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University of Oulu Graduate School; University of Oulu, Faculty of Science, Department of
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Abstract

Grazing by reindeer (Rangifer tarandus L.) affects vegetation and soil microbial processes in
tundra ecosystems. It is considered that grazing can induce two alternative vegetation states that
differ in plant species composition and the rate of nutrient cycling. I hypothesised that these
alternative vegetation states differ in ecosystem responses to climate warming. I tested the
hypothesis using a factorial warming and fertilisation experiment on long-term lightly grazed
(LG) and heavily grazed (HG) tundra.

The reindeer grazing induced vegetation shift from dwarf shrubs to graminoids increased
microbial activities for SOM decomposition. The grazer-induced shifts in vegetation and
microbial activities in combination with the fertilisation via urine and faeces had important
consequences on soil N availability and soil C quality that determined the ecosystem-level
consequences of climate warming. Due to higher soil N availability, warming increased plant
productivity (GEP) on HG but not on LG tundra, where N limitation prevented the warming-
increased plant production. The varying effects of warming on GEP at different grazing intensities
determined the effects of warming on ecosystem net C sink, which was unaffected by warming on
HG but decreased on LG tundra. Reindeer grazing reduced the soil C quality, as soils under LG
stored a higher proportion of carbohydrates vulnerable to microbial decomposition than soils
under HG. According to laboratory soil incubations, the grazer-induced reduction in soil C quality
mitigated the responses of soil microbial activity to prolonged warming. Warming caused a
stronger decrease in concentrations of phenolics, an important means of plant defence against
biotic and abiotic stresses, in Empetrum nigrum ssp. hermaphroditum under HG than LG.

Grazing history by reindeer, with the associated vegetation shift from dwarf shrubs to
graminoids, can significantly alter the ecosystem-level consequences of climate warming. Overall,
this thesis highlights that the effects of reindeer grazing on soil properties, soil N availability and
C quality, are important determinants of the ecosystem responses to climate warming. Therefore,
future research on climate warming should take into account herbivores and aim towards a more
holistic approach that includes both aboveground and belowground components of the ecosystem.

Keywords: carbon, climate change, decomposition, extracellular enzyme, plant defence,
reindeer, tundra





Väisänen, Maria, Ilmaston lämpenemisen ekosysteemitason vaikutukset porolai-
dunnuspaineeltaan eroavilla tundra-alueilla. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Luonnontieteellinen tiedekunta, Biologian laitos;
Lapin yliopisto, Arktinen keskus
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Tiivistelmä

Tundralla porolaidunnus vaikuttaa kasvillisuuteen ja maaperän mikrobien toimintaan. Poro-
laidunnus voi aikaansaada kaksi vaihtoehtoista kasvillisuuden tilaa, jotka eroavat toisistaan pait-
si kasvilajiston myös ravinnekierron suhteen. Esitin hypoteesin, jonka mukaan ilmaston lämpe-
nemisen vaikutukset eroavat tundratyypeillä, jotka edustavat vaihtoehtoisia kasvillisuustiloja.
Testasin hypoteesia faktoriaalisen lämmitys- ja lannoituskokeen avulla tundra-alueilla, joilla
poron laidunnuspaine on ollut pitkäaikaisesti joko kevyttä tai voimakasta.

Poron aiheuttama kasvillisuusmuutos varpuvaltaisesta heinävaltaiseksi lisäsi maaperän mik-
robien hajotusaktiivisuutta. Poron aiheuttamat erot kasvillisuudessa ja mikrobiaktiivisuuksissa
yhdessä virtsan ja papanoiden lannoittavan vaikutuksen kanssa muuttivat maaperän typen saata-
vuutta sekä hiilen laatua. Erot maaperän ominaisuuksissa puolestaan ohjasivat ilmaston
lämpenemisen ekosysteemitason vaikutuksia. Lämmitys kasvatti ekosysteemituotantoa ravin-
teikkaalla voimakkaasti laidunnetulla tundralla mutta ei kevyesti laidunnetulla tundralla, joka oli
typpirajoitteinen. Lämmityksen erilaiset vaikutukset ekosysteemituotantoon eri laidunpaineissa
määrittivät lämmityksen vaikutuksen ekosysteemin hiilinieluun, joka pysyi muuttumattomana
voimakkaasti laidunnetulla tundralla mutta pieneni kevyesti laidunnetulla tundralla. Porolaidun-
nus alensi maaperän hiilen laatua, ja kevyesti laidunnetulla tundralla maaperässä oli enemmän
mikrobien hajotukselle alttiita hiilihydraatteja kuin voimakkaasti laidunnetulla tundralla. Labo-
ratoriossa suoritetun inkubaatiokokeen perusteella maaperän hiilen alhaisempi laatu lievensi
mikrobien hajotusaktiivisuuden vastetta pitkäaikaiseen lämmitykseen. Lämmitys vähensi poh-
janvariksenmarjan fenoliyhdisteiden, jotka ovat tärkeä osa kasvien puolustusta bioottisia ja
abioottisia stressitekijöitä vastaan, pitoisuuksia enemmän voimakkaasti kuin kevyesti laidunne-
tulla tundralla.

Poron laidunnushistoria yhdessä kasvillisuusmuutoksen kanssa voi merkittävästi vaikuttaa
ilmaston lämpenemisen ekosysteemitason seurauksiin. Tämän väitöstyön tulokset osoittavat, että
poron vaikutukset maaperän typpeen ja hiileen määrittävät lämpenemisen vaikutukset ekosystee-
missä. Tulevaisuudessa ilmastonmuutostutkimuksen pitäisikin kokonaisvaltaisemmin huomioi-
da sekä herbivorian että ekosysteemin eri osien merkitys.

Asiasanat: hiili, ilmaston muutos, kasvien puolustusyhdisteet, mikrobien hajotus, poro,
solunulkoiset entsyymit, tundra





7 

Acknowledgements 

Studying the complex interactions between reindeer grazing and climate warming and 

their effects on ecosystem processes in tundra has been inspiring but also challenging. 

I would like to sincerely thank my supervisor Sari Stark, firstly for teaching me the 

importance of a theoretical framework in ecological research and the background of 

the different theories involved in this thesis – and they were many! Secondly, Sari 

introduced me to the marvellous world of various soil analyses. This kind of practical 

work in the laboratory has been really agreeable and concrete. I am thankful for this 

opportunity and I consider it a privilege, although it took a lot of time. Finally, I 

would like to thank Sari for giving ideas and solutions for the countless problems in 

data processing and interpretations, and patiently commenting and correcting the 

manuscripts. 

I would also like to thank my other supervisor Sofie Sjögersten. Sofie taught me 

how to measure CO2 fluxes in the field and how to further process the data. Sofie also 

organised the collaborators for the NMR analysis and environmental modelling – this 

on short notice. I am grateful for the chance to work at the University of Nottingham 

for nearly two months. It was nice to meet Sofie’s family, especially her son, John, as 

well as the collaborators at the University of Nottingham. I would like to thank Neil 

Crout, who conducted the modelling of the CO2 fluxes, and David Large, Trevor 

Drage, Miguel Castro-Diaz and Colin Snape, who conducted the NMR analysis. I 

would also like to thank Darren Hepworth and John Corrie, who helped me with 

laboratory work, and finally all other people and especially the PhD students at the 

School of Biosciences. You all made me feel welcome. 

During these four years many people have been involved in this thesis project. I 

am most grateful for Elina Kaarlejärvi and Johan Olofsson and their field assistants, 

especially Jonas Gustafsson, from the University of Umeå. Elina was responsible for 

the vegetation analysis during years 2010–2013 and her accuracy in recording the 

vegetation cover as well as in analysing and interpreting the data was irreplaceable, as 

were her comments on the manuscripts. Johan’s apt and brilliant comments, opinions 

and ideas on the CO2 paper as well as on other data were really inspiring and helpful; 

Johan also provided the NDVI data. I spent summer 2011 in the field with Henni 

Ylänne from the University of Oulu measuring CO2 fluxes, and during summer 2013 

we, again, did both field work and lab work together. I want to thank Henni for 

helping with the measurements and for processing the CO2-flux data from 2011, 

which formed an essential part of my thesis, and especially for being such a flexible, 

helpful and hardworking Masters, now PhD, student. It was not always nice to be up 



8 

in the field under very varying weather conditions, even during the night with devices 

that usually broke down one by one. Françoise Martz from the Finnish Forest 

Research Institute, Rovaniemi Research Unit, was responsible for analysing the 

phenolics of mountain crowberry – a task which turned out to be extremely 

challenging. Without Françoise’s expertise it would not have been possible to publish 

the article IV in its current form with detailed information on the phenolic 

compounds. Françoise also taught me the principles, how to process plant samples 

and analyse plant phenolics, and during the writing process she also showed me that, 

in addition to the way of an ecologist, there is another way of thinking and 

interpreting the results – the way of a plant physiologist. I think that this was a good 

lesson for me and I will try to keep it in mind in the future. Riitta Julkunen-Tiitto 

helped to analyse and identify plant phenolic compounds. Her expertise on phenolic 

compounds was valuable. 

