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Ylänne, Henni, Herbivory control over tundra carbon storage under climate
change. 
University of Oulu Graduate School; University of Oulu, Faculty of Science; University of
Lapland, Arctic Center
Acta Univ. Oul. A 687, 2017
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Air temperatures in high-latitude regions are anticipated to rise by several degrees by the end of
the century and result in substantial northward shifts of species. These changes will likely affect
the source and sink dynamics of greenhouse gases and possibly lead to a net carbon release from
high-latitude soils to the atmosphere. However, regional differences in carbon cycling depend
highly on the vegetation community composition, which may be controlled by the abundance of
herbivores. I investigated whether mammalian herbivores, mainly reindeer and rodents, alter
ecosystem carbon storage through their impacts on vegetation and on dominant plant functional
traits. I combined observations of recent changes in ecosystem carbon with experimental field
manipulations of both herbivory and climate change and measured carbon storage in vegetation
and soil, the uptake and release of carbon dioxide, microbial activity and compared these to plant
community composition.

Results of my PhD thesis show that under ambient conditions, the impacts of herbivory on both
above- and belowground carbon storage ranged from positive to negative. Herbivory altered
dominant plant functional traits and these were fairly good predictors of the changes in soil carbon.
When combined with experimental warming, herbivory continued to exert control on the
dominant plant functional traits but the strong effects of warming on ecosystem carbon storage
mostly concealed the impact of herbivory. Interestingly, herbivory–nutrient interactions that were
not linked to dominant functional traits determined the consequences of warming on soil carbon.
Taken together, I show clear and site-specific impacts of herbivores on vegetation and ecosystem
carbon storage and the processes that govern them. Therefore, I suggest that an improved
understanding of the role of herbivory in the global carbon cycle could improve estimations of
global carbon–climate feedbacks.

Keywords: carbon sequestration, CO2 flux, global warming, grazing, land-use, plant
functional traits, Rangifer tarandus, reindeer, soil carbon





Ylänne, Henni, Herbivorian vaikutus tundran hiilivarastojen kehitykseen
lämpenevässä ilmastossa. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Luonnontieteellinen tiedekunta; Lapin Yliopisto,
Arktinen keskus
Acta Univ. Oul. A 687, 2017
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Vuosisadan loppuun mennessä arktisten alueiden lämpötilan odotetaan nousevan usealla asteel-
la ja johtavan lajien siirtymiseen yhä pohjoisemmaksi. Nämä muutokset todennäköisesti muutta-
vat pohjoisten ekosysteemien kykyä vapauttaa ja sitoa ilmakehän hiiltä ja saattavat johtaa sii-
hen, että yhä enemmän hiiltä vapautuu tundramailta ilmakehään. Kuitenkin paikallisesti hiilen-
kierto on riippuvainen kasviyhteisöstä ja erityisesti kasvien funktionaalisista ominaisuuksista.
Väitöskirjassani tutkin, voivatko herbivorit, pääasiassa porot sekä jyrsijät, muokata hiilenkiertoa
muuttamalla kasvillisuutta. Tutkimuksissani seurasin kuinka alueen laidunnushistoria on muo-
kannut hiilivarastoja ja hiilenkiertoa tällä hetkellä ja pyrin arvioimaan herbivorien vaikutusta
lämpenevässä ilmastossa kokeiden avulla, joissa manipuloidaan sekä herbivoriaa että lämpötilaa
tai ravinteiden saatavuutta. Tulokseni perustuvat arvioihin hiilen varastoista, hiilidioksidin
vapautumisesta ja sitoutumisesta sekä mikrobien aktiivisuudesta, joita vertaan kasviyhteisöön.

Tulokseni osoittavat, että herbivoria voi joko lisätä tai vähentää ekosysteemin hiilivarastoja
sekä maan päällä että maan alla. Muutokset hiilivarastoissa selittyivät varsin hyvin herbivorien
tuottamilla kasvillisuusmuutoksilla ja valtalajien funktionaalisilla ominaisuuksilla. Herbivoria
muokkasi kasviyhteisöä myös kokeellisen lämmityksen yhteydessä, mutta lämmityksen välittö-
mät vaikutukset hiilivarastoihin peittivät suureksi osaksi alleen herbivorian vaikutukset. Kuiten-
kin herbivorian ja lannoituksen kasvillisuusmuutoksista riippumattomat yhdysvaikutukset mää-
rittivät lämpenemisen seuraukset maan hiileen. Kaiken kaikkiaan, tutkimukseni osoittaa, että
herbivorit voivat paikkakohtaisesti muokata kasvillisuutta, ekosysteemin hiilivarastoja sekä hii-
lenkierron prosesseja. Näiden tulosten myötä ehdotan, että parempi ymmärrys herbivorian vai-
kutuksista maailmanlaajuisesti voisi parantaa nykyisiä ennusteita siitä, kuinka ilmaston lämpe-
neminen muuttaa hiilenkiertoa.

