition by supressing fungal relative to bacterial 

biomass, as revealed in the boreal forests (Nohrstedt et al. 1989, Smolander et al. 
2000, Wallenstein et al. 2006, Högberg et al. 2007, Demoling et al. 2008). 

However, N addition has also been found to increase microbial biomass in the 

(sub)arctic (Rinnan et al. 2007, Sistla et al. 2012). 

The positive short-term effect of disturbances on the nutrient availability for 

soil microbes is the result of reduced plant biomass and hence lower plant 

resource uptake (Jonasson 1992, Bret-Harte et al. 2004, 2008), and an alleviated 

competition for available resources between plants and soil microbes. More 

importantly, disturbance affects soil microbial processes through plant-soil 

interactions by either increasing or decreasing plant- delivered C for microbe 

growth and maintenance. Moderate disturbance, such as herbivory, which results 

in biomass loss, increases the exudation of C in the rhizosphere. Increased 

exudation of C stimulates the growth and activity of the microbes in the short 

term (Bardgett et al. 1998), which then increases microbial nutrient 

immobilization and limits the N available for plants. On the other hand, 

continuous disturbance that reduces the photosynthetic plant biomass may result 

in decreased C-flux and the decreased C-exudation of roots, thus decreasing 
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microbial biomass and hence nutrient immobilization as well, leading to a higher 

amount of N for plants (Sankaran & Augustine 2004). 

In addition to the short-term effect of root exudates, C-flux to microbial 

biomass is greatly affected by the below- and above-ground litter inputs to soil 

(Leppälammi-Kujansuu et al. 2014). Both N-fertilization and the disturbances 

often lead to changes in the quantity and quality of both below- and aboveground 

litter and the plant community composition. These changes may affect soil N and 

C pools and have substantial feedback effects on plant growth over a long 

timescale (Wardle et al. 2004). 

1.4 Interactions between N, plant recovery, and microbial biomass 

The “Compensatory continuum hypothesis” (CCH; Maschinski & Whitham 1989) 

predicts that the recovery ability of a plant species after biomass loss caused by 

disturbances, such as herbivory, increases with increasing resource levels.     

However, in the meta-analysis performed by Hawkes & Sullivan (2001), the 

recovery ability of species was related to the low location of reproductive 

meristems that were protected from damage rather than to resource availability. 

Taken together, the same characteristics that enable plant species to respond to the 

single effect of N-fertilization and disturbances enhance recovery ability. 

Consequently, as both N-fertilization and disturbance have positive effects on the 

growth of fast-growing deciduous dwarf shrubs and graminoids, their combined 

effects on these species should be stronger than either one alone.  

Biotic homogenization has traditionally been defined as the establishment of 

novel species and the decline in the abundance of native ones (McKinney & 

Lockwood 1999). Despite the general definition of biotic homogenization and the 

new species introduced in the plant communities, biotic homogenization may 

occur via an increased abundance of the fast-growing species (Nielsen et al. 2011) 

that are already common in the vegetation (Wiegmann & Waller 2006). Several 

mechanisms, such as N enrichment (Reinecke et al. 2014) and the disturbances 

(Wiegmann & Waller 2006) may trigger the homogenization of vegetation. If the 

combined effect of N-fertilization and disturbances on fast-growing species is 

stronger than their single effects, as could be expected, then the positive 

interaction between N-fertilization and the disturbance should potentially 

reinforce the homogenization of the vegetation.  

The classical theories predict increasing plant biomass after N-fertilization 

(Tamm 1991); on the other hand, the plant biomass will be reduced after severe 
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disturbance (Grime 1973). In addition to the direct effects of N and disturbance 

on plant biomass, they both indirectly influence soil microbes due to their effects 

on resource availability for microbial growth. The interconnection between plants 

and soil microbes is well recognized (Wardle 2002, Jonasson et al. 2006), as 

microbial biomass can immobilize part of the available N, potentially affecting 

plant N uptake (Jonasson et al. 1996, Melle et al. 2015) and the recovery ability 

of the plant species.  

However, few conceptual approaches (Wardle et al. 2004) have been 

developed to model how changes in above-ground plant biomass affect soil 

microbes. Further, the theories for predicting the responses of N and the 

disturbance in microbial biomass are still being developed. If the classical 

theories of plant biomass are applied to the soil microbial biomass, changes in 

these two biomasses are parallel. However, based on earlier studies, N-

fertilization and the disturbances may either increase or decrease the soil 

microbial biomass (Bardgett et al. 1998, Smolander et al. 2000, Sankaran & 

Augustine 2004, Rinnan et al. 2007, Treseder 2008) and differ from those 

predicted in the plant biomass (Grime 1973, Tamm 1991) which then reveals a 

high complexity when linking the theories that predict plant biomass to soil 

microbes. 

1.5 Significance of the study 

A changing climate and especially its warming effects on vegetation and soils is a 

widely accepted phenomenon, and the implications are recognized as being most 

obvious in northern environments (IPCC 2013). Although several studies do 

reveal significant changes in vegetation and soil properties in a warming climate, 

there is still much uncertainty as to which direction vegetation is heading in the 

future. In addition to warming, the understorey vegetation in northern 

environments has been subjected to several other environmental changes, such as 

increasing N (deposition, enhanced mineralization), and continuous disturbances 

(herbivory, tourism, and forestry practices).  

Although the effects of the increasing N and the disturbances in the 

understorey vegetation are predictable, the knowledge of their interactive role in 

the ongoing vegetation change in northern areas is still largely unknown. It can be 

expected that N-fertilization and disturbances have parallel effects on understorey 

vegetation by increasing the fast-growing species, and consequently, that their 

interactive effect is stronger than either one alone (Fig. 1). The positive 
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interaction may potentially reinforce the homogenization of understorey 

vegetation through increased abundances of graminoids and/or deciduous dwarf 

shrubs already present in the vegetation (Wiegmann & Waller 2006), leading to 

the formation of a new stable state in the plant community (see Fig. 1). Moreover,  

Fig. 1. The conceptual framework of this study regarding the effects of N-fertilization 

and disturbance on the plant community. If both N-fertilization and disturbance 

increase the abundance of fast-growing graminoids and deciduous dwarf shrubs, then 

their interactive effects may be stronger than either one alone. Thereby the positive 

interaction between N-fertilization and disturbance may reinforce the homogenization 

of the vegetation and lead to a new stable state in the plant community in the long 

term. 

predictions of the effects of N-fertilization and disturbance on soil microbial 

biomass and its feedback effect on plant species recovery ability seem to be 

complicated based on earlier studies: N-fertilization may decrease microbial 

biomass as found especially in the boreal forest (Smolander et al. 2000, 

Wallenstein et al. 2006, Högberg et al. 2007, Demoling et al. 2008), but 

potentially increase it in the (sub)arctic (Rinnan et al. 2007, Sistla et al. 2012). 

Moderate disturbance may also enhance, while severe retarding, the growth of 

microbial biomass (see i.e. Bardgett et al. 1998, Sankaran & Augustine 2004) 

(Fig. 2). This discrepancy in the expectations of the response of microbial 

biomass to N-fertilization and disturbances confounds the building of general 

theory on the item. However, if the classical theories of plant biomass are applied  
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to soil microbial biomass, then the microbial biomass should increase after N-

fertilization and decrease after disturbance, resulting in a higher N immobilization 

in the former and a lower one in the latter (Fig. 2). After the disturbances, clonal 

plant species recover mainly by vegetative growth (Hautala et al. 2001, Olofsson 

et al. 2005). However, the sexual reproduction of clonal species may be enhanced 

in disturbed environments, as the amount of suitable habitats for seed germination 

increase.  

Fig. 2. The conceptual framework of this study on the effects of N-fertilization and 

disturbance on the microbial biomass. Both N-fertilization and disturbance may either 

decrease or increase the microbial biomass. Decreasing of the microbial biomass is 

linked to boreal forest environments or severe disturbances, and an increasing of 

microbial biomass to (sub)arctic or moderate disturbances. If microbial biomass 

decreases after N-fertilization or disturbances, the N immobilization should decrease, 

while the reverse should be noted in the case of an increase in the microbial biomass.  

By producing new results for the effects of understorey vegetation and soils to 

increasing N and disturbances, this study improves the general knowledge of the 

implications of environmental changes in the northern ecosystems. 
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1.6 Aims of the study   

The main aim of this study is to investigate the resilience of understorey 

vegetation and soils to increasing N in combination with experimental 

disturbances (vegetation and/or soil removal) in boreal and subarctic 

environments. Experimental disturbances were considered as severe at plant 

species and community levels. The following research questions and hypotheses 

were thus offered:  

1. Question: What are the effects of N-fertilization and disturbance on plant 

functional types in the understorey plant community (papers I, II, III)? 

Hypothesis: N-fertilization increases total vascular plant abundance. Both N-

fertilization and disturbance increase the abundance of fast-growing 

graminoids and deciduous dwarf shrubs at the expense of slow-growing 

evergreen dwarf shrubs in understorey vegetation. 

2. Question: Does N-fertilization affect the recovery ability of vegetation after 

disturbance (papers I, II, III)? 

Hypothesis: N-fertilization enhances the recovery ability of vegetation, which 

should be identified by significant positive interaction between N-fertilization 

and disturbance. N-fertilization should especially enhance the recovery of 

fast-growing species, such as graminoids and deciduous dwarf shrubs.  

3. Question: What are the impacts of N-fertilization and disturbance on soil 

microbial biomass and N and C pools, and how are these changes reflected in 

plant recovery ability after disturbance (papers I, II)? 