I owe special thanks to Aarno Niva and Sirkka Aakkonen at the Finnish Forest 

Research Institute, Rovaniemi Research Unit. Aarno had an irreplaceable role in the 

practical planning and execution of the field experiment, as he organised the materials 

for open top chambers and short-term reindeer exclosures as well as helped a lot in 

the hard work of constructing them. Sirkka contributed significantly to all laboratory 

analyses involved in this thesis and always helped me with various problems in the 

lab, she also helped me with the CO2-flux measurements during summer 2012. Both 

Aarno and Sirkka contributed to the maintenance of the field experiment, which was a 

laborious task. I also want to thank Juha Hyvönen from the Finnish Forest Research 

Institute, Rovaniemi Research Unit, for helping with the statistical design. This thesis 

project has been fertile and during the years has provided new research ideas and 

projects that have led to an increasing group of scientists working with the same field 

experiment. I want to express my gratitude to this wide research network that includes 

Minna Männistö, Lars Ganzert, Liliane Ruess, Max Häggblom, Ville-Veikko Telkki, 

Anu Kantola and Alex Nyakumba. They have all been involved in projects, the results 

of which will hopefully be published in the near future. 

From the University of Oulu I would like to thank Satu Huttunen and Minna 

Vanhatalo for helping me in the beginning and also during my thesis project with 

practicalities; and the follow-up group members Juha Tuomi, Annamari Markkola and 

Aino Smolander from the Finnish Forest Research Institute, Vantaa Research Unit, 

for our annual meetings. I also appreciate the help by Tuulikki Pakonen and Tarja 

Törmänen in soil analyses. At the Arctic Centre, all colleagues created an inspiring 

and encouraging working atmosphere, and I am sincerely grateful to all of you. 

Especially I thank Bruce Forbes, Osmo Rätti, Riitta Aikio, Tuija Katermaa, Arto 



9 

Vitikka, Kari Jantunen and Pertti Leinonen as well as Raija Kivilahti and Minna 

Turunen. I also thank Magne Elvestad from Sappen, Norway, who provided us 

accommodation facilities during our field trips and valuable information about the 

field conditions, weather and reindeer migrations. 

I thank PhD students Hélène Prouillet-Leplat and Maria Tuomi as well as Hanna 

Vuorenpää for their peer support. It has been comforting to realize that we have all 

been dealing with the same problems. I met Hélène and Maria during the thesis 

project, and I truly hope that we can continue our work and discussions about soil in 

the future. Finally, I want to thank my family and friends for their support during this 

project. Tuukka, I want to thank you for sharing with me the ups and downs every 

day, for encouraging and understanding me and even for helping me in the lab and 

field work. 

This research was conducted in the facilities of the Finnish Forest Research 

Institute, Rovaniemi Research Station, Arctic Centre, University of Lapland and 

Department of Biology, University of Oulu. Research was funded by the Academy of 

Finland (Project number 130507), providing salary and everything for the field and 

lab work during years 2010–2014; and for finalising the thesis, the Lapland Regional 

Fund and the Tauno Tönning Foundation. 

Rovaniemi, August 2014 Maria Väisänen 
 
  



10 

  



11 

Abbreviations 

LG Lightly grazed tundra 

HG Heavily grazed tundra 

HGexc Heavily grazed tundra with short-term reindeer exclosure 

CTL Control 
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C Carbon 

CO2 Carbon dioxide 

NEE Net ecosystem exchange 

GEP Gross ecosystem production 

Re Ecosystem respiration 
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P Phosphorus 

EEA  Extracellular enzyme activity 
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PO Phenol oxidase 

GC Gas chromatography 
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1 Introduction 

1.1 The role of herbivores in ecosystems 

Trophic interactions form one of the fundamental questions of ecology, as the transfer 

of energy and nutrients between trophic levels drives the functioning of ecosystems. 

Among the most important trophic interactions is that between plants and herbivores. 

For several decades scientists have been puzzled by why terrestrial ecosystems are 

widely covered by vegetation – “Why is the world green?” – despite the existence of 

herbivores with the capacity to consume plant biomass (Hairston et al. 1960). 

Currently it is acknowledged that aboveground herbivory consumes a relatively small 

proportion of plant production, because plants commonly defend against herbivores 

and because predators control herbivore populations. However, herbivores still exert 

significant effects on energy flow and the cycling of nutrients in most terrestrial 

ecosystems (Chapin et al. 2011). 

The effects of herbivores include direct losses of aboveground plant biomass, 

physical disturbance and excretion of waste products that all form a complex set of 

interactions between plants and animals (Schulze et al. 2005). Herbivores often 

selectively consume more palatable plant species and therefore provide a competitive 

advantage to chemically defended unpalatable species (Pastor & Naiman 1992, 

Augustine & McNaughton 1998). Herbivory may also induce compensatory growth in 

palatable species, which increases their dominance in the plant communities (Pastor 

& Naiman 1992, Augustine & McNaughton 1998). Herbivory may enhance the 

nutrient content of some plant species but in contrast increase the amount of defensive 

chemicals in other plant groups (Coley et al. 1985). Aboveground foliar herbivory 

may also affect root biomass and the exudation of labile compounds by the roots to 

the soil (Bardgett et al. 1998, Hamilton et al. 2008, Hafner et al. 2012). Herbivores 

alter soil processes such as C and N mineralisation, because the effects of herbivory 

on vegetation influence the quantity and quality of plant litter input to soil, which in 

turn is a powerful determinant of soil microbial activities (Bardgett a& Wardle 2003). 

Furthermore, the excretion of urine and faeces directly increases soil N 

concentrations, and trampling by grazers causes physical disturbance of the soil 

surface (Bardgett & Wardle 2003). It has also been suggested that the effects of 

herbivory vary depending on site fertility so that in fertile habitats herbivory increases 

plant production, forage quality and the rates of soil microbial processes, whereas in 

infertile habitats the opposite is true (Wardle et al. 2004). These grazer-induced 
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interactions through C and N mineralisation create feedback on plant nutrient 

availability and soil C cycling, which in turn influence plant productivity. A holistic 

understanding of terrestrial ecosystem functioning should therefore include 

decomposer microorganisms in addition to plants and herbivores. 

Among herbivores, the role of ungulate grazers is probably the most widely 

recognised. Worldwide, grazing by both domestic and wild ungulates has both 

ecological and economic significance and is the most widespread means of land use, 

as half of the Earth’s land surface is grazed by ungulates (Olff et al. 2002). Many 

ungulate species execute seasonal long-distance migrations that are among the most 

spectacular biological phenomena on Earth (Berger 2004). Grazing by ungulates is a 

major driver of global vegetation dynamics and affects ecosystem productivity, 

vegetation composition and plant morphological and functional traits (Milchunas & 

Lauenroth 1993, Diaz et al. 2007). In addition to the aboveground vegetation 

processes, the impacts of ungulate grazing on the belowground soil processes are 

significant. The effects of ungulates on soil N dynamics have been studied for 

decades and are relatively well known (Hobbs 1996, Singer & Schoenecker 2003, 

Augustine & McNaughton 2006, Xu et al. 2007), whereas the effects on soil C 

dynamics are less well known. The ungulate-driven effects on soil C dynamics are 

important, because globally soils store more than three times as much C as the 

atmosphere and vegetation (Schmidt et al. 2011) and ungulate grazers have the 

potential to affect global C cycles (Tanentzap & Coomes 2012). 

1.2 Effects of reindeer grazing on tundra vegetation and soil 

In the circumpolar Arctic, migratory reindeer (Rangifer tarandus L.) is a keystone 

herbivore with significant effects on vegetation and soil processes (Forbes & 

Kumpula 2009). In unproductive ecosystems, such as tundra, the role of herbivores in 

controlling vegetation dynamics may be of uttermost importance (Oksanen & 

Oksanen 2000). Reindeer grazing induces parallel shifts in the vegetation and soil 

processes (Olofsson et al. 2001, Stark & Grellmann 2002, Stark et al. 2002, Olofsson 

et al. 2004, van der Wal et al. 2004, Stark et al. 2012). According to the studies 

conducted so far, the reindeer-mediated effects on ecosystem processes may be highly 

site-specific. In contrast with the theory that the direction of the effect of grazing on 

soil C and nutrient cycling depends on site fertility (Wardle et al. 2004), both 

enhancing and retarding effects of reindeer grazing have been reported for both 

productive and unproductive habitats, but the sources of this spatial variation are not 

yet fully understood (Stark 2002, Bardgett 2005, Stark et al. 2014). 
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It has been hypothesised that in some conditions, reindeer grazing causes a shift 

in vegetation, which in unproductive systems is a transition from lichen to moss 

dominance and in productive systems is a transition from dwarf shrub to graminoid 

dominance (van der Wal 2006). According to this theory, the presence or absence of 

grazing thus creates two alternative steady states of tundra vegetation, and the change 

between the two states is relatively sudden, predictable and reversible. The theory was 

based on frequent observations that in nutrient-rich tundra heaths, grazing by reindeer 

increases the abundance of grasses and herbs relative to dwarf shrubs and enhances 

plant productivity, litter and soil decomposition rates (Olofsson et al. 2001, Olofsson 

& Oksanen 2002, Stark et al. 2002, Olofsson et al. 2004). In turn, in nutrient-poor 

conditions, reindeer grazing reduces the abundance of lichens but often increases the 

abundance of mosses (Gaare 1997, van der Wal et al. 2001, den Herder et al. 2003, 

Boudreau & Payette 2004). At the same time, grazing may increase ecosystem 

productivity via enhancing soil N cycling, in which fertilisation via urine and faecal 

deposits and changes in the soil microclimate may constitute major underlying 

mechanisms (van der Wal 2006). Although it is known that the vegetation shift 

described by van der Wal (2006) does not always occur (Grellmann 2002, Bråthen et 
al. 2007, Olofsson et al. 2010, Tommervik et al. 2012), it has been repeatedly shown 

that in many cases reindeer grazing promotes the abundance of graminoids compared 

to dwarf shrubs and mosses in tundra vegetation (Manseau et al. 1996, Post & Klein 

1996, Olofsson et al. 2001, Olofsson et al. 2004, van der Wal et al. 2004, van der Wal 

& Brooker 2004, Gornall et al. 2009, Kitti et al. 2009, Zamin & Grogan 2013). 