Asiasanat: hiilen varastoituminen, hiilidioksidivuo, laidunnus, maan hiili, maankäyttö,
poro, Rangifer tarandus
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1 Introduction 

For millennia, cold and waterlogged conditions in the arctic and subarctic areas 

have limited microbial activity more than the uptake of carbon by vegetation. This 

has resulted in the storage of up to 67 Pg of carbon in arctic and subarctic soils 

(Tarnocai et al. 2009) – more than twice the amount of carbon currently in the 

atmosphere. Most of this carbon is in permafrost soils and arctic wetlands but also 

tundra soils with only sporadic permafrost may store up to 100 g C m-2 (Schuur et 
al. 2015). Now that average temperatures are rising twice as fast in the Arctic than 

elsewhere in the world, north-ward shifts of species or even whole biomes are 

anticipated (IPCC 2014). These changes, both in temperature and vegetation, are 

predicted with high confidence to alter the rates of carbon uptake and release by 

ecosystems, the phenomenon referred to as carbon–climate feedback. The 

magnitude of this feedback is still uncertain (Schuur et al. 2015, Crowther et al. 
2016), despite its crucial role for determining the limits for greenhouse gas 

emissions to meet climate targets. 

The general prediction is that climate change will likely exert a positive effect 

on plant productivity and increase plant carbon reserves (Lu et al. 2013). However, 

also the decomposition of soil carbon is likely to accelerate as soil microbial 

activity increases with warmer temperatures and drier soils (Davidson & Janssens 

2006), with enhanced litter quality (Cornwell et al. 2008) and with altered 

microbial communities (Karhu et al. 2014). For the whole permafrost region, 

carbon losses are anticipated to outpace carbon gains by the year 2100 (Schuur et 
al. 2015, Crowther et al. 2016). In Fennoscandia and other areas with only sporadic 

permafrost, the balance between carbon release and sink capacity may be more 

subtle. Moreover, increasing evidence suggests that the regional patterns of carbon 

uptake and release are controlled by the dominant vegetation types (Nobrega & 

Grogan 2008, Cahoon et al. 2012a, Marushchak et al. 2013, Parker et al. 2015). 

In this thesis I investigate whether mammalian herbivores, mainly reindeer and 

rodents, can control ecosystem capacity to store carbon through their influence on 

vegetation. Firstly, I will discuss how a vegetation community may affect 

ecosystem carbon storage and introduce the concept of plant functional traits. 

Secondly, I will give an overview on the herbivores of the tundra and present 

pathways of how herbivores affect vegetation dynamics and ecosystem processes 

– and ultimately, the tundra carbon cycle. 
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1.1 The influence of vegetation community composition on carbon 

cycling 

Individual plant species differ in how they influence ecosystem processes. To 

incorporate the influence of each plant species on ecosystem functioning is, 

however, challenged by the fact that there are more than 350 000 plant species 

globally and about 2 000 in the tundra (The Plant List 2013). To simplify this, plant 

species have been classified based on their functional traits, e.g. the common 

attributes of species in responding to environmental changes and in affecting the 

environment (e.g. Chapin et al. 1996). In its simplest form, the classification 

separates traits based on plant growth forms, e.g. deciduous shrubs, evergreen 

shrubs, forbs, grasses, sedges, bryophytes and lichens (Chapin et al. 1996), which 

I present in Figure 1. This division is a coarse simplification and way more 

functional traits may be used to describe differences within growth forms in litter 

quality (Cornwell et al. 2008) and ultimately, soil carbon sequestration (Deyn et al. 
2008). These functional traits would also include classification of mycorrhizal 

status (Averill et al. 2014) and other root-driven processes (Bardgett et al. 2014). 