Hypothesis: N-fertilization decreases soil microbial biomass C, especially in 

the boreal forest, but increases it in the subarctic. Disturbances decrease soil 

microbial biomass C. The decrease of microbial biomass decreases the 

potential of microbes to immobilize N. As a result of decreased microbial N 

immobilization, the availability of N in the soil for plant recovery increases.  

4. Question: Does disturbance enhance the seedling establishment of dominant 

understorey clonal plant species (Vaccinium myrtillus L., V. vitis-idaea L. and 

Empetrum nigrum ssp. hermaphroditum (Hagerup) Böcher) in a forest-tundra 

ecotone (paper IV)?  

Hypothesis: Disturbance creates suitable habitats for seedling establishment 

of plant species, but seedling emergence is restricted by seed availability after 

disturbance.  
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2 Material and methods 

2.1 N-fertilization and vegetation removal experiments (I, II) 

2.1.1 Study sites 

These studies were conducted in two dense, 80–100 year old boreal coniferous 

forests (Oulu, Kuusamo) and in a subarctic mountain birch forest (Kilpisjärvi) in 

northern Finland. The locations and the characteristics of the study sites are 

shown in Table 1. and Fig. 2. The forests chosen for the studies represent an 

intermediate forest site type between moderately dry and a mesic heath forest. 

The dominant understorey species in these forests are deciduous dwarf shrub V. 
myrtillus and evergreen dwarf shrub V. vitis-idaea. The evergreen dwarf shrub E. 
nigrum ssp. hermaphroditum is also common in Kilpisjärvi. The ground layer is 

dominated by bryophytes, such as Pleurozium schreberi (Brid.) Mitt., 

Hylocomium splendens (Hedw.) Schimp. and Dicranum Hedw. sp. The dominant 

tree species varies between the sites due to climate and pedological differences. 

The dominant tree species is Pinus sylvestris (L.) in Kuusamo, Picea abies (L.) H. 

Karst in Oulu and Betula pubescens ssp. czerepanovii (N. I. Orlova) Hämet-Ahti 

in Kilpisjärvi. 

Table 1. Characteristics of study sites in papers I and II 

 Oulu Kuusamo Kilpisjärvi 

Location 65°02’N, 25°47’E 66°22’N,29°18’E 69°02’N,20°48’E 

Vegetation zone Middle boreal Northern boreal Subarctic 

Annual mean temperature* 2.9 °C 0.1 °C -1.9°C 

Duration of growing season* 151 days 144 days 109 days 

Annual mean precipitation* 510 mm 584 mm 527 mm 

*Finnish Meteorological Institute, 1998-2002 

2.1.2 Experimental design and measurements 

To investigate the effects of N-fertilization and vegetation removal on understorey 

and soil microbes, 32 study plots (2 m x 2m) were established in 1998 at each 

study site. The study plots were assigned to the unfertilized control and the 
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fertilization treatments: 20, 40 and 80 kg N ha-1year-1. N was added as an urea 

solution during 1998–2002.  

The understorey vegetation was clipped to the level of the moss layer in June-

July in 2000–2002 from 0.5 m x 0.5 m subplots established in each study plot. 

The clipped biomass was taken to the laboratory, sorted into species and weighed 

for dry biomass. The concentration of N and C was analysed from the new shoots 

of V. myrtillus, V. vitis-idaea and E. nigrum ssp. hermaphroditum, and from the 

aerial shoots of D. flexuosa. To detect the effect of N-fertilization on the recovery 

of understorey plants, additional biomass samples, 0.25 m x 0.25 m in size, were 

collected from the unclipped vegetation at each study plot in 2002.  

Fig. 3. Location of the study sites. 

Soil samples were collected in 2001 from the clipped subplots and from beneath 

the undisturbed vegetation to detect the effects of N-fertilization and clipping on 
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the concentration of ammonium (NH4
+), microbial N and C, and soil dissolved 

organic N (DON) and C (DOC). 

2.1.3  Statistical analysis  

The biomass data collected in 2002 were used in the analysis. The species 

biomasses were pooled into four plant functional types, namely, deciduous 

shrubs, evergreen shrubs, graminoids, and herbs. The relative biomass of these 

functional types was then calculated as a percentage from the total above-ground 

vascular plant biomass.  

The data were split into two sections before the analysis due to ecological 

differences between the study sites. In paper I, the effects of N-fertilization and 

clipping were tested for the boreal forests (Oulu and Kuusamo), and in paper II, 

the treatment effects for the subarctic mountain birch forest (Kilpisjärvi) were 

analysed. A repeated measures ANOVA was used to test the effects of N-

fertilization and clipping on the total above-ground vascular biomass, relative 

biomass of plant functional types, concentrations of N and C in the most abundant 

vascular plant species, and soil and microbial parameters.  

In paper I, clipping treatment (not clipped, clipped) was used as a within-

subject factor, and the site (Oulu and Kuusamo) and N-fertilization (unfertilized 

control and 20, 40 and 80 kg N ha-1year-1) were use as between-subject factors in 

the repeated measures ANOVA. In paper II, clipping treatment was used as a 

within-subject factor and N-fertilization as a between-subject factor in the 

repeated measure ANOVA.  

Levine’s test was used to examine the homogeneity of variances prior to the 

analysis, and logarithmic and arcsine- transformations were used when the data 

did not fulfill the requirements of normality and homogeneity of variances. 

Multiple comparisons were made using the Tukey’s post hoc –test (P < 0.05). 

These tests were performed using SPSS 15.0 for Windows (SPPS Inc., Chicago, 

II., USA, 2000).  
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2.2 N-fertilization and soil removal experiment (III, IV) 

2.2.1 Study site 

The study site was located in a forest-tundra ecotone in northern Finland 

(Ounastunturi Fjell region in Hetta, 68°14’N, 23°45’E). At the study site, the 

timber line of coniferous forest was located at 420 a.s.l., the subalpine mountain 

birch forest zone reaches up to 455 a.s.l. and turns into treeless tundra heath. The 

tops of the Ounastunturi mountains lie approximately at 720 a.s.l. The 

understorey is dominated by the deciduous dwarf shrub V. myrtillus and the 

evergreen dwarf shrubs V. vitis-idaea and E. nigrum ssp. hermaphroditum. Mean 

annual temperature and precipitation were –1.8 °C and 473 mm yr-1, respectively, 

during the years 1980–2005 (Venäläinen et al. 2005). 

2.2.2 Experimental design and measurements 

The experiment was conducted in 2002–2005. The experiment had a factorial 

design with five factors: Year (four levels: 2002–2005); site (three levels: 

coniferous forest, subalpine mountain birch forest and tundra heath); N-

fertilization (two levels: unfertilized. fertilized); soil removal (two factors: not 

removed, removed); and seed sowing (two level: unsown, sown). Each treatment 

combination had seven replicates applied on the 0.5 m x 0.5 m study plots. Soil 

removal treatment was applied by cutting the existing understorey vegetation and 

soil organic layers from the study plots. N-fertilization treatment was applied 

annually as urea and corresponded to 40 kg N ha-1year-1.  

The initial difference in the plant community composition between the sites 

was detected from the removed biomass in the soil removal treatments. Berries of 

V. myrtillus, V. vitis-idaea and E. nigrum ssp. hermaphroditum were collected at 

the study sites in 2002. From the berries, mature seeds were separated from 

aborted seeds and unfertilized ovules and then counted. A total of 150 mature 

seeds of each species was sown on the soil removal treatment plots in 2002.  

The effects of N-fertilization and soil removal on plant abundances were 

estimated using the point frequency method in 2002–2005. Due to the vertical 

growth and multilayer structure of vascular plants in the field layer, all intercepts 

on each plant were recorded, corresponding roughly to their biomass (Jonasson 

1988). Emerged seedlings were identified into species, tagged, and counted in the 

field in 2003–2005.  
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2.2.3 Statistical analysis 

The data were split into two sections: In paper III, the goal was to study the effect 

of N-fertilization on the vegetative recovery of plant species after soil removal. In 

paper IV, sexual reproduction of plant species after soil removal was studied.  

In paper III, a mixed linear model was applied to detect the treatment effects 

on plant abundances between the study years. Models were applied on the most 

abundant plant species and pooled abundances of graminoids and herbs and the 

relative proportion of plant functional types. Logarithm- and square root 

transformations were used when necessary to fulfil the requirements for normality 

and the homogeneity of variances. Site, year, soil removal, and N-fertilization 

were included as a fixed effect in the analysis. Statistical analyses in paper III 

were performed using SPSS 15.0 for Windows (SPPS Inc., Chicago, II., USA, 

2000). 

In paper IV, to assess possible differences in the seedling number of V. 
myrtillus, V. vitis-idaea and E. nigrum ssp. hermaphroditum between the 

treatments and sites, a zero-inflated generalized linear-mixed model (ZIGLMM) 

fitted with the “glmmadmb” function in the “glmmADMB” pacakage (Fournier et 
al. 2012) with a negative binomial error structure “NB1” was used. Statistical 

analyses in paper IV were performed by software R, Version 3.0.2 (R Core Team, 

2013). 
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3 Results and discussion 

3.1 N-fertilization and disturbance increase graminoids in the 

boreal forest and subarctic environments 

The total vascular plant biomass remained constant after N-fertilization in the 

boreal forest (paper I, Table 2) which was not in line with our expectations and 

the general assumption of the N-limitation of boreal forests (Tamm 1991). 