1.3 Potential ecosystem consequences of reindeer-induced shifts 

in vegetation and soil 

Reindeer-induced vegetation shift is considered to increase plant productivity, alter 

soil abiotic conditions and enhance litter and soil decomposition processes leading to 

increased soil N availability (sensu van der Wal 2006; Fig. 1). However, it is less well 

known how changes in the vegetation and soil nutrient cycling feedback on 

aboveground–belowground interactions and ultimately various ecosystem properties 

and processes (Fig. 1). Because reindeer grazing increases plant production (i.e. C 

assimilation) but also accelerates microbial decomposition processes (i.e. C release), 

reindeer may have the potential to affect ecosystem C fluxes and ultimately C 

balance. 

Plants defend against multiple abiotic (e.g. nutrient stress) and biotic stresses 

(e.g. herbivores and plant pathogens) by producing secondary phenolic compounds in 



20 

the plant tissues (Ayres et al. 1997, Hamilton et al. 2001, Vermerris & Nicholson 

2006, Hernandez et al. 2009, Salminen & Karonen 2011). It has been suggested that 

N deficiency may induce the biosynthesis of phenolics (Bryant et al. 1983), as in 

nutrient limited conditions, plants may allocate C to the biosynthesis of phenolics 

instead of plant growth (Herms & Mattson 1992). More recently, it was suggested that 

the amount of photosynthetically active radiation (PAR) that exceeds plants’ 

photosynthetic capacity causes oxidative stress for plants, which induces synthesising 

of plant phenolics with high antioxidative properties (Close & McArthur 2002). 

According to this hypothesis, in cases where low temperature and low soil N 

availability limit the photosynthetic capacity, the oxidative stress and the need for 

plant protection by phenolics also increase (Close & McArthur 2002). In tundra, both 

low temperature and low soil N availability limit plant photosynthesis (Chapin et al. 
1995), which may cause the oxidative stress in relation to PAR to be high. To date, 

there have been few investigations on the effects of reindeer grazing on plant defence 

exist. If soil nutrient availability is an important determinant for plant phenolic 

concentrations, grazing by reindeer could decrease the need for antioxidative 

phenolics (Hernandez et al. 2009, Khadem & Marles 2010) through increasing soil N 

availability. In turn, higher risk of biomass losses to reindeer browsing could increase 

the need for phenolics in herbivore protection (i.e. condensed tannins; Ayres et al. 
1997). The reindeer-mediated effects on the phenolic concentrations of tundra 

vegetation may then change forage palatability, pathogen resistance, allelopathic 

interactions and litter quality. 

The chemical quality of belowground soil C is largely determined by the 

aboveground vegetation composition, because the different plant species and growth 

forms vary substantially in the decomposability of litter they produce (De Deyn et al. 
2008). The dominant vegetation composition forms an important determinant for the 

quality of the accumulated soil C (Hobbie & Gough 2004, Vancampenhout et al. 
2009). The chemical quality of litter and soil C, in turn, determine the decomposition 

rates as well as how the decomposition rates respond to changes in temperature 

sensitivity. According to the kinetic theory, the degradation of highly aromatic 

organic matter (OM; i.e. high concentrations of phenolic compounds, such as lignin) 

is slow, but the degradation rates increase with temperature to a greater extent than 

the degradation rates of labile organic compounds (Bosatta & Ågren 1999, Davidson 

& Janssens 2006). Increasing temperature sensitivity of decomposition with declining 

C quality has been repeatedly shown for both soil (Fierer et al. 2003, Fierer et al. 
2006, Conant et al. 2008a, Conant et al. 2008b, Craine et al. 2010a, Craine et al. 
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2010b, Wagai et al. 2013, Lefévre et al. 2014) and litter (Fierer et al. 2005, Conant et 
al. 2008a, Craine et al. 2010b). 

 

Fig. 1. Shifts in ecosystem processes and properties that parallel a vegetation shift 

caused by reindeer grazing (after Van der Wal 2006). Shifts that have already been 

experimentally confirmed are indicated with (+) while potential shifts are indicated 

with (○). 

Although the effects of grazing on vegetation are well documented, it is not 

known how reindeer-induced vegetation shift might influence the quality of 

accumulated soil C. As ungrazed tundra are dominated by dwarf shrubs with high 
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aromaticity, whereas grazed tundra are dominated by graminoids with low aromaticity 

and high proportions of carbohydrates such as cellulose (Hobbie 1996, Cornelissen et 
al. 2007, De Deyn et al. 2008), grazing could exert an important influence on soil C 

quality and ultimately the responses of microbial activity to increasing temperature. 

Changes in the plant litter quality by reindeer grazing may not be immediately 

reflected in soil C quality because it takes a long time until plant litter is transformed 

into accumulated SOM (Stark et al. 2008). Most of the ecosystem C pool in tundra 

ecosystems is stored as soil C (Hartley et al. 2012) and tundra soil C stocks are 

globally important (Davidson & Janssens 2006), thus determining the relationship of 

grazer-induced vegetation shifts with soil C quality and decomposition processes is 

very important. 

The breakdown of organic compounds in litter and SOM is mediated by 

hydrolytic and oxidative extracellular enzymes (EEs) produced by soil microbes to 

catalyse the rate-limiting steps in the degradation of specific organic substrates for 

microbial assimilation of C and nutrients (Sinsabaugh et al. 2008). It is considered 

that nutrients affect EEAs through the stoichiometry of microbial C:N:P demand. 

Increased N availability may then specifically enhance enzyme activities related to 

microbial C acquisition (e.g. β-glucosidase, BG) and microbial P acquisition (e.g. 

acid-phosphatase, AP), reduce activities related to microbial N acquisition (e.g. 

leucine-aminopeptidase, LAP; and N-acetylglucosamidase, NAG; Sinsabaugh et al. 
2008). Some studies suggest, however, that EEAs are also regulated by the 

availability of substrates that originate from plant and microbial residues, so that each 

EEA may be increased by high availability of the corresponding substrate (Hernández 

& Hobbie 2010). So far, how grazing influences the degradation rates of the various 

organic compounds in SOM has not been investigated. It is also unknown to what 

extent the impacts of grazing on soil C decomposition are transmitted in relation to 

timing of grazing due to reindeer migrations. As tundra soils are generally N-poor 

(Schimel & Bennett 2004), and N constitutes an important component of enzyme 

structure, it has been hypothesised that N limitation in tundra may limit the capacity 

of soil microbes to synthesise EEs for C acquisition, such as BG and 

cellobiohydrolase (Schimel & Weintraub 2003, Wallenstein et al. 2009). In tundra 

ecosystems, the strong grazer-induced increase in soil N availability could thus 

constitute a prominent mechanism through which reindeer grazing influences soil 

microbial activity. 
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1.4 The ongoing climate change in tundra 

During the past century, the mean temperatures in the Arctic have increased at nearly 

twice the rate of the global average, and the projected temperature increase by the 

year 2100 is predicted to be 2–9 °C (IPCC 2013). Low temperatures and short 

growing seasons have historically limited the soil C decomposition in tundra and, due 

to the past accumulation of SOM, tundra soils currently store half of the global soil C 

pool (Tarnocai et al. 2009). The ongoing climate warming is predicted to enhance 

microbial activities for SOM decomposition and increase mineralisation of both C and 

N (Hobbie et al. 2002, Weintraub & Schimel 2005a). If C stored in these long-term 

soil pools is released to the atmosphere as CO2 due to warming, the consequent 

increase in atmospheric CO2 concentrations could even outweigh the greenhouse gas 

emissions from anthropogenic fossil fuel combustion and exert a positive feedback 

loop on climate change (Cox et al. 2000, Davidson & Janssens 2006). Observations 

that some tundra systems had shifted from net C sinks to net C sources were made in 

the early 1990s (Oechel et al. 1993). Understanding the responses of tundra C cycling 

to climate warming is thus of uttermost importance. 

As plant growth in tundra ecosystems is limited by low temperatures, climate 

warming is expected to enhance plant productivity. However, it is still unclear to what 

extent the increases in plant production and C assimilation induced by climate 

warming can counterbalance the parallel increases in soil decomposition and C 

release, and whether tundra areas will turn from long-term net C sinks into net C 

sources (Davidson & Janssens 2006). Along with plant production, climate warming 

induces changes in plant species composition. Tundra ecosystems have become 

‘greener’, which is often associated with increased abundance of shrub biomass and 

simultaneous decrease in cryptogams (Walker et al. 2006). Dwarf birch (Betula nana) 

has especially increased in abundance due to warming (Myers-Smith et al. 2011). 

Climate warming may also enhance litter production (Elmendorf et al. 2012). 

Warming experiments also suggest that climate warming alters plant phenolic 

concentrations, which could have important effects on plant defence against 

pathogens as well as forage palatability for herbivores and litter decomposability 

(Graglia et al. 2001, Hansen et al. 2006, Nybakken et al. 2008). 

To date, predictions on the effects of tundra climate warming have emphasised 

the importance of the ongoing shrub encroachment and the associated impacts on 

ecosystem processes. Increasing abundance of shrubs may significantly contribute to 

vegetation productivity (Street et al. 2007). Shrub encroachment may also alter 

decomposition and N mineralisation rates through influencing litter quality 
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(Cornelissen et al. 2007). Shrub encroachment also has complex effects on soil 

temperatures: wintertime soil temperatures may increase via increased snow 

accumulation, whereas soil temperatures in the growing season may decrease via 

increased shading (Myers-Smith et al. 2011). However, the responses of vegetation to 

warming exhibit a strong regional variation (Elmendorf et al. 2012). Moreover, it has 

not yet been investigated how warming affects vegetation and ecosystem processes in 

intensively grazed tundra, which are dominated by graminoids (van der Wal 2006) 

and where the increasing abundance of dwarf shrubs due to warming is heavily 

suppressed by grazing (Post & Pedersen 2008, Olofsson et al. 2009). If grazing 

counteracts the warming-induced increase in dwarf shrubs, grazing by reindeer could 

mitigate the ecosystem-scale change that would otherwise take place due to climate 

warming. To date, no clear predictions have been formulated on the consequences of 

climate warming on vegetation and other ecosystem properties in intensively grazed 

graminoid-dominated tundra, which theoretically could represent another alternative 

steady state of tundra vegetation (van der Wal 2006). 
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2 Aims of the study 

In this thesis, I ask the question, “Do the ecosystem-level consequences of climate 

warming differ between the heavily grazed (HG) and the lightly grazed (LG) tundra, 

the alternative states of tundra vegetation (sensu van der Wal 2006)?” Interactions 

between reindeer grazing and climate warming were studied using experimental 

warming and fertilisation treatments employed at two levels of grazing intensity: HG 

tundra dominated by graminoids and LG tundra dominated by dwarf shrubs. Each 

study focused on a different ecosystem component, and the main research questions 

and hypotheses were as follows: 

 

1. How will climate warming affect ecosystem C balance in lightly and heavily 
grazed tundra (I)? 
 

Climate warming is predicted to increase soil C losses via enhanced decomposition 

(i.e. ecosystem respiration, Re) but also increase gross ecosystem productivity (GEP). 

Thus, the effect of climate warming on ecosystem C balance (net ecosystem 

exchange, NEE) is largely determined by a balance between the effects of warming 

on GEP and Re. I firstly predict that (1.1) under ambient climate the HG tundra is a 

weaker sink for C (i.e. NEE less negative) via higher Re, because grazing enhances 

litter and soil C decomposition. Secondly, I predict that (1.2) warming and 

fertilisation increase GEP more under HG than LG, as graminoids respond rapidly to 

environmental change. Because NEE is determined by the balance between GEP and 

Re, I expect the responses of NEE to treatments to be weaker under HG than LG. I 

further predict that (1.3) excluding reindeer grazing in the heavily grazed tundra 

(HGexc) amplifies the effects of warming and fertilisation on GEP and thus the 

responses of NEE to treatments are weakest under HGexc. 

 

2. How does grazer-induced vegetation shift influence the chemical quality of soil C 
and the temperature sensitivity of decomposition (II)? 

 

The chemical composition of accumulated soil C is mainly determined by the plant 

species composition (De Deyn et al. 2008). Dwarf shrub-dominated vegetation 

produces lignin-rich (i.e. highly aromatic) and slowly decomposable litter, whereas 

graminoid-dominated vegetation produces lignin-poor and rapidly decomposable litter 

(Hobbie 1996, De Deyn et al. 2008). Kinetic theory states that decomposition rates of 

aromatic compounds are slow but respond strongly to increasing temperatures 
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(Bosatta & Ågren 1999, Fierer et al. 2005, Davidson & Janssens 2006). Because LG 

tundra is dominated by dwarf shrubs whereas HG tundra is dominated by graminoids, 

I predict that (2) in the LG tundra, soil C is more aromatic, and therefore the 

decomposition is slower overall but increases more with temperature than in the HG 

tundra. 

 

3. Does reindeer grazing enhance soil C decomposition through alleviating N-
limitation of microbial activity (III)? 

 
It has been suggested that in tundra ecosystems, low N availability may limit the 

microbial synthesis of EEs, and in this way, the capacity of microbes for SOM 

degradation (Schimel & Weintraub 2003, Sistla et al. 2012). EEAs also show seasonal 

variation that parallels variations in soil N availability (Weintraub & Schimel 2005b, 

2005c, Wallenstein et al. 2009). Soil N availability is higher for HG compared to LG 

tundra (Olofsson et al. 2001, Stark et al. 2002, Olofsson et al. 2004) and soil 

microorganisms may synthesise enzymes based on the stoichiometry of microbial 

C:N demand (Sinsabaugh et al. 2008). Thus, I predict that (3.1) EEAs related to C 

acquisition are higher under HG, whereas the EEAs related to N acquisition are 

higher under LG. I further predict that (3.2) the effects of grazing on EEAs are 

strongest during the specific period of reindeer migration, when the effect of grazing 

on soil N availability is at its highest. 

 

4. How does climate warming influence defences in Empetrum nigrum ssp. 
hermaphroditum at different levels of grazing intensity (IV)? 

 

It is generally considered that tundra plants need high levels of defence against biotic 

stresses (Graglia et al. 2001, Nybakken et al. 2011) and abiotic stresses (Martz et al. 
2010). Soil N availability is significantly lower under LG than HG (Olofsson et al. 
2001, Stark et al. 2002, Olofsson et al. 2004). Low soil N availability in turn is 

considered to increase oxidative stress and induce a higher need for synthesising 

antioxidative phenolics (Close & McArthur 2002). I predict that (4.1) concentrations 

of phenolics are higher under LG than HG and that (4.2) due to the alleviation of 

nutrient limitation, experimental warming decreases phenolic concentrations to a 

stronger extent under HG than LG. 
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3 Materials and methods 

3.1 Study site 

All studies were conducted on a mesic arctic–alpine tundra heath at Raisduoddar Fjell 

(69° 31′ N, 21° 19′ E) in northern Norway during years 2010–2012 (Fig. 2). Mean 

temperature and precipitation in 2010 and 2012 were close to the long-term average 

(–0.5 °C, 500–700 mm), while in 2011 average temperature was 1.5–2.0 °C warmer 

and precipitation 125% of average. The predominant vegetation in the area is of 

Arctic Empetrum–Dicranum–Lichen type heath (Oksanen & Virtanen 1995). The 

study area is bisected by a pasture rotation fence that extends throughout 

northernmost Norway. The fence was built in the 1960s to reduce the risk of reindeer 

entering winter ranges during summer. The HG side of the fence is subject to heavy 

grazing pressure during the reindeer migration in late summer. The LG side of the 

fence is only briefly used for passage during spring and autumn because the pasture 

rotation fence prevents any access to the area during summer. In this way, the HG and 

LG sides of the pasture rotation fence represent two stages of tundra vegetation that 

differ markedly in their past 50 years of grazing (Fig. 3). This unique experimental 

set-up enables study of the long-term effects of reindeer grazing-induced vegetation 

shift on aboveground and belowground processes. 

The difference in grazing intensity has induced a shift in dominant vegetation 

(Olofsson et al. 2001, 2004). Under LG, vegetation is dominated by evergreen and 

deciduous dwarf shrubs (Empetrum nigrum ssp. hermaphroditum, Betula nana, 

Vaccinium vitis-idaea, V. myrtillus and V. uliginosum). Under HG, vegetation is 

dominated by graminoids (Carex spp., Deschampsia flexuosa, Festuca spp. and 

Juncus trifidus) with patchy occurrence of mountain crowberry (E. nigrum ssp. 

hermaphroditum) and other dwarf shrubs (V. myrtillus and V. vitis-idaea). Growing 

season (June–August) soil temperature averaged over 2010–2012 was lower in LG 

than HG soils (7.5 ± 0.3 and 9.0 ± 0.3 °C, respectively), whereas the surface 

temperatures were approximately 9.5 °C for both grazing intensities (analysed with 

EasyLog EL-USB-1, Lascar electronics). Soil ammonium (NH4
+) concentrations were 

19 times higher for HG than LG (888.7 ± 61.7 and 46.8 ± 6.7 mg m–2, respectively) 

and soil nitrate (NO3
–) concentrations 4.6 times higher for HG than LG (99.0 ± 31.1 

and 21.3 ± 2.7 mg m–2, respectively) in 2010. The soil pH in the area varied within pH 

4.8–5.4 and was not affected by grazing. 
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Fig. 2.  Study area, Raisduoddar Fjell, located in mesic northern Norway. All studies 

were conducted in the same area. 