However, similar results were reported earlier in the boreal coniferous forest 

(Mäkipää 1994, Nohrstedt 1998, Nordin et al. 1998, Skrindo & Økland 2002) 

suggesting that other factors, such as light (Vitousek & Reiners 1975, Gilliam 

2006, Strengbom & Nordin 2012, Verheyen et al. 2012, Hedwall et al. 2013, 

Reinecke et al. 2014) concomitantly with N may limit the growth of understorey 

vegetation. The dense cover of coniferous tree canopies, although not 

investigated, probably also affected both light availability and vascular plant 

growth in the boreal forest in this study. Alternatively, N-fertilization may have 

species- or functional type specific responses that then lead to changes in plant 

community composition without implications at the total vascular plant level 

(Dormann & Woodin 2002, Gough & Hobbie 2003, Pennings et al. 2005, Bret-

Harte et al. 2008, Strengbom & Nordin 2008). Instead, the total vascular plant 

biomass increased after N-fertilization in the subarctic mountain birch forest and 

forest-tundra ecotone, as has also been found in other fertilization studies 

conducted in the subarctic and arctic environments (Dormann & Woodin 2002, 

van Wijk et al. 2004, Bret-Harte et al. 2008, DeMarco et al. 2014), thus indicating 

the nutrient limitation of these environments.  

The relative proportion of graminoids generally increased in the understorey, 

both after N-fertilization and disturbance as expected (papers I, II, III, Table 2).  

Graminoid species have a high recovery capacity from basal meristems after 

disturbances (Hawkes & Sullivan 2001), which together with other plant 

characteristics related to the graminoid functional type, such as high 

photosynthetic rate and water-use efficiency, and effective N uptake (Bowman et 
al. 1995, Nordin et al. 2006) will enable graminoids to respond rapidly to 

perturbations. 

N-fertilization had no effects on the other functional types than on the 

graminoids in the boreal forest (paper I, Table 2). Instead, N-fertilization had a 

contrasting effect on the relative proportion of deciduous dwarf shrubs, as they 
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increased in the subarctic mountain birch forest and decreased in the forest-tundra 

ecotone (papers II, III, Table 2). Similarly to graminoids, deciduous dwarf shrubs 

relate to high rates of photosynthesis and growth, and also to higher competitive 

ability compared to, for example, evergreen species (Cornelissen et al. 1996, 

Campioli et al. 2012). Enhanced growth of deciduous dwarf shrubs under high 

nutrient conditions was reported in tussock tundra in Alaska (van Wijk et al. 
2004) and the tundra ecosystem in Scandinavia (Nilsson et al. 2002). However, in 

this study, the relative proportion of deciduous dwarf shrubs decreased 

concomitantly with the increasing graminoids after N-fertilization in the mountain 

birch forest (paper II). Similar results were reported in the studies conducted in 

the subarctic forest (Veen et al. 2015) and heath ecosystems in Scandinavia 

(Alatalo et al. 2015) and Alaska (Gough et al. 2008, 2012, Campioli et al. 2012), 

suggesting that graminoids are most probably able to overgrow other plant 

functional types at nutrient poor growing sites under high nutrient availability 

over the long term.  

The relative proportion of evergreen dwarf shrubs decreased after N-

fertilization in the forest tundra and generally decreased concomitantly with 

increasing amounts of graminoids after disturbance (papers I, II, III, Table 2). 

This occurred in accordance with our expectation and the general assumption of 

low recovery ability of evergreen dwarf shrubs due to slow growth, lower 

belowground biomass, and fewer resources stored in belowground organs when 

compared to many graminoid and deciduous species (Archer & Tieszen 1980, 

Chapin 1980, Karlsson 1985, Tolvanen & Laine 1997). Reduced recovery of 

evergreen dwarf shrubs has been previously reported both after human- induced 

disturbances, such as trampling (Törn et al. 2006), and in experiments’ mimicking 

natural events that cause above-ground biomass loss (Olofsson et al. 2005, Aerts 

2010). However, disturbances that cause damages in belowground meristems may 

be less harmful to the recovery of evergreens than the recovery of deciduous 

dwarf shrubs (Tolvanen 1994). For example, the evergreen dwarf shrub V. vitis-
idaea recovers faster than the deciduous V. myrtillus after clear-cutting in boreal 

forests (Tonteri et al. 2013).   

Irrespective of the changes in the plant community structure, the order of the 

relative proportions of plant functional types changed only in the mountain birch 

forest. The dominance of evergreen dwarf shrubs was replaced by the dominance 

of graminoids, deciduous, and forbs after disturbance (paper II). This is probably 

a result form breaking the strong dominance of one specific evergreen dwarf 

shrub, E. nigrum ssp. hermaphroditum, by disturbance. Once established, E. 
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nigrum ssp. hermaphroditum can out-compete other species due to the effective 

resource acquisition and chemical interference (Tybirk et al. 2000). However, E. 
nigrum ssp. hermaphroditum recovers ineffectively from severe disturbance, after 

which subordinate species are able to increase in the understorey, and significant 

changes in the order of relative proportion of plant functional types can occur 

(Olofsson et al. 2005, Aerts 2010). Taken together, although fertilization may 

change the order of the relative proportion of plant functional types by increasing 

deciduous (van Wijk et al. 2004) or graminoid species (Alatalo et al. 2015), in 

this study the significant change occurred after disturbance, but not after N-

fertilization, suggesting that disturbance is more important in shaping the 

community composition than increased N is.  

Table 2. Summary of the most important main effects of N-fertilization and disturbance 

on plant community composition in different ecosystems. Roman numerals after the 

ecosystem type refer to the original papers listed on page 11. N-fert = N-fertilization, 

Dist = disturbance, ↓ = decreasing, ↑ = increasing.  

Parameters Boreal forest I  Mountain birch forest 

II 

 Forest-tundra ecotone III 

N-fert Dist1 N-fert Dist1 N-fert Dist2 

Vascular plant biomass/ 

abundance 

 ↓  ↑ ↓  ↑ ↓ 

Graminoids ↑ ↑  ↑ ↑  ↑ ↑ 

Deciduous    ↓   ↑ ↑ 

Evergreens  ↓   ↓  ↓ ↓ 
1Disturbance type = vegetation removal, 2 Disturbance type = soil removal 

3.2 N-fertilization enhances the recovery of graminoids in the 

subarctic ecosystem and the forest-tundra ecotone 

Significant synergic interaction between N-fertilization and disturbances was 

detected in the relative proportion of graminoids from the vascular plant biomass 

in the subarctic mountain birch forest (paper II) and in the abundance of 

graminoid species in the forest-tundra ecotone (paper III). This synergic 

interaction reveals that N-fertilization enhanced the post-disturbance recovery rate 

of graminoids in these environments. Graminoids are most likely to exhibit 

overcompensation after biomass loss at a high resource level (Bryant et al. 1983, 

Hawkes & Sullivan 2001), supporting the “Compensatory Continuum 

Hypothesis” by Maschinski & Whitham (1989). 
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The synergic interaction between N-fertilization and disturbances led to the 

homogenization of vegetation by the strong increase of graminoids, which 

resulted in a new stable state in the plant community in the subarctic ecosystem. 

Graminoids are susceptible to causing homogenization of vegetation (Wiegmann 

& Waller 2006, Nielsen et al. 2011) if they are already present in vegetation 

(Wiegmann & Waller 2006), thus emphasizing that in combination, N-fertilization 

and disturbance may reinforce vegetation change. 

It is an interesting question, namely, why the positive interactive effect of N-

fertilization and disturbance on graminoids was not detected in the boreal forest 

(paper I). To answer this question, a closer inspection of species-level responses 

to N enrichment and disturbance might be enlightening. Graminoid D. flexuosa, 

which constituted almost all of the graminoids, is commonly found in the 

understorey in boreal coniferous and mountain birch forests. The dominance of 

this species is mediated by disturbances like clear-cutting that relax the above-

ground competition for light and enable D. flexuosa to gain a competitive 

advantage over other species (Strengbom et al. 2004, Tonteri et al. 2013). Given 

that the light transmission is weaker to the understorey in closed coniferous 

forests compared to deciduous forests (Canham et al. 1994, Messier et al. 1998), 

it seems possible that light availability hindered the maximal growth of D. 
flexuosa in the boreal forest, thus preventing any significant positive interaction 

between N-fertilization and disturbance from occurring.       

3.3 Microbial biomass does not limit the recovery ability of 

vegetation 

N-fertilization had no effect on microbial biomass C in the boreal coniferous or in 

the subarctic mountain birch forest (papers I, II, Table 3). These results contradict 

our hypothesis and also the earlier studies conducted in boreal forests (Fog 1988, 

Nohrstedt et al. 1989, Smolander et al. 1994, Wallenstein et al. 2006, Högberg et 
al. 2007, Demoling et al. 2008, Mayor et al. 2015) and (sub)arctic tundra (Stark 

& Grellmann 2002,  Rinnan et al. 2007, Sistla et al. 2012).   

Microbial biomass C decreased in disturbance treatment in the boreal 

coniferous forest (paper I, Table 3), as reported after natural herbivory in the 

boreal forest (Väre et al. 1996, Stark et al. 2000) and (sub)arctic tundra (Stark & 

Grellmann 2002, but see Stark et al. 2002). Decreasing microbial C after 

disturbance suggests that cutting the above-ground photosynthetic biomass 

reduced the C-flux to the soil microbes and caused a C deficiency for the 



35 

microbial growth. However, even though microbial biomass C was reduced, the 

potential for microbial N immobilization was unaffected (papers I, II, Table 3). 