 

 

Fig. 3.  The study site was a tundra heath separated by a pasture rotation fence. The 

lightly grazed (LG) site is dominated by dwarf shrubs and used briefly for passage, 

while the heavily grazed (HG) site is dominated by graminoids and intensively 

browsed, trampled and fertilised by reindeer in August. Photograph by S. Stark. 



29 

3.2 Field experiment 

To examine the effects of grazing history on ecosystem responses to climate warming, 

a factorial warming and fertilisation experiment was established in 2010. Eight blocks 

extending to ca. 300 m distance and traversing the LG and HG side of the fence were 

selected with similar topography and altitude within blocks. The experimental area 

covered ca. 1.5 hectares. Each block on both LG and HG tundra had four plots 

assigned to the following treatments: control (CTL), fertilised (F), warmed (W) and 

warmed and fertilised (WF; Fig. 4A, B). To study the short-term effects of reindeer 

grazing, plots on HG tundra were divided into grazed (HG) and ungrazed (HGexc) 

subplots protected from grazing by short-term exclosures established at the beginning 

of reindeer migration to the area and removed before winter (Fig. 4C). The 

experimental design did not include short-term exclosures on LG tundra due to very 

low grazing pressure. 

Warming was achieved using open top chambers (OTCs, ITEX standard) that 

were set in place at the beginning of the growing season and removed just before 

reindeer migration. OTCs did not affect growing season (June–August) soil 

temperature averaged over 2010–2012, but increased the mean daily surface air 

temperature by 0.9 and 1.8 °C in LG and HG, respectively. Fertilisation was applied 

as ammonium nitrate (NH4NO3, equivalent to 10 g N m–2; Mack et al. 2004) early in 

the growing season (for more details, see paper I). Fertilisation increased NH4
+ 

content six-fold for LG, but had no effect for HG. Warming decreased NH4
+ content 

by 44.9 %, and combined warming and fertilisation treatment increased NH4
+ content 

by 25.8 %. Soil NO3
– did not respond to any of the treatments. 

 

Fig. 4. The experimental design consisted of factorial treatments of warming with 

OTCs (A) and fertilisation with NH4NO3 (B) and short-term reindeer exclusion at the HG 

side (C). Photographs by S. Stark. 
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3.2.1 CO2 fluxes and vegetation analysis 

To examine how responses of ecosystem C fluxes to warming and fertilisation varied 

under different grazing intensities, NEE (i.e. light measurement) and Re (i.e. dark 

measurement, with chamber covered by an opaque white hood) were measured 

throughout the growing seasons of 2011 and 2012 (Fig. 5A, I). NEE and Re were used 

to calculate GEP. The CO2 concentration (ppm), relative humidity (%) and 

temperature (°C) were measured using custom-made cylinders with a Vaisala Carbon 

Dioxide Probe (GMP343) and a Humidity and Temperature Probe (HMP75), and data 

was logged using a Vaisala Measurement Indicator (MI70, Fig. 5B). To determine 

how vegetation responded to simulated climate change under different grazing 

pressures, plant and litter abundances were recorded in mid-August 2010–2012 using 

a modified point-intercept method (I and IV). Applying fertiliser in a single dose may 

have caused bias, because high nutrient concentrations may have toxic effects for 

plants (Phoenix et al. 2012). 

 

 

Fig. 5.  The CO2 fluxes were measured in light and dark throughout the growing 

seasons (A). Measuring was conducted with custom-made cylinders equipped with 

Vaisala Carbon Dioxide, Humidity and Temperature Probes fitted to the top (B). 

Photographs by S. Stark. 

3.2.2 Microbial extracellular enzyme activities 

To investigate seasonal variation in soil N availability and EEAs, and to test the 

significance of N limitation through experimental fertilisation, soil samples were 

collected from the vicinity of the CTL plots every two weeks during the 2011 snow-

free period from LG and HG sides, and from CTL and F plots in August and 
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September 2010. The concentrations of total extractable N, NH4-N and NO3-N and 

microbial N were analysed from soil extracts. Microbial respiration was analysed 

using gas chromatography (GC) and the activities of five different enzymes – AP, 

BG, LAP, NAG and phenol oxidase (PO) – were analysed spectrophotometrically 

(Boerner et al. 2000) (III). 

AP catalyses the release of phosphate by hydrolysing the phosphoric ester bonds 

of phosphate groups in organic molecules; BG releases glucose from cellulose; LAP 

catalyses the hydrolytic release of leucine and other amino acids from peptides; NAG 

hydrolyses N-acetyl glucosamide residues from chitin-derived oligomers; and PO 

catalyses the oxidative reactions in decomposition of phenolics (Weintraub et al. 
2007, Sinsabaugh et al. 2008). Soil microbes synthesise AP for P acquisition, BG for 

C acquisition and LAP and NAG for N acquisition (Weintraub et al. 2007, 

Sinsabaugh et al. 2008), whereas PO can be synthesised for either C or N acquisition 

(Sinsabaugh 2010). 

3.2.3 Phenolic concentrations of mountain crowberry 

To test how the grazer-induced differences in soil N availability interacted with the 

responses of plant phenolics to climate warming, leaf samples of a dominant 

evergreen dwarf shrub, mountain crowberry (E. nigrum ssp. hermaphroditum), were 

collected during growing seasons 2010 and 2011 from all experimental plots 

containing crowberry. We selected mountain crowberry for study because phenolics 

produced by it exert significant ecosystem-level effects, due to their assumed 

allelopathic effects (Gallet et al. 1999). Studies also show that mountain crowberry 

will increase in abundance in response to climate warming (Wada et al. 2002, Buizer 

et al. 2012, Kaarlejärvi et al. 2012). From a practical point of view, mountain 

crowberry was also the only plant species found in the study plots of both LG and HG 

tundra. 

Methanolic extracts were prepared and the concentrations of flavonoids 

(flavonols, epicatechin and flavanones), phenolic acids (benzoic, chlorogenic and 

protocatechuic acid derivatives) and stilbenoids (batatasin-III, batatasin derivatives 

and stilbenes) analysed using high-performance liquid chromatography (HPLC) (IV). 

The concentrations of condensed tannins were analysed colorimetrically (Porter et al. 
1986). It is currently considered that each phenolic compound may serve a multitude 

of functions, but that flavonoids with strong antioxidative properties are important in 

the protection against oxidative stress (Hernandez et al. 2009, Khadem & Marles 

2010), condensed tannins are important in defence against generalist herbivores 
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(Ayres et al. 1997) and stilbenes may have antimicrobial functions (Chong et al. 
2009), whereas batatasin-III (a stilbenoid) serves as an allelopathic agent (Gallet et al. 
1999). 

3.3 Soil and litter C quality and decomposition temperature 
sensitivity detected by laboratory incubations 

To investigate the consequences of the grazing-induced vegetation shift from 

dwarf shrubs to graminoids on the quality of plant litter and accumulated SOM, 

soil samples from LG and HG tundra and litter samples of dominant plant species 

(V. myrtillus, V. uliginosum, B. nana and E. nigrum. ssp. hermaphroditum and a 

composite moss sample from LG tundra) and graminoid species (C. bigelowii 
from HG tundra) as well as root biomass for HG and LG were collected. Samples 

were analysed using solid-state 13C cross-polarisation magic angle spinning 

nuclear magnetic resonance (CPMAS NMR) spectroscopy (II). Compounds in the 

samples were assigned to the following C classes: aliphatic not O-substituted C, 

methoxyls, carbohydrates, carbohydrates and aliphatic lignin, aromatic lignin, and 

carboxyl/carbonyl C. Aromaticity and alkyl-to-O-alkyl ratio were also calculated. 

Carbohydrates and methoxyls are labile substrates and easily degradable by many 

microbial taxa, while aromatic lignin, aliphatic not O-substituted C and 

carboxyl/carbonyl C are more resistant to microbial degradation and contribute to the 

formation of SOM (Sjögersten et al. 2003). Aromaticity and alkyl-to-O-alkyl ratio 

depict decomposability of SOM. To further investigate the relationship between litter 

and soil C quality and decomposition rates and the temperature sensitivity of 

decomposition, litter and soil samples were incubated at different temperatures for up 

to 10 months (II). During the incubations, the CO2 release was analysed using GC, 

and the CO2 release was further used to calculate time-integrated CO2-C loss 

estimates, and Q10, which depicts the temperature sensitivity of decomposition. After 

the incubation, soil C quality was again characterised with NMR to determine how 

the decomposition rates of the different C compounds differed between grazing 

intensities. 

3.4 Statistics 

The treatment effects on measured variables were analysed using linear mixed models. 

In the field experiment grazing intensity (G) was used as a fixed factor together with 

warming (W) and/or fertilization (F). In the laboratory incubation experiment G, litter 
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type (L) and temperature (T) were used as fixed factors. A random factor, block 

nested with grazing, and a repeated factor, measurement date (D), were included in 

the model. In cases of significant interactions, treatment effects were analysed 

separately for grazing intensities and dates, and post hoc tests (Bonferroni and Least 

Significant Difference) were used. Akaike’s information criteria and residual plots 

were used to assess the model fit, and transformations were made when necessary. 
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4 Results and discussion 

4.1 The consequences of reindeer grazing on ecosystem 

processes under current climate 

The vegetation transition from dwarf shrubs to graminoids induced by reindeer 

grazing as described by van der Wal (2006), exerted several effects on ecosystem 

processes, confirming the view of a prominent role of reindeer grazing as driving 

ecosystem processes in tundra (Forbes & Kumpula 2009). The findings of this thesis 

show the complexity of the mechanisms by which reindeer influence ecosystem 

functions through interactions between soil and vegetation. The results did not 

explicitly support the predictions based on the prevailing theoretical framework on 

e.g. the regulation of soil microbial activities or plant defence in tundra. These 

unexpected results highlight the need to understand the ecosystem feedbacks of 

grazer-induced vegetation shifts and changes in plant defence as well as soil C and N 

cycling. 

Consistent with hypothesis 1.1, the LG tundra site was a stronger net C sink 

than the HG tundra site that had been intensively grazed for the past 50 years (I). The 

difference in NEE between the grazing intensities was explained by higher Re under 

HG than LG, whereas there was no difference in response to grazing in GEP (I). Also 

studies using short-term grazer exclusion have shown a greater C sink strength in 

ungrazed than grazed tundra sites (Sjögersten et al. 2011, Cahoon et al. 2012), but 

have linked these differences to higher GEP in ungrazed sites. However, at the present 

site the long-term difference in grazing pressure determined ecosystem C balance 

through higher Re under HG than LG. This finding demonstrates that the long- and 

short-term effects of grazing may greatly differ. Higher Re under HG is likely 

mediated by increased decomposition. As grazing increases the proportion of 

graminoids, increases litter abundance (I), and enhances litter (Olofsson & Oksanen 

2002) and soil C decomposition (III), these mechanisms in combination with higher 

soil temperatures explain the higher microbial activity and ultimately higher Re under 

HG. Thus, long-term grazing simultaneously altered a number of ecosystem 

properties with potential to influence Re. These processes could not be detected after 

short-term experimental grazer exclusion, as there were no differences between 

HGexc and HG (I). As the long- and short-term effects of herbivory derive from 

different mechanisms and processes, the long-term effects of herbivory are both 

quantitatively and qualitatively different from short-term effects. 
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The quality of accumulated soil C differed between the grazing intensities. 

However, there was no difference in aromaticity between LG and HG (II), which 

contrasted with hypothesis 2 of higher soil aromaticity under dwarf shrub-dominated 

LG compared to graminoid-dominated HG tundra. Unexpectedly, the proportion of 

aliphatic not O-substituted C was significantly higher under HG, and the proportion of 

carbohydrate C was higher under LG. These findings suggest that accumulated SOM 

under dwarf shrub-dominated vegetation was not more aromatic than under 

graminoid-dominated vegetation, which contrasts with the view that there is a strong 

link between aboveground litter and belowground soil C quality (Hobbie & Gough 

2004, Vancampenhout et al. 2009). This finding may, however, be explained by a 

number of possible mechanisms. Firstly, the similar aromaticity of soil C at both 

levels of grazing intensity may be caused by relatively rapid degradation of lignin in 

litter (Marschner et al. 2008). Soils under LG are more dominated by fungi than soils 

under HG (Männistö et al. unpublished). Soil fungi efficiently degrade lignin (Steffen 

et al. 2000), which may be less likely to accumulate to SOM despite its high 

concentration in the litter. 

Secondly, belowground root biomass or aboveground mosses may be more 

important determinants of soil C quality than aboveground biomass of dwarf shrubs 

and graminoids. Higher proportions of aliphatic not O-substituted C under HG could 

be explained by the domination of graminoids, which form a dense root biomass with 

high concentrations of aliphatic compounds (De Deyn et al. 2008, Freschet et al. 
2013). In turn, higher proportions of carbohydrate C under LG could be explained by 

high abundance of mosses (I) that contained high concentrations of carbohydrates (II). 

It is considered that mosses contribute substantially to soil C accumulation in tundra 

(Vancampenhout et al. 2009). Thirdly, it is possible that soil C may be at different 

stages of decomposition for the HG and LG tundra due to higher rates of 

decomposition in soils under HG (III). Aliphatic not O-substituted C compounds 

accumulate to soil as decomposition proceeds (Sjögersten et al. 2003) and, therefore, 

higher alkyl-to-O-alkyl ratio may indicate a more advanced state of decomposition 

(Kögel-Knabner 1997, Quideau et al. 2000). Higher alkyl-to-O-alkyl ratios in the HG 

area could result from more rapid microbial decomposition, whereas more labile 

compounds, such as carbohydrates, are accumulated under LG due to lower rates of 

microbial activity (II and III). 

Grazing significantly influenced microbial EEAs and, consistent with hypothesis 

3.1, potential BG (synthesised for microbial C acquisition) and AP (synthesised for 

microbial P acquisition) activities were higher under HG; whereas potential NAG 

(synthesised for microbial N acquisition; Sinsabaugh et al. 2008) activity was higher 
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under LG. However, in contrast to hypothesis 3.1, LAP (synthesised for microbial N 

acquisition; Sinsabaugh et al. 2008) activity was higher under HG than LG (III). In 

contrast to hypothesis 3.2, the differences in EEAs in response to grazing were not 

greatest during the reindeer migration, but were insensitive to the drastic seasonal 

variations in soil N availability due to urine and faecal deposits during this period. 

These findings did not support the hypothesis that reindeer mediate EEAs through soil 

N and the stoichiometry of microbial C:N:P demand (Sinsabaugh et al. 2008). In C-

rich tundra soils, soil microorganisms attack organic substrates in proportion to their 

availability in SOM (Weintraub & Schimel 2003). Therefore, reindeer grazing may 

mediate effects on EEAs through affecting substrate availability, which is an 

important determinant of EEAs (Hernández & Hobbie 2010). As carbohydrate 

degradation is often regulated by the protection of carbohydrates in the SOM by 

lignin (Sinsabaugh & Follstad Shah 2011), and vegetation under HG is lignin-poor, 

higher BG activity under HG could be driven by higher availability of carbohydrates. 

In addition to plant residues, microbial residues form another important substrate for 

soil microorganisms (Schmidt et al. 2011). Thus, higher NAG activity under LG 

likely results from greater chitin availability from fungal cell walls as a substrate for 

soil microorganisms. 

 Despite the important effects of grazing on vegetation and soil N availability, 

grazing did not affect the levels of plant defence in the dominant evergreen dwarf 

shrub, mountain crowberry (IV). This result contrasted with hypothesis 4.1 that the 

plant’s need for protection against photodamage should be higher under nutrient-poor 

than nutrient-rich conditions (Close & McArthur 2002). However, these findings 

support earlier studies in tundra showing no consistent relationship between plant 

phenolic concentrations and site nutrient availability (Jonasson et al. 1986, Sundqvist 

et al. 2012). In tundra ecosystems, the temperature limitation of plant photosynthetic 

capacity – which induces oxidative stress – could be the major determinant for 

synthesis of plant phenolics (sensu Close & McArthur 2002). Therefore, either the 

direct effects of grazing via browsing and trampling, or the indirect effects of grazing 

via alleviation of nutrient limitation, may not be the key factors determining plant 

defence levels in mountain crowberry. 

4.2 Strong interactions between reindeer grazing and ecosystem 

responses to warming 

Long-term difference in grazing intensity by reindeer affected both the magnitude and 

direction of the warming-induced effects on various ecosystem processes. Seen from 



38 

another perspective, the effect of grazing also differed in warmed compared to the 

current climatic conditions. Importantly, some differences in response to grazing were 

even reversed under warmer conditions. This finding shows that the current effects of 

reindeer grazing on ecosystem processes may not be applicable in a warmer climate. 

Consistent with hypothesis 1.2, warming increased GEP under HGexc and HG 

and had no effect under LG (I, Table 1). The responses in Re to warming were 

consistent at all grazing intensities, which in combination with the varying effects on 

the GEP had a major effect on NEE: warming under LG decreased the C sink by 38% 

(NEE less negative), but did not influence NEE under HGexc and HG. This finding 

shows that the responses of the ecosystem C balance to warming may differ 

drastically depending on the grazing history. Another important finding was that 

existing differences in the NEE between the grazing intensities under current 

conditions were negated by warming; the NEE did not differ between grazing 

intensities in the warmed plots. Interestingly, under LG combined warming and 

fertilisation increased GEP, suggesting that GEP was co-limited by low soil N 

availability and temperature. The lack of similar interactive effects of warming and 

fertilisation under HGexc and HG indicates that GEP was not limited by nutrients, 

probably due to the enhanced soil N availability under HG (Olofsson et al. 2001). 