The lack of response in N immobilization was not in line with the general 

assumption of high microbial N immobilization capacity, which exists especially 

in cold climate soils (Nadelhoffer et al. 1991, Jonasson et al. 1996, 1999, Schmidt 

et al. 1997, Schimel et al. 2004, Melle et al. 2015). Further, the results of the 

effects of N-fertilization and disturbance on microbial biomass are not fully 

compatible with the classical theories on the vegetation responses to increasing N 

and disturbances. However, decreasing the microbial biomass after disturbance in 

the boreal forest underpins the close connection between the above-ground plant 

biomass and soil microbes. 

N concentration increased in above-ground vegetation after N-fertilization 

and disturbance without any indication of N immobilization, which suggests that 

plant species were able to capture effectively available N for their recovery, as 

reported earlier from the subarctic (Pietikäinen et al. 2005, Stark & Kytöviita 

2006). This is supported by the tendency toward a decreasing concentration of 

NH4
+ and a decreasing concentration of DON in the soil after disturbance in the 

subarctic mountain birch forest (paper II, Table 3). DON is an important source of 

N for several organisms, as plants (Chapin et al. 1993, Kielland 1994), 

mycorrhizal fungi (Näsholm et al. 1998) and other microbes (Nordin et al. 2004) 

can access this N pool.  

C concentration decreased in all plant tissues after disturbance in the boreal 

forest (paper I, Table 3). In clonal plant species below-ground resources may be 

redistributed within the clone (Tolvanen 1994). This decreased C in plants 

suggests that large amounts of resources were used for recovery and also that the 

recovery was probably limited by C availability. Similar results on C limitation in 

the recovery of understorey species after severe disturbance have been reported 

for V. myrtillus (Tolvanen & Laine 1997, Strengbom et al. 2003). Contrary to 

Vaccinium-species, the lack of a negative effect of disturbance on the biomass of 

D. flexuosa suggests that D. flexuosa was able to compensate for the biomass 

loss, irrespective of the reduced C in its tissue. Graminoid growth form included 

characteristics (Bowman et al. 1995) that resulted in high C reserves to invest for 

growth. 
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Table 3. Summary of the most important results of the effects of N-fertilization and 

disturbance on soil properties and the nutrient concentrations of plant species in the 

boreal forests and subarctic mountain birch forest. The Roman numerals refer to the 

original papers listed in page 11. N-fert = N-fertilization, Dist = Disturbance, ↓ = 

decreasing, ↑ = increasing, na = not available 

Parameters Boreal forest I  Mountain birch forest II  

N-fert Dist1 N-fert Dist1 

Soil properties       

Microbial C  ↓     

Microbial N       

NH4+ ↑   ↑ (↓)  

Dissolved organic N    ↑ ↓  

Dissolved organic C    ↑   

Nutrient concentrations  in plants       

N concentration  ↑ ↑ ↑ ↑ 

C concentration   ↓     
1Disturbance type = vegetation removal 

3.4 Seed availability limits seedling establishment after 

disturbance in the forest-tundra 

The seedling numbers of the three major dwarf shrubs increased the most with the 

combined treatment of disturbance and sowing (paper IV). Disturbance without 

sowing increased the seedling number of V. myrtillus and E. nigrum ssp. 

hermaphroditum marginally, whereas no impact on the seedling number was 

found for V. vitis-idaea. This result is in accordance with the hypothesis in that 

disturbance creates habitats for seed germination, but the seed availability seems 

to be a stronger constraint than microsite availability on the seedling 

establishment of the species in the forest-tundra. This result also supports the 

“Shifting limitations hypothesis” (SLH; Huston 1999, Zobel et al. 2000, Foster et 
al. 2004), which predicts the seed limitation in poor habitats. Seed limitation for 

V. myrtillus and V. vitis-idaea was reported from boreal and subalpine forests and 

alpine tundra (Hautala et al. 2001, Eriksson 2002, Lindgren et al. 2007). In the 

previous studies, as opposed to this study, the seeds of E. nigrum ssp. 

hermaphroditum have been found to germinate in low numbers in the subalpine 

birch forest and alpine heath, but the seed limitation of this species has not been 

confirmed (Lindgren et al. 2007). 
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4 Conclusion: the resilience of understorey 
vegetation and soils  

The results of this research suggest that graminoid species are the main benefiters 

from environmental changes in northern ecosystems. The enhanced post-

disturbance recovery ability of graminoids after N enrichment homogenizes the 

vegetation and results in a new stable state in the plant community. This result 

may have important outcomes for the resilience of the ecosystem, if the system 

shifts to a more productive state.  

The recovery ability of evergreen dwarf shrubs is generally slow after 

disturbances, which together with the low potential for sexual reproduction, 

implies low resilience to disturbances. The amount of graminoid species generally 

increases after a decrease in the amount of evergreen dwarf shrubs when 

disturbed. 

To summarize the results of N-fertilization and disturbances on understorey 

vegetation in terms of the resilience of the ecosystem, the scenario shown by the 

most important results of this thesis is shown in Fig. 4. Taken together, a likely 

outcome of N enrichment combined with disturbances is a new more productive 

state of the ecosystem. This finding is supported by 1) the homogenization of 

vegetation in the combined treatment of N-fertilization and disturbance, and 2) 

the low resilience of evergreen dwarf shrubs to disturbances, both of which 

increase the amount of graminoids and may push the system over the critical 

threshold and lead to a new more productive state for the ecosystem. Although N-

fertilization has a clear positive effect on the amount of graminoids, its effect on 

plant community structure is weaker than the effect of disturbances alone or when 

disturbances are combined with N-fertilization.   

Based on this study then, this scenario is more likely to happen in the 

subarctic ecosystem, where the homogenization of vegetation has occurred. 

However, the scenario presented in Fig. 4 relies only on the findings of this 

singular study and does not take into account all aspects of the expected changes 

in the future. For example, if the density of the shrub layer is increased due to a 

warming climate in (sub)arctic as suggested in earlier studies, it may suppress the 

growth of graminoids through shadowing in the long term. Moreover, graminoids 

are preferred forage species and susceptible to selective herbivory. If the 

consumption of graminoids by selective herbivory increases along with 

environmental changes, it may contribute to the resilience of the ecosystem by 

returning the system to a lower productive state. Compared to the subarctic 
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ecosystem, the vegetation was less responsive to perturbations studied in the 

boreal forest, indicating that the understorey vegetation of boreal forests is more 

resilient to environmental changes.  

The microbial biomass seems to be resilient regarding N-fertilization. 

Instead, disturbance decreased the microbial biomass in the boreal forest, which 

underpins a close connection between above-ground plant biomass and soil 

microbes. However, the most obvious changes after N-fertilization and the 

disturbances were found in the understorey vegetation in this study. That suggests 

that microbial properties are more resilient to environmental changes than is 

above-ground vegetation. 

Fig. 4. The possible outcome of N-fertilization and disturbances based on the most 

important results of this study in terms of resilience of the ecosystem. Graminoids are 

increasing in the understorey, due both to the homogenization of vegetation after N-

fertilization combined with disturbances and the low resilience of evergreen species 

to disturbances. Increasing graminoids may push the system over the critical 

threshold and lead to a new more productive state for the ecosystem. Although N-

fertilization has a clear consistent positive effect on the amount of graminoids, its 

single effect is weak on the plant community structure and thus the threshold of 

ecosystem resilience is not exceeded. 



39 

References  

Aber J, McDowell W, Nadelhoffer K, Magill A, Berntson G, Kamakea M, McNulty S, 
Currie W, Rustad L & Fernandez I (1998) Nitrogen saturation in temperate forest 
ecosystems. Bioscience 48:921–934. 

Aerts R (2010) Nitrogen-dependent recovery of subarctic tundra vegetation after 
simulation of extreme winter warming damage to Empetrum hermaphroditum. Global 
Change Biol 16: 1071–1081. 

Aerts R, Cornelissen JHC & Dorrepaal E (2006) Plant performance in a warmer world: 
general responses of plants from cold, northern biomes and the importance of winter 
and spring events. Plant Ecol 182: 65–77. 

Alatalo JM, Little CJ, Jägerbrand AK & Molau U (2015) Vascular plant abundance and 
diversity in an alpine heath under observed and simulated global change. Scientific 
reports 5. 

Archer S & Tieszen LL (1980) Growth and physiological responses of tundra plants to 
defoliation. Arct Alp Res 4: 531–552. 

Bardgett RD, Wardle DA & Yeates GW (1998) Linking above-ground and below-ground 
interactions: how plant responses to foliar herbivory influence soil organisms. Soil Biol 
Biochem 30: 1867–1878.  

Bobbink R, Hicks K, Galloway J, Spranger T, Alkemade R, Ashmore M, Bustamante M, 
Cinderby S, Davidson E, Dentener F, Emmett B, Erisman J-W, Finn M, Gilliam F, Nordin 
A, Pardo L & De Vries W (2010) Global assessment of nitrogen deposition effects on 
terrestrial plant diversity: a synthesis. Ecol Appl 20: 30–59. 

Bowman WD, Theodose TA & Fisk MC (1995) Physiological and production responses of 
plant growth forms to increases in limiting resources in alpine tundra: implications for 
differential community response to environmental change. Oecologia 101: 217–227.  

Bret-Harte SM, García EA, Sacré VM, Whorley JR, Wagner JL, Lippert SC & Chapin III, 
FS (2004) Plant and soil responses to neighbour removal and fertilization in Alaskan 
tussock tundra. J Ecol 92: 635–647.  

Bret-Harte MS, Mack MC, Goldsmith GR, Sloan DB, DeMarco J, Shaver GR, Ray PM, 
Biesinger Z & Chapin III FS (2008) Plant functional types do not predict biomass 
responses to removal and fertilization in Alaskan tussock tundra. J Ecol 96: 713–726. 