Thus, grazer-induced increase in soil N availability constituted an important 

mechanism by which grazing affected the responses of GEP – and consequently, 

ecosystem C sink – to warming. In contrast to hypothesis 1.3, warming increased 

GEP similarly for both HGexc and HG (I), highlighting the divergence of short- vs. 
long-term effects of grazer exclusion and suggesting that a brief interval with no 

grazing at previously heavily grazed tundra sites does not influence ecosystem C 

balance. 

Warming exerted important effects on the abundance of aboveground vegetation 

and litter, providing insights into the possible mechanisms by which climate warming 

may influence soil C stocks at different levels of grazing intensity. Although warming 

increased GEP only under HGexc and HG, it increased aboveground plant biomass 

similarly for all grazing intensities (I, Table 1). This finding could result from 

increased resource allocation to root rather than shoot biomass (Olofsson et al. 2004, 

Hafner et al. 2012). The roots of graminoids contain high concentrations of 

decomposition-resistant aliphatic compounds (e.g. suberin), which accumulate in soils 

(Rasse et al. 2005, Freschet et al. 2013). Therefore, the combination of warming-

induced increase in GEP with the enhanced C allocation to roots could promote the 

accumulation of stabile soil C stocks under HG, as also indicated by the higher 

proportion of aliphatic-not-O-substituted C fraction in the SOM (II). 



39 

Consistent with earlier findings that grazing drastically suppresses the warming-

induced increase in the abundance of evergreen dwarf shrubs (Post & Pedersen 2008, 

Olofsson et al. 2009), warming inside the short-term reindeer exclosures (i.e. HGexc) 

more than doubled the abundance of evergreen dwarf shrubs and had weaker effects 

for HG (I). Warming as a sole treatment did not affect the abundance of evergreen 

dwarf shrubs under LG (I). Warming exerted a similar increase in the abundance of 

deciduous shrubs at all grazing intensities, but for HGexc and HG the increase may be 

insignificant at the ecosystem scale due to the generally low abundance of deciduous 

shrubs compared to graminoids. The response of vegetation to short-term reindeer 

exclusion highlights that a sudden termination of intensive reindeer grazing on 

nutrient-rich tundra may induce rapid changes in the aboveground vegetation and 

biomass (Ravolainen et al. 2011). Interestingly, the rapid increase in the abundance of 

evergreen dwarf shrubs with warming for HGexc may suggest that climate warming 

could accelerate the recovery of tundra vegetation to the ungrazed vegetation state 

(sensu van der Wal 2006) if grazing pressure rapidly ceased. 

Laboratory incubations of litter at the early stage of decomposition showed that 

graminoid litter had the highest CO2 release rates and also the strongest response to 

increasing temperatures. Consistent with the view that evergreen litter decomposes 

slowly (Hobbie et al. 2000), the decomposition of crowberry litter had the lowest 

decomposition rates of the investigated litter types (II). According to these results, 

climate warming may enhance the early phases of aboveground litter decomposition 

and nutrient release under HG graminoid-dominated tundra. Climate warming may 

thus reinforce the positive effects of grazing on litter turnover caused by the 

vegetation shift (Olofsson & Oksanen 2002). Laboratory incubations provide insights 

into the direct effects of temperature on litter decomposition; however, in the long 

term, the changes in vegetation and associated shift in litter quality will also influence 

decomposition. 

Laboratory incubations of soil showed that the effect of temperature on microbial 

respiration rates and the temperature sensitivity of decomposition varied in response 

to grazing intensity, but with complex variation with incubation time that was in 

contrast with hypothesis 2 (II, Table 1). In the early stages of soil incubation, the CO2 

release showed no difference with grazing intensity and higher temperature sensitivity 

for HG compared to LG. However, with increasing duration of incubation, both CO2 

release rates and temperature sensitivity increased for LG compared to HG. The short-

term microbial responses to temperature in soil incubations may depict the initial 

responses of microbial activities to temperature, whereas the long-term soil microbial 

responses to temperature could reflect the responses of soil microbial activities under 
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sustained higher temperatures (Steinweg et al. 2008). These results demonstrate for 

the first time that long-term grazing intensity interacts with soil microbial responses 

to increasing temperatures. The lower temperature sensitivity of CO2 release rates 

under HG suggests that large grazers may dampen the effects of prolonged warming 

on microbial activity and soil C stocks. 

I suggest that differences in soil C quality explain why the temperature sensitivity 

of microbial activity differed between grazing intensities. The CO2 release rates in 

tundra soils correlate positively with the proportion of polysaccharides (Dai et al. 
2002). Higher proportions of carbohydrates in LG soils could then explain the higher 

decomposition rates and temperature sensitivity under prolonged warming. In support 

of this view, the total loss of carbohydrates during the incubation was higher in LG 

than HG soils (II). Given that carbohydrates in SOM are often stored in ligno-

cellulose complexes (Kögel-Knabner 2002, Sinsabaugh & Follstad Shah 2011), they 

would not be expected to be degraded during the initial stages of incubation but only 

during prolonged soil incubations. The protection of carbohydrates by lignin most 

likely also explains why BG activity in fresh soil samples was lower in LG soils (III) 

despite the overall higher proportion of carbohydrates (II). In contrast, the lower CO2 

release rates as well as lower temperature sensitivity under HG could result from the 

low availability of decomposable substrates (Hartley et al. 2007, Bradford et al. 

2008), as evidenced by a high alkyl-to-O-alkyl ratio (II). 

Alternatively, microbial temperature acclimation could explain the differing 

responses of decomposition to temperature at the different grazing intensities. As soil 

temperatures have been substantially higher for HG than LG (averages +13.5 and +9 

°C, respectively; Olofsson et al. 2004) for up to 50 years, soils under HG may be 

dominated by mesophilic compared to cold-adapted soil microbes under LG. Higher 

CO2 release rates under LG only during the later phases of incubation may thus reflect 

a shift from a cold-adapted to a mesophilic microbial community under prolonged 

warming (Bradford 2013). 

The effects of warming on plant phenolics in mountain crowberry varied 

drastically depending on grazing intensity. In accord with hypothesis 4.2, warming 

decreased total soluble phenolics under HG, but had no effect under LG (IV, Table 1). 

However, a detailed characterisation of phenolics revealed strong variation in the 

responses of individual phenolic compounds or compound groups. Under LG, some 

compounds increased while others decreased in response to warming. In contrast, 

although fewer individual compounds responded to warming under HG, these 

responses were consistently negative. Compound-specific responses of phenolics to 

climate warming are consistent with earlier studies in subarctic ecosystems (Graglia et 
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al. 2001, Hansen et al. 2006, Nybakken et al. 2008, Martz et al. 2009), but these 

results show for the first time the importance of grazing intensity in determining 

phenolic responses to warming. Warming caused a general decline in the 

concentrations of antioxidative phenolics, such as flavonols and benzoic acids 

(Hernandez et al. 2009, Khadem & Marles 2010) at both grazing intensities, in 

agreement with the concept that increased temperatures decrease the risk of 

photodamage and, consequently, the need for antioxidative phenolics (Close & 

McArthur 2002). Dilution of phenolics in increasing plant biomass did not seem to 

explain the findings, because under LG the warming increased the abundance of 

mountain crowberry while not affecting the total phenolic concentrations; whereas 

under HG, warming decreased the concentrations of total phenolics while not 

affecting the abundance. 

Under LG, combined warming and fertilisation decreased flavonols to a greater 

extent than warming alone (IV, Table 1), suggesting that the grazer-induced increase 

in soil N availability affected the responses of plant phenolic concentrations to 

warming. Thus, although temperature may be a more important determinant of plant 

phenolic concentration than soil N availability (Jonasson et al. 1986, Sundqvist et al. 
2012), the alleviation of temperature limitation by climate warming may decrease 

plant phenolic concentrations to a greater extent with high compared to low soil 

nutrient availability. Interestingly, warming under LG increased the concentrations of 

stilbenes (IV), which often have important antimicrobial functions (Chong et al. 
2009). Although the mechanism for increasing stilbene concentrations with warming 

remains unknown, it may be speculated that the risk of fungal pathogen infections 

may have increased in warmer conditions, and only under LG due to denser 

crowberry shrubs that could create a more favourable microclimate for pathogens. 
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Table 1. Summary of the statistically significant responses of ecosystem components 

to warming under different grazing intensities by the reindeer (light grazing = LG, 

heavy grazing = HG). The direction of the effect is indicated by ↑ (increase), ↓ 

(decrease) or ne (no effect). If the warming effect was stronger under different grazing 

intensities, the difference is indicated by ↑↑ or ↓↓. Whether soil N availability and C 

quality seemed to mediate the response to warming is also indicated. 

 

Variable What was the effect of 

warming under different 

grazing intensities? 

Did grazer-induced effect 

on soil N availability1 

mediate warming 

responses?
 

Did grazer-induced effect 

on C quality2 mediate 

warming responses? 

C sink  LG (↓), HG (ne) yes  

GEP LG (ne), HG (↑)  yes  

Re LG, HG (↑) no  

Plant biomass LG, HG (↑) no  

Plant defence 

(total phenolics) 

LG (ne), HG (↓)  yes  

Antioxidants LG (↓), HG (↓↓) yes  

Litter 

decomposition 
LG (↑), HG (↑↑) 

 
yes 

Soil C 

decomposition 

LG, HG (↑) at the start 

 LG (↑↑), HG (↑) at the end 

 yes 

 

Temperature 

sensitivity 

LG (↑), HG (↑↑) at the start 

LG (↑), HG (↓) at the end 
 yes 

1 Refers to the higher soil NH4
+ concentration under HG than LG (III) 

2 Refers to 13C NMR data showing a higher proportion of carbohydrates under LG than HG in the soil, 

whereas there was a higher proportion of carbohydrates under HG than LG in the litter (II) 

    

4.3 Implications of the grazer-induced interaction in ecosystem 
responses to warming 

In this thesis, I asked the question, “Do the ecosystem-level consequences of climate 

warming differ between the heavily grazed (HG) and the lightly grazed (LG) tundra, 

the alternative states of tundra vegetation (sensu van der Wal 2006)?” As the results 

of this thesis show that reindeer grazing simultaneously altered the consequences of 

warming on several ecosystem components, the answer to this question is “yes”. 



43 

However, ecosystem responses to warming under different grazing pressures by 

reindeer were specific to each measured ecosystem component: some ecosystem 

responses to warming were stronger on LG tundra, whereas others were stronger on 

HG tundra. Therefore, at the ecosystem-level it cannot be stated that reindeer grazing 

would either mitigate or intensify the effects of climate warming. 

The fact that ecosystem responses to warming drastically differed between the 

dwarf shrub-dominated LG tundra and graminoid-dominated HG tundra is an 

important finding. This is because the current predictions on the effects of climate 

warming in tundra ecosystems largely focus on the interactive effects between climate 

warming and increased shrubification, which is expected to also influence soil 

microbial activities for decomposition via changes in litter quality and quantity as 

well as soil microclimate (Cornelissen et al. 2007, Myers-Smith et al. 2011). In HG 

tundra, however, shrubification is suppressed by the grazers. The results of this thesis 

showed that warming exerted greatly different consequences on ecosystem C fluxes 

(GEP and NEE), the levels of plant defence and soil microbial activity in HG 

compared to LG tundra. Thus, different predictions on the effects of climate warming 

are needed for HG graminoid-dominated tundra than for the dwarf shrub-dominated 

LG or ungrazed tundra. 

The results show that in cases where reindeer grazing has induced a vegetation 

shift from dwarf shrubs to graminoids, grazing induces a consistent increase in 

microbial activities for SOM decomposition that does not depend on seasonal 

variations in grazing intensity due to reindeer migration (III). The grazer-induced 

shifts in vegetation and microbial activities combined with the fertilisation effect via 

urine and faeces had important consequences for soil properties, in which both soil N 

availability and soil C quality form key factors that eventually determine the 

ecosystem-level consequences of climate warming (I and II). Due to the positive 

effect of reindeer grazing on soil N availability, warming increased plant productivity 

(GEP) on HG but not LG tundra, where nutrient limitation seemed to prevent 

warming from increasing plant production. The varying effect of warming on GEP at 

different levels of grazing intensity also determined the effects of warming on 

ecosystem C sink (I). The characterisation of soil C quality indicated that reindeer 

grazing reduced the soil C quality, which may act as an important mechanism 

mitigating soil microbial responses to prolonged warming. The proportion of 

carbohydrates vulnerable to microbial decomposition was higher under LG than HG 

(II). Thus, the reindeer-induced vegetation shift from dwarf shrubs to graminoids can 

significantly alter the consequences of climate warming on ecosystem C cycling via 

two mechanisms: the indirect effect of grazing on soil N availability (an important 
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determinant of the effect of warming on C sink) and influencing the quality of 

accumulating soil C (an important determinant of the effect of warming on C source). 

A warming-induced increase in the concentration of strongly antimicrobial stilbenes 

under LG but not under HG indicated a potential interaction between reindeer grazing 

and a biotic stress factor, possibly plant pathogens, but the source of this interaction 

remains unknown (IV). 

This thesis demonstrates that grazing history with the associated vegetation shift 

may largely regulate the ecosystem responses to climate warming. I suggest that 

reindeer grazing may influence the ecosystem-level responses to warming via the 

same mechanisms, through altering soil N availability and C quality, and also on 

wider geographical scales. The effects of reindeer on the vegetation, soil nutrient 

cycling and microbial activity are highly site-specific (Grellmann 2002, Stark 2002, 

van der Wal 2006, Bråthen et al. 2007, Olofsson et al. 2010, Tommervik et al. 2012, 

Stark et al. 2014). Thus, it is plausible that the consequences of climate warming on 

each ecosystem component are equally variable and even unique to each site. As 

grazing intensity at decadal and centennial timescales has varied greatly at different 

locations due to reindeer management practices or historical events influencing 

reindeer population sizes and migrations routes (Tommervik et al. 2010), the different 

tundra sites have highly variable grazing histories resulting from the combination of 

natural abiotic and biotic factors, cultural practices and political decisions. However, 

it may be assumed that grazer-induced effects on soil nutrient cycling and soil C 

quality are commonly important mechanisms by which the interactions between 

grazing and climate warming are regulated. Studies on past reindeer grazing patterns 

at regional and pan-Arctic scales are currently extremely scarce (Räsänen et al. 2007, 

Josefsson et al. 2009), leaving a large gap in the ability to assess historical grazing 

pressures and thus the consequences of climate warming. Furthermore, as climate 

change and increasing industrial activities are likely to influence the population sizes 

and migration routes of reindeer and other ungulates (Berger 2004, Forbes & 

Kumpula 2009, Pape & Löffler 2012), predicting the future grazing intensities at 

different locations is difficult. At present, the key role of grazing for the ecosystem 

responses to climate warming is not taken into account in climate change models. 

Therefore, a holistic approach that integrates the past grazing patterns and the future 

prospects of grazing intensity of the keystone herbivores is needed to predict the 

effects of climate warming not only in the Arctic but also worldwide. 
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5  Conclusions 

In a subarctic tundra heath, a vegetation shift from dwarf shrub- to graminoid-

dominated tundra due to reindeer grazing was paralleled by changes in soil properties 

that drive ecosystem processes and affect aboveground–belowground interactions in 

ecosystems. The results of this thesis showed that the grazing-induced changes in soil 

properties simultaneously modified several different ecosystem responses to climate 

warming. However, the interaction between grazing and climate warming was 

specific to the ecosystem component. Another important finding in this thesis was that 

the effects of grazing on ecosystem processes were different in a warmer climate 

compared to the effects under the current climate. 

Higher soil N availability in the HG tundra promoted the enhanced plant 

production (GEP) under warming. The increase in GEP (i.e. gross ecosystem C sink) 

counteracted the warming-induced increase in ecosystem respiration Re (i.e. 

ecosystem C source), and consequently, ecosystem net C sink (NEE) did not change 

in response to warming in the HG tundra. In contrast, warming in the LG tundra did 

not increase GEP, because low N availability limited the responses of plant 

productivity to warming and, therefore, increased Re led to a significant decrease in 

ecosystem C sink. Warming also caused a stronger decrease in plant phenolics, an 

important means of plant defence against biotic and abiotic stresses, for HG compared 

to LG. 

The chemical quality of accumulated soil C differed between LG and HG: the 

proportion of carbohydrates that are easily degradable for soil microorganisms was 

higher under LG, whereas the proportion of decomposition-resistant aliphatic not O-

substituted C was higher under HG. In laboratory soil incubations, soil microbial 

activity for C decomposition also increased much more with temperature under LG 

than HG, which may result from higher availability of easily mineralisable C under 

LG. These findings suggest that a larger proportion of the soil C under LG may be 

susceptible to increased microbial decomposition with prolonged warming. Therefore, 

soils in lightly grazed systems could be more likely to release soil C to the atmosphere 

under a warmer climate than soils in heavily grazed systems. 

This thesis supports the idea of an important role of reindeer in influencing 

ecosystem processes in tundra, and highlights that the consequences of climate 

warming at the ecosystem scale can significantly differ for tundra sites with different 

reindeer-grazing histories. The results show that the indirect effects of reindeer 

grazing on soil nutrient availability and the chemical quality of accumulated soil C 

significantly modify ecosystem responses to climate warming. It is plausible that the 
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effects of reindeer grazing on soil nutrients and C quality may be commonly 

important mechanisms that regulate interactions between climate warming and 

grazing throughout the circumpolar Arctic. The results of this study show that future 

research on climate warming should aim towards a more holistic approach that takes 

into account the role of grazing in both aboveground and belowground components of 

the ecosystem. 
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