Bryant JP, Chapin III FS & Klein DR (1983) Carbon/nutrient balance of boreal plants in 
relation to vertebrate herbivory. Oikos 40: 357–368.4 

Campioli M, Leblans N, Michelsen A (2012) Twenty-two years of warming, fertilisation 
and shading of subarctic heath shrubs promote secondary growth and plasticity but not 
primary growth. PLoS ONE 7(4): e34842. doi:10.1371/journal.pone.0034842. 

Canham CD, Finzi AC, Pacala SW & Burbank DH (1994) Causes and consequences of 
resource heterogeneity in forests: interspecific variation in light transmission by 
canopy trees. Can J For Res 24: 337–349. 

Chapin III FS (1980) Nutrient allocation and responses to defoliation in tundra plants. Arct 
Alp Res 12: 553–563. 



40 

Chapin III FS, Bret-Harte MS, Hobbie SE & Hailin Z (1996) Plant functional types as 
predictors of transient responses of arctic vegetation to global change. J Veg Sci 7: 
347–358. 

Chapin III FS, Moilanen L & Kielland K (1993) Preferential use of organic nitrogen for 
growth by a non-mycorrhizal arctic sedge. Nature 361: 150–153.   

Chapin III FS, Shaver GR, Giblin AE, Nadelhoffer KJ & Laundre JA (1995) Responses of 
arctic tundra to experimental and observed changes in climate. Ecology 76: 694–711. 

Coley PD, Bryant JP & Chapin III FS (1985) Resource availability and antiherbivore 
defense. Science 230: 895–899. 

Cooper EJ, Alons IG, Hagen D, Smith FM, Coulson SJ & Hodkinson ID (2004) Plant 
recruitment in the High Arctic: Seed bank and seedling emergence on Svalbard. J Veg 
Sci 15: 115–224. 

Cornelissen JHC, Castro Díez P & Hunt R (1996) Seedling growth, allocation and leaf 
attributes in a wide range of woody plant species and types. J Ecol 84:755–765.  

DeMarco J, Mack MC, Bret-Harte MS, Burton M & Shaver GR (2014) Long-term 
experimental warming and nutrient additions increase productivity in tall deciduous 
shrub tundra. Ecosphere 5(6): 72. 

Demoling F, Nilsson LO & Bååth E (2008) Bacterial and fungal response to nitrogen 
fertilization in three coniferous forest soils. Soil Biol Biochem 40: 370–379. 

Dieleman WIJ, Vicca S, Dijkstra FA, Hagedorn F, Hovenden MJ, Larsen KS, Morgan JA, 
Volder A, Beier C, Dukes JS, King J, Leuzinger S, Linder S, Luo YQI, Oren R, 
Angelis PDE, Tingey D, Hoosbeek MR & Janssens IA (2012) Simple additive effects 
are rare: a quantitative review of plant biomass and soil process responses to 
combined manipulations of CO2 and temperature. Global Change Biol 18: 2681–2693. 

Dirnbök T, Grandin U, Bernhardt M, Ömermann R, Beudert B, Canullo R, Forsius M, Grabner 
M-T, Holmberg M, Kleemola S, Lundin L, Mirtl M, Neumann M, Pompei E, Salemaa M, 
Starlinger F, Staszewski T & Uziębło AK (2014) Forest floor vegetation response to 
nitrogen deposition in Europe. Global Change Biol 20: 429–440. .   

Dormann CF & Woodin SJ (2002) Climate change in the Arctic: using plant functional 
types in a meta-analysis of field experiments. Funct Ecol 16: 4–17. 

Eckstein RL, Pereira E, Milbau A & Graae J (2011) Predicted changes in vegetation 
structure affect the susceptibility to invasion of bryophyte-dominated subarctic heath. 
Ann Bot 108: 177–183. 

Eriksson O (2002) Ontogenetic niche shifts and their implications for recruitment in three 
clonal Vaccinium shrubs: Vaccinium myrtillus, Vaccinium vitis-idaea, and Vaccinium 
oxycoccos. Can J Bot 80: 635–641. 

Eriksson O & Fröborg H (1996) "Windows of opportunity" for recruitment in long-lived 
clonal plants: experimental studies of seedling establishment in Vaccinium shrubs. 
Can J Bot 74: 1369–1374. 

Eskelinen A & Virtanen R (2005) Local and regional processes in low-productive 
mountain plant communities: the roles of seed and microsite limitation in relation to 
grazing. Oikos 110: 360–368. 



41 

Esseen P-A, Ehnström B, Ericson L & Sjöberg K (1997) Boreal forests. Ecol Bull 46: 16–
47.  

Fog K (1988) The effect of nitrogen on the rate of decomposition of organic matter. Biol 
Rev 63: 433–462. 

Folke C, Carpenter S, Walker B, Scheffer M, Elmqvist T, Gunderson L &  Holling CS 
(2004) Regime shifts, resilience, and biodiversity in ecosystem management. Annu 
Rev Ecol Evol Syst 35: 557–581.   

Forbis TA (2003) Seedling demography in an alpine ecosystem. Am J Bot 90: 1197–1206. 
Foster BL, Dickson TI, Murphy CA, Karel IS & Smith VH (2004) Propagule pools 

mediate community assembly and diversity-ecosystem regulation along a grassland 
productivity gradient. J Ecol 92: 435–449.  

Fournier DA, Skaug HJ, Ancheta J, Ianelli J, Magnusson A, Maunder M, Nielsen A & 
Sibert J (2012) AD Model Builder: using automatic differentiation for statistical 
inference of highly parameterized complex nonlinear models. Optim Method Softw 27: 
233–249. 

Galloway JN, Townsend AR, Erisman JW, Bekunda, M, Cai Z, Freney JR, Martinelli LA, 
Seitzinger SP & Sutton MA (2008) Transformation of the nitrogen cycle: recent 
trends, questions, and potential solutions. Science 320: 889–892. 

Gilliam FS (2006) Response of herbaceous layer of forest ecosystems to excess nitrogen 
deposition. J Ecol 94: 1176–1191. 

Gough L (2006) Neighbor effects on germination, survival, and growth in two arctic plant 
communities. Ecography 29: 44–56. 

Gough L & Hobbie SE (2003) Responses of moist non-acidic arctic tundra to altered 
environment: productivity, biomass, and species richness. Oikos 103: 204–216. 

Gough L, Moore JC, Shaver GR, Simpson RT & Johnson DR (2012) Above- and 
belowground responses of arctic tundra ecosystems to altered soil nutrients and 
mammalian herbivory. Ecology 93: 1683–1694. 

Gough L, Shrestha K, Johnson DR & Moon B (2008) Long-term mammalian herbivory 
and nutrient addition alter lichen community structure in Alaskan dry heath tundra. 
Arct Antarctic Alpine Res 40: 65–73. 

Graae BJ, Ejrnæs R, Lang SI, Meineri E, Ibarra PT & Bruun HH (2011) Strong microsite 
control of seedling recruitment in tundra. Oecologia 166: 565–576. 

Grime JP (1973) Control of species density in herbaceous vegetation. J Environ Manage 1: 
151–167. 

Grime JP (1977) Evidence for the existence of three primary strategies in plants and its 
relevance to ecological and evolutionary theory. Am Nat 111: 1169–1194. 

Hawkes CV & Sullivan JJ (2001) The impact of herbivory on plants in different resource 
conditions: A meta-analysis. Ecology 82: 2045–2058. 

Hallbäcken L & Zhang L-Q (1998) Effects of experimental acidification, nitrogen addition 
and liming on ground vegetation in a mature stand of Norway spruce (Picea abies (L.) 
Karst.) in SE Sweden. Forest Ecol Manag 108: 201–213.   

Haukioja E & Koricheva J (2000) Tolerance to herbivory in woody vs. herbaceous plants. 
Evol Ecol 14: 551–562. 



42 

Hautala H, Tolvanen A & Nuortila C (2001) Regeneration strategies of dominant boreal 
forest dwarf shrubs in response to selective removal of understorey layers. J Veg Sci 
12: 503–510.  

Hautala H, Tolvanen A & Nuortila C (2007) Recovery of pristine boreal forest floor 
community after selective removal of understorey, ground and humus layers. Plant 
Ecol 194: 273–282. 

Hedwall PO, Nordin A, Strengbom J, Brunet J & Olsson O (2013) Does background 
nitrogen deposition affect the response of boreal vegetation to fertilization? Oecologia 
173: 615–624.  

Holland EA, Braswell BH, Sulzman J & Lamarque J-F (2005) Nitrogen deposition onto 
the United States and Western-Europe: synthesis of observations and models. Ecol 
Appl 15: 38–57. 

Huston M (1999) Local processes and regional patterns: appropriate scales for 
understanding variation in the diversity of plant and animals. Oikos 86: 393–401. 

Högberg MN, Högberg P & Myrold DD (2007) Is microbial community composition in 
boreal forest soils determined by pH, C-to-N ratio, the trees, or all three? Oecologia 
150: 590–601. 

IPCC (2013) Summary for policymakers. In: Stocker TF et al. (eds) Climate Change 2013: 
The Physical Science Basis. Contribution of Working Group I to the Fifth  
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge 
and New York, Cambridge University Press (http://www.ipcc.ch) 

Jonasson S (1988) Evaluation of the point intercept method for the estimation of plant 
biomass. Oikos 52: 101–106.  

Jonasson S (1992) Plant responses to fertilization and species removal in tundra related to 
community structure and clonality. Oikos 63: 420–429. 

Jonasson S, Castro J & Michelsen A (2006) Interactions between plants, litter and 
microbes in cycling of nitrogen and phosphorous in the arctic. Soil Biol Biochem 38: 
526–532. 

Jonasson S, Michelsen A & Schmidt IK (1999) Coupling of nutrient cycling and carbon 
dynamics in the Arctic, integration of soil microbial and plant processes. Appl Soil 
Ecol 11: 135–146. 

Jonasson S, Michelsen A, Schmidt IK, Nielsen EV & Callaghan TV (1996) Microbial 
biomass C, N and P in two arctic soils and responses to addition of NPK fertilizer and 
sugar: implications for plant nutrient uptake. Oecologia 106: 507–515. 

Kangas K, Tolvanen A., Kälkäjä T & Siikamäki P (2009) Ecological impacts of 
revegetation and management practices of ski slopes in Northern Finland. Environ 
Manage 44: 408–419. 

Karlsen SR, Jepsen JU, Odland A, Ims RA & Arve Elvebakk A (2013) Outbreaks by 
canopy-feeding geometrid moth cause state-dependent shifts in understorey plant 
communities. Oecologia 173: 859–870. 

Karlsson PS (1985) Patterns of carbon allocation above ground in a deciduous (Vaccinium 
uliginosum) and an evergreen (Vaccinium vitis-idaea) dwarf shrub. Physiol Plant 63: 
1–7.         



43 

Kielland K (1994) Amino acid absorption by arctic plants: implications for plant nutrition 
and nitrogen cycling. Ecology 75: 2373–2383. 

Klanderud K & Totland Ø (2007) The relative role of dispersal and local interactions for 
alpine plant community diversity under simulated climate warming. Oikos 116: 1279–
1288. 

Lavorel S, McIntyre S, Landsberg J & Forbes TDA (1997) Plant functional classifications: 
from general groups to specific groups based on response to disturbance. Review. 
Trends Ecol Evol 12: 474–478. 

Leppälammi-Kujansuu J, Aro L, Salemaa M, Hansson K, Kleja DB & Helmisaari H-S 
(2014) Fine root longevity and carbon input into soil from below- and aboveground 
litter in climatically contrasting forests. For Ecol Manage 326: 79–90. 

Lindgren Å, Eriksson O & Moen J (2007) The impact of disturbance and seed availability 
on germination in the Scandinavian mountains. Arct Antarctic Alpine Res 39: 449–
454. 

Lindroos A-J, Derome J & Derome K (2007) Open area bulk deposition and stand 
throughfall in Finland during 2001–2004. Avoimen paikan ja metsikkösadannan 
laskeuma Suomessa vuosina 2001–2004. In: Merilä P, Kilponen T & Derome J (eds) 
Forest condition monitoring in Finland – National report 2002–2005. Metlan 
työraportteja/Working Papers of the Finnish Forest Research Institute 45: 81–92. 

Lindroos A-J, Derome K & Nieminen TM (2013) Sulphur and nitrogen deposition in bulk 
deposition and stand throughfall on intensive monitoring plots in Finland. In: Merilä P 
& Jortikka S (eds) Forest Condition Monitoring in Finland – National report. The 
Finnish Forest Research Institute. [Online report]. Available at http://urn.fi/
URN:NBN:fi:metla-201305087576. [Cited 2013-05-07].  

Maschinski J & Whitham TG (1989) The continuum of plant responses to herbivory: the 
influence of plant association, nutrient availability, and timing. Am Nat 134: 1–19. 

Mayer R & Erschbamer B (2011) Seedling recruitment and seed-/microsite limitation in 
traditionally grazed plant communities of alpine zone. Basic Appl Ecol 12: 10–20. 

Mayor JR, Mack MC & Schuur EAG (2015) Decoupled stoichiometric, isotopic, and 
fungal responses of an ectomycorrhizal black spruce forest to nitrogen and phosphorus 
additions. Soil Biol Biochem 88: 247–256. 

McKinney ML & Lockwood JL (1999) Biotic homogenization: a few winners replacing 
many losers in the next mass extinction. Trends Ecol Evol 14: 450–453. 

Melle C, Wallenstein M, Darrouzet-Nardi A & Weintraub MN (2015) Microbial activity is 
not always limited by nitrogen in Arctic tundra soils. Soil Biol Biochem 90: 52–61. 

Messier C, Parent S & Bergeron Y (1998) Effects of overstory and understory vegetation 
on the understory light environment in mixed boreal forests. J Veg Sci 9: 511–520. 

Milbau A, Shetsova A, Osler N, Mooshammer M & Graae BJ (2013) Plant community 
type and small-scale disturbances, but not altitude, influence the invasibility in 
subarctic ecosystems. New Phytol 197: 1002–1011. 

Molau U & Larsson E-L (2000) Seed rain and seed bank along an alpine altitudinal 
gradient in Swedish Lapland. Can J Bot 78: 728–747. 



44 

Mäkipää R (1994) Effects of nitrogen fertilization on humus layer and ground vegetation 
under closed canopy in boreal coniferous forest. Silva Fenn 28: 81–94. 

Nadelhoffer KJ, Giblin AE, Shaver GR & Laundre JA (1991) Effects of temperature and 
substrate quality on element mineralization in 6 arctic soils. Ecology 72: 242–253.  

Nams VO, Folkard NFG & Smith JNM (1993) Effects of nitrogen fertilization on several 
woody and nonwoody boreal forest species. Can J Bot 71: 93–97. 

Natali SM, Schuur EAG & Rubin RL. (2012) Increased plant productivity in Alaskan 
tundra as a result of experimental warming of soil and permafrost. J Ecol 100: 488–
498. 

Nielsen KE, Degn HJ, Damgaard C, Bruus M & Nygaard B (2011) A native species with 
invasive behaviour in coastal dunes: evidence for progressing decay and 
homogenization of habitat types. Ambio 40: 819–823. 

Nilsson M-C & Wardle DA (2005) Understory vegetation as a forest ecosystem driver: 
evidence from the northern Swedish boreal forest. Front Ecol Environ 3: 421–428.   

Nilsson M-C, Wardle DA, Zackrisson O & Jäderlund A (2002) Effects of alleviation of 
ecological stresses on an alpine tundra community over an eight-year period. Oikos 97: 
3–17. 

Nohrstedt HÖ (1998) Residual effects of N fertilization on soil-water chemistry and 
ground vegetation in a Swedish Scots pine forest. Environ Pollut 102: 77–83.    

Nohrstedt HÖ, Arnebrant K, Baath E & Soderstrom B (1989) Changes in carbon content, 
respiration rate, ATP content, and microbial biomass in nitrogen fertilized pine forest 
soils in Sweden. Can J For Res 19: 323–328. 

Nordin A, Näsholm T & Ericson L (1998) Effects of simulated N deposition on 
understorey vegetation of a boreal coniferous forest. Funct Ecol 12: 691–699. 

Nordin A, Schmidt IK & Shaver G (2004) Nitrogen uptake by arctic soil microbes and 
plants in relation to soil nitrogen supply. Ecology 85: 955–962. 

Nordin A, Strengbom J & Ericson L (2006) Responses to ammonium and nitrate additions 
by boreal plants and their natural enemies. Environ Pollut 141: 167–174. 

Näsholm T, Ekblad A, Nordin A, Giesler R, Högberg M & Högberg P (1998) Boreal forest 
plants take up organic nitrogen. Nature 392: 914–916. 

Olofsson J, Hulme PE, Oksanen L & Suominen O (2005) Effects of mammalian herbivores 
on revegetation of disturbed areas in the forest-tundra ecotone in northern 
Fennoscandia. Landscape Ecol 20: 351–359. 

Olofsson J, Tømmervik H & Callaghan TV (2012) Vole and lemming activity observed 
from space. Nature Clim Change 2: 880–883. 

Pardo LH, Fenn ME, Goodale CL, Geiser LH, Driscoll CT, Allen EB, Baron JS, Bobbink 
R, Bowman WD, Clark CM, Emmett B, Gilliam FS, Greaver TL, Hall SJ, Lilleskov 
EA, Liu L, Lynch JA, Nadelhoffer KJ, Perakis SS, Robin-Abbott MJ, Stoddard JL, 
Weathers KC & Dennis RL (2011) Effects of nitrogen deposition and empirical 
nitrogen critical loads for ecoregions of the United States. Ecol Appl 21: 3049–3082. 

Pennings SC, Clark CM, Cleland EE, Collins SL, Gough L, Gross KL, Milchunas DG & 
Suding KN (2005) Do individual plant species show predictable responses to nitrogen 
addition across multiple experiments? Oikos 110: 547–555. 



45 

Pickett STA & White PS (1985) Natural disturbance and patch dynamics: an introduction. 
In: Pickett STA, White PS (eds) The ecology of natural disturbance and patch 
dynamics. Orlando, Academic Press: 3–13.  

Pietikäinen A, Kytöviita M-M & Vuoti U (2005) Mycorrhiza and seedling establishment in 
a subarctic meadoe: effects of fertilization and defoliation. J Veg Sci 16: 175–182. 

R Core Team (2013) R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. 

Reinecke J, Klemm G & Heinken T (2014) Vegetation change and homogenization of 
species composition in temperate nutrient deficient Scots pine forests after 45 yr. J 
Veg Sci 25: 113–121. 

Rinnan R, Michelsen A, Bååth E & Jonasson S (2007) Fifteen years of climate change 
manipulations alter soil microbial communities in a subarctic heath ecosystem. Global 
Change Biol 13: 28–39.  

Rustad LE, Campbell JL, Marion GM, Norby RJ, Mitchell MJ, Hartley AE, Cornelissen 
JHC, Gurevitch J & GCTE-News (2001) A meta-analysis of the response of soil 
respiration, net nitrogen mineralization, and aboveground plant growth to 
experimental ecosystem warming.  Oecologia 126: 543–562. 

Salemaa M & Uotila T (2001) Seed bank composition and seedling survival in forest soil 
polluted with heavy metals. Basic Appl Ecol 2: 251–263. 

Sankaran M & Augustine DJ (2004) Large herbivores suppress decomposer abundance in 
a semiarid grazing ecosystem. Ecology 85: 1052–1061. 

Schimel JP, Bilbrough C & Welker JM (2004) Increased snow depth affects microbial 
activity and nitrogen mineralization in two Arctic tundra communities Soil Biol 
Biochem 36: 217–227.  

Schmidt IK, Michelsen A & Jonasson S (1997) Effects of labile soil carbon on nutrient 
partitioning between an arctic graminoid and soil microbes. Oecologia 112: 557–565. 

Schmidt IK, Jonasson S, Shaver SGR, Michelsen A & Nordin A (2002) Mineralization and 
distribution of nutrients in plants and microbes in four arctic ecosystems: responses to 
warming. Plant Soil 242: 93–106. 

Selås V (2000) Seed production of a masting dwarf shrub, Vaccinium myrtillus, in relation 
to previous reproduction and weather. Can J Bot 78: 423–429 

Shaver GR, Bret-Harte MS, Jones MH, Johnstone J, Gough L, Laundre J & Chapin III FS 
(2001) Species composition interacts with fertilizer to control long-term change in 
tundra productivity. Ecology 82: 3163–3181.  

Sistla AS, Moore JC, Simpson RT, Gough L, Shaver GR & Schimel JP (2013) Long-term 
warming restructures Arctic tundra without changing net soil carbon storage. Nature 
497: 615–619. 

Sistla AS, Asao S & Schimel JP (2012) Detecting microbial N-limitation in tussock tundra 
soil: Implications for Arctic soil organic carbon cycling. Soil Biol Biochem 55: 78–84. 

Skrindo A & Økland RH (2002) Effects of fertilization on understorey vegetation in a 
Norwegian Pinus sylvestris forest. Appl Veg Sci 5: 167–172. 



46 

Smolander A, Kukkola M, Helmisaari H-S & Mäkipää R (2000) Functioning of forest 
ecosystems under nitrogen loading. In: Mälkönen E (ed) Forest Condition in a 
Changing Environment – the Finnish case. Dordrecht, Kluwer Academic Publishers: 
229–247. 

Smolander A, Kurka A, Kitunen V & Mälkönen E (1994) Microbial biomass C and N, and 
respiratory activity in soil of repeatedly limed and N- and P-fertilized Norway spruce 
stands. Soil Biol Biochem 26: 957–962. 

Soudzilovskaia NA, Graae BJ, Douma JC, Grau O, Milbau A, Shevtsova A, Wolters L & 
Cornelissen LHC (2011) How do bryophytes govern generative recruitment of 
vascular plants? New Phytol 190: 1019–1031. 

Sousa WP (1984) The role of disturbance in natural communities. Ann Rev Ecol Syst 15: 
353–391. 

Speed JDM, Cooper EJ, Jónsdóttir IS, ván der Wal R & Woodin SJ (2010) Plant 
community properties predict vegetation resilience to herbivore disturbance in the 
Arctic. J Ecol 98: 1002–1013. 

Stark S & Grellmann D (2002) Soil microbial responses to herbivory in an arctic tundra 
heath at two levels of nutrient availability. Ecology 83: 2736–2744. 

Stark S & Kytöviita M-M (2006) Simulated grazer effects on microbial respiration in 
subarctic meadow: Implications for nutrient competition between plants and soil 
microorganisms. Appl Soil Ecol 31: 20–31. 

Stark S, Strömmer R & Tuomi J (2002) Reindeer grazing and soil microbial processes in 
two suboceanic and two subcontinental tundra heaths. Oikos 97: 69–78 

Stark S, Wardle DA, Ohtonen R, Helle T & Yeates GW (2000) The effect of reindeer 
grazing on decomposition, mineralization and soil biota in a dry oligotrophic Scots 
pine forest. Oikos 90: 301–310. 

Strauss SY & Agrawal AA (1999) The ecology and evolution of plant tolerance to 
herbivory. Trends Evol Ecol 14: 179–185. 

Strengbom J & Nordin A (2008) Commercial forest fertilization causes long-term residual 
effects in ground vegetation of boreal forests. Forest Ecol Manag 256: 2175–2181. 

Strengbom J & Nordin A (2012) Physical disturbance determines effects from nitrogen 
addition on ground vegetation in boreal coniferous forests. J Veg Sci 23: 361–371.   

Strengbom J, Näsholm T & Ericson L (2004) Light, not nitrogen limits, growth of grass 
Deschampsia flexuosa in boreal forest. Can J Bot 82: 430–435. 

Strengbom J, Olofsson J, Witzell J & Dahlgren J (2003) Effects of repeated damage and 
fertilization on palatability of Vaccinium myrtillus to grey sided voles, Clethrionomys 
rufucanus. Oikos 103: 133–141.  

Tamm C-O (1991) Nitrogen in terrestrial ecosystems. Ecological studies no. 81. Berlin, 
Springer.  

Tolvanen A (1994) Differences in recovery between a deciduous and an evergreen 
ericaceous clonal dwarf shrub after simulated aboveground herbivory and 
belowground damage. Can J Bot 72: 853–859. 



47 

Tolvanen A & Laine K (1997) Effects of reproduction and artificial herbivory on 
vegetative growth and resource levels in deciduous and evergreen dwarf shrubs. Can J 
Bot 75: 656–666. 

Tonteri T, Salemaa M & Rautio P (2013) Changes of understorey vegetation in Finland in 
1985–2006. In: Merilä P & Jortikka S (eds) Forest Condition Monitoring in Finland – 
National report. The Finnish Forest Research Institute. [Online report]. Available at 
http://urn.fi/URN:NBN:fi:metla-201305087583. [Cited 2013-05-07]. 

Tømmervik H, Johansen B, Tombre I, Thannheiser D, Høgda KA, Gaare E & Wielgolaski 
FE (2004) Vegetation changes in the Nordic mountain birch forest: the influence of 
grazing and climate change. Arct Antarctic Alpine Res 36: 323–332.  

Treseder KK (2008) Nitrogen additions and microbial biomass: a meta-analysis of 
ecosystem studies. Ecol Lett 11: 1111–1120. 

Turkington R, John E, Watson S & Seccombe-Hett P (2002) The effects of fertilization 
and herbivory on the herbaceous vegetation of the boreal forest in north-western 
Canada: a 10-year study. J Ecol 90: 325–337. 

Turtiainen M, Salo K & Saastamoinen O (2011) Variations of yield and utilisation of 
bilberries (Vaccinium myrtillus L.) and cowberries (V. vitis-idaea L.) in Finland. Silva 
Fenn 45: 237–251.  

Tybirk K, Nilsson M-C, Michelsen A, Lakkenborg Kristensen H, Shevtsova A, Strandberg 
MT, Johansson M, Nielsen KE, Riis-Nielsen T, Strandberg B & Johnsen I (2000) 
Nordic Empetrum dominated ecosystems: function and susceptibility to environmental 
changes. Ambio 29: 90–97. 

Törn A, Rautio J, Norokorpi T & Tolvanen A (2006) Revegetation after short-term 
pedestrian trampling at subalpine heath vegetation in Finnish Lapland. Ann Bot Fenn 
43: 129–138.  

Törn A, Tolvanen A, Norokorpi Y, Tervo R & Siikamäki P (2009) Comparing the impacts 
of hiking, skiing and horse riding on trail and vegetation in different types of forest. J 
Environ Manage 90: 1427–1434. 

Ulanova NG (2000) The effects of windthrow on forests at different spatial scales: a 
review. Forest Ecol Manag 135: 155–167.  

Van Cleve K & Alexander V (1981) Nitrogen cycling in the tundra and boreal ecosystems. 
Ecol Bull 33: 375–401.  

van Wijk MT, Clemmensen KE, Shaver GR., Williams M, Callaghan TV, Chapin III FS, 
Cornelissen JHC, Gough L, Hobbie SE, Jonasson S, Lee JA, Michelsen A, Press MC, 
Richardson SJ & Rueth H (2004) Long-term ecosystem level experiments at Toolik 
Lake, Alaska, and at Abisko, Northern Sweden: generalizations and differences in 
ecosystem and plant type responses to global chance. Global Chance Biol 10: 105–
123. 

Veen GF, Sundqvist MK, Metcalfe D & Wilson SD (2015) Above-ground and below-
ground plant responses to fertilization in two subarctic ecosystems. Arct Antarctic 
Alpine Res 47: 693–702. 



48 

Venäläinen A, Tuomenvirta H & Drebs A (2005) A Basic Finnish climate data set 1961-
2000 – descriptions and illustrations, Finnish Meteorological Institute, Reports 2005:5 
27 p.  

Vera ML (1997) Effects of altitude and seed size on germination and seedling survival of 
heathland plants in north Spain. Plant Ecol 133: 101–106. 

Verheyen K, Baeten L, De Frenne P, Bernhardt-Römermann M, Brunet J, Cornelis J, 
Decocq G, Dierschke H, Eriksson O, Hédl R, Heinken T, Hermy M, Hommel P, Kirby 
K, Naaf T, Peterken G, Petřík P, Pfadenhauer J, Van Calster H, Walther G-R, Wulf M 
& Verstraeten G (2012) Driving factors behind the eutrophication signal in 
understorey plant communities of deciduous temperate forests. J Ecol 100: 352–365. 

Vitousek PM & Reiners WA (1975) Ecosystem succession and nutrient retention: A 
hypothesis. BioScience 25: 376–381. 

Väre HR, Ohtonen R & Mikkola K (1996) The effects of and extent of heavy grazing by 
reindeer in oligotrophic pine heaths in northereastern Fennoscandia. Ecography 19: 
245–253.   

Waldner P, Thimonier A, Schmitt M, Marchetto A, Rogora M, Granke O, Mues V, Hansen 
K, Pihl-Karlsson G, Zlindra D, Clarke N, Verstraeten A, Lazdins A, Schimming C, 
Iacoban C, Lindroos A-J, Vanguelova E, Benham S, Meesenburg H, Nicholas M, 
Kowalska A, Apuhtin V, Nappa U, Lachmanová Z, Neumann M, Bleeker A,  
Ingerslev M, Molina J, Vesterdal L, Seidling W, Fischer U, Fischer R & Lorenz M 
(2012) Sulphate and nitrogen deposition and trend analyses. In: Lorenz M & Becher G 
(eds) Forest Condition in Europe, 2012 Technical Report of ICP Forests. Work Report 
of the Thünen Institute for World Forestry 2012/1. ICP Forests, Hamburg.   

Walker BH, Holling CS, Carpenter SR, Kinzig AS. 2004. Resilience, adaptability and 
transformability in social-ecological systems. Ecol Soc 9: 5.[online] URL: 
http://www.ecologyandsociety.org/vol9/iss2/art5/  

Wallenstein MD, McNulty S, Fernandez IJ, Boggs J & Schlesinger WH (2006) Nitrogen 
fertilization decreases forest soil fungal and bacterial biomass in three long-term 
experiments. Forest Ecol Manag 222: 459–468. 

Wardle DA (2002) Communities and ecosystems: linking the aboveground and 
belowground components. Monographs in population biology 34. Princeton, Princeton 
University Press. 

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

Welling P & Laine K (2000) Characteristics of the seedling flora in alpine vegetation, 
subarctic Finland, I. Seedling densities in 15 plant communities. Ann Bot Fenn 37: 
69–76. 

Welling P & Laine K (2002) Regeneration by seeds in alpine meadow and in heath 
vegetation in sub-arctic Finland. J Veg Sci 13: 217–226. 

Welling P, Tolvanen A & Laine K (2004) The alpine soil seed bank in relation to field 
seedlings and standing vegetation in subarctic Finland. Arct Antarctic Alpine Res 36: 
229–238. 



49 

Wiegmann SM & Waller DM (2006) Fifty years of change in northern upland forest 
understories: Identity and traits of ‘‘winner’’ and ‘‘loser’’ plant species. Biol Conserv 
129: 109 –123.  

Wookey PA, Aerts R, Bardgett RD, Baptist F, Brathen KA, Cornelissen JHC, Gough L, 
Hartley IP, Hopkins DW, Lavorel S & Shaver GR (2009) Ecosystem feedbacks and 
cascade processes: understanding their role in the responses of Arctic and alpine 
ecosystems to environmental change. Global Change Biol 15: 1153–1172. 

Ylänne, H, Stark S & Tolvanen A (2015) Vegetation shift from deciduous to evergreen 
dwarf shrubs in response to selective herbivory offsets carbon losses: evidence from 
19 years of warming and simulated herbivory in the subarctic tundra. Global Change 
Biol 21: 3696–3711.   

Zamin TJ, Bret-Harte MS & Grogan P (2014) Evergreen shrubs dominate responses to 
experimental summer warming and fertilization in Canadian mesic low arctic tundra. J 
Ecol 102: 749–766. 

Zobel M, Otsus M, Liira J, Moora M & Möls T (2000) Is small-scale species richness 
limited by seed availability or microsite availability? Ecology 81: 3274–3282. 

  



50 

 



51 

Original articles  

I  Manninen OH, Stark S, Kytöviita M-M, Lampinen L & Tolvanen A (2009) 
Understorey plant and soil responses to disturbance and increased nitrogen in boreal 
forests. Journal of Vegetation Science 20: 311–322. 

II  Manninen OH, Stark S, Kytöviita M-M & Tolvanen A (2010) Individual and 
combined effects of disturbance and N addition on understorey vegetation in a 
subarctic mountain birch forest. Journal of Vegetation Science 22: 262–272. 

III  Manninen OH & Tolvanen A (2013) N-fertilization and disturbance impacts and their 
interaction in forest-tundra vegetation. Plant Ecology 12: 1505–1516. 

IV  Manninen OH & Tolvanen A (2015) Sexual reproduction of clonally regenerative 
species in a forest-tundra ecotone. Manuscript.  

Reprinted with permission from John Wiley and Sons (I, II) and Springer (III).  

Original publications are not included in the electronic version of the dissertation.  

  

  



52 

 



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

Book orders:
Granum: Virtual book store
http://granum.uta.fi/granum/

S E R I E S  A  S C I E N T I A E  R E R U M  N A T U R A L I U M

657. Lappalainen, Katja (2015) Modification of native and waste starch by
depolymerization and cationization : utilization of modified starch in binding of
heavy metal ions from an aqueous solution

658. Kangas, Veli-Matti (2015) Genetic and phenotypic variation of the moose 

          (Alces alces)

659. Prokkola, Hanna (2015) Biodegradation studies of recycled vegetable oils,
surface-active agents, and condensing wastewaters

660. Halkola, Eija (2015) Participation in infrastructuring the future school : a nexus
analytic inquiry

661. Kujala, Sonja (2015) Dissecting genetic variation in European Scots pine (Pinus
sylvestris L.) : special emphasis on polygenic adaptation

662. Muilu-Mäkelä, Riina (2015) Polyamine metabolism of Scots pine under abiotic
stress

663. Pakanen, Minna (2015) Visual design examples in the evaluation of anticipated
user experience at the early phases of research and development

664. Hyry, Jaakko (2015) Designing projected user interfaces as assistive technology
for the elderly

665. Varanka, Sanna (2016) Multiscale influence of environmental factors on water
quality in boreal rivers : application of spatial-based statistical modelling

666. Luukkonen, Tero (2016) New adsorption and oxidation-based approaches for
water and wastewater treatment : studies regarding organic peracids, boiler-
water treatment, and geopolymers

667. Tolkkinen, Mari (2016) Multi-stressor effects in boreal streams : disentangling the
roles of natural and land use disturbance to stream communities

668. Kaakinen, Juhani (2016) Öljyllä ja raskasmetalleilla pilaantuneita maita koskevan
ympäristölainsäädännön ja lupamenettelyn edistäminen kemiallisella tutkimuksella

669. Huttunen, Kaisa-Leena (2016) Biodiversity through time: coherence, stability and
species turnover in boreal stream communities

670. Rönkä, Nelli (2016) Phylogeography and conservation genetics of waders

671. Fucci, Davide (2016) The role of process conformance and developers' skills in
the context of test-driven development



UNIVERSITY OF OULU  P .O. Box 8000  F I -90014 UNIVERSITY OF OULU FINLAND

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

Professor Esa Hohtola

University Lecturer Santeri Palviainen

Postdoctoral research fellow Sanna Taskila

Professor Olli Vuolteenaho

University Lecturer Veli-Matti Ulvinen

Director Sinikka Eskelinen

Professor Jari Juga

University Lecturer Anu Soikkeli

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala

ISBN 978-952-62-1172-5 (Paperback)
ISBN 978-952-62-1173-2 (PDF)
ISSN 0355-3191 (Print)
ISSN 1796-220X (Online)

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

SCIENTIAE RERUM 
NATURALIUM

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 2016

A 672

Outi Manninen

THE RESILIENCE OF 
UNDERSTOREY 
VEGETATION AND SOIL TO 
INCREASING NITROGEN AND 
DISTURBANCES IN BOREAL 
FORESTS AND THE 
SUBARCTIC ECOSYSTEM

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU,
FACULTY OF SCIENCE

A
 672

AC
TA

O
uti M

anninen


	Abstract
	Tiivistelmä
	Acknowledgements
	List of original papers
	Contents
	1 Introduction
	1.1 Sources of increasing N in the ecosystems
	1.1.1 Understorey vegetation and increasing N

	1.2 Disturbances in the boreal and subarctic environments
	1.2.1 Plant vegetative recovery and sexual reproduction after disturbance

	1.3 Relations of N and disturbances on soil microbial biomass
	1.4 Interactions between N, plant recovery, and microbial biomass
	1.5 Significance of the study
	1.6 Aims of the study

	2 Material and methods
	2.1 N-fertilization and vegetation removal experiments (I, II)
	2.1.1 Study sites
	2.1.2 Experimental design and measurements
	2.1.3 Statistical analysis

	2.2 N-fertilization and soil removal experiment (III, IV)
	2.2.1 Study site
	2.2.2 Experimental design and measurements
	2.2.3 Statistical analysis


	3 Results and discussion
	3.1 N-fertilization and disturbance increase graminoids in the boreal forest and subarctic environments
	3.2 N-fertilization enhances the recovery of graminoids in the subarctic ecosystem and the forest-tundra ecotone
	3.3 Microbial biomass does not limit the recovery ability of vegetation
	3.4 Seed availability limits seedling establishment after disturbance in the forest-tundra

	4 Conclusion: the resilience of understorey vegetation and soils
	References
	Original articles