Still, even the simple division of growth forms is a relatively accurate predictor of 

litter quality and the associated litter feedbacks on tundra ecosystems (Dorrepaal 

2007). 

The cryptogams, e.g. bryophytes and lichens, are considered to increase soil 

carbon sequestration because they produce litter of extremely poor quality, insulate 

soils, trap water and nutrients and release compounds that are toxic to microbes and 

other plants (Wal & Brooker 2004, Cornelissen et al. 2007, Gornall et al. 2007, 

Stark et al. 2010). On the contrary, vascular plants have increased access to soil 

water, nutrients and light through their root and stem systems. With faster growth 

rates and higher nutrient concentrations they generally produce less recalcitrant 

litter and have higher metabolic activity resulting in losses of carbon through 

microbial and plant activity (Chapin et al. 1996, Deyn et al. 2008). Still, vascular 

plants may also have recalcitrant tissues, such as the lignin-rich and nitrogen-poor 

stems of deciduous and evergreen shrubs, evergreen leaves with high 

concentrations of secondary defence compounds or the root litter in general (Deyn 

et al. 2008, Rasse et al. 2005, Freschet et al. 2013). 
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Fig. 1. Hierarchical classification of plant growth forms in tundra (sensu Chapin et al. 
1996) and their effects on soil carbon sequestration (Chapin et al. 1996, Deyn et al. 2008, 

Freschet et al. 2013). 
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Chapin et al. (1996) include a level to the division of plant functional traits that 

divides vegetation to low-stature tundra vegetation and tall woody vegetation. 

Through protruding above the snow the taller woody vegetation decreases winter-

time albedo, increases sensible heat flux, is more prone to fires, has higher annual 

carbon intake and demands more water than low stature vegetation (Myers-Smith 

et al. 2011). Therefore increased range and biomass of woody shrubs within tundra 

could have drastic effects on ecosystem functioning and carbon storage with 

feedbacks on climate (Myers-Smith et al. 2011, Hartley et al. 2012, Bonfils et al. 
2012). This raises concern over recent observations of expanded ranges and higher 

biomass of tall-stature shrubs across the circumpolar tundra, seen also within 

several experiments simulating climate change (Myers-Smith et al. 2011, 2015; 

Elmendorf et al. 2012a, b). 

1.2 The control of tundra herbivores over ecosystem processes 

Although primary production is relatively low in the tundra, a multitude of 

vertebrate herbivores thrive on Arctic areas (Barrio et al. 2016). The coastal areas 

are mostly under the influence of avian herbivores, such as geese and swans, 

whereas further inland, there are more species of mammalian herbivores, such as 

hares, lemmings and voles (Barrio et al. 2016). There are six species of large 

mammalian herbivores in the Arctic. These are mostly bovids and deer, with the 

exception of wood bison in North America (Nowak 1999). The most widely 

distributed of these is the reindeer and its subspecies caribou (Rangifer tarandus) 

that graze much of northernmost Eurasia and North America (Bernes et al. 2015). 

In Eurasia, most reindeer herds are semi-domesticated and their numbers and 

grazing patterns have been strongly regulated by humans for thousands of years 

(Forbes & Kumpula 2009). Besides the wild and semi-domesticated herbivores also 

cattle, horses and sheep have been kept for centuries in arctic areas of high human 

influence (Dallimer et al. 2009). 

Herbivores have three direct means of impacting ecosystems: removal of plant 

biomass, trampling of vegetation and soil and excretion of faeces and urine with 

high nutrient concentrations (Fig. 2). These alter plant communities because 

herbivores often select for species with high nutritious value and because plant 

species differ in their ability to tolerate both grazing and trampling and to use the 

increased available nutrients (Bardgett & Wardle 2003). As a result, herbivory may 

provide a competitive advantage for plant traits that tolerate disturbances, grow fast 

and produce nutrient-rich litter (Wardle et al. 2004). Alternatively, under conditions  
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Fig. 2. Different pathways of herbivore control over ecosystems. Herbivores directly 

impact vegetation and soil through grazing, trampling and faecal fertilization. Herbivory 

impacts on vegetation vary with plant species (in this figure graminoids and shrubs) as 

grazing may be selective and plant species differ in their tolerance to trampling. This 

affects the competition between plant species and the quality and quantity of the 

produced litter. The vegetation changes feedback to soils, due to differences in biomass 

allocation to roots, the production of root exudates and changes in the soil physical 

environment (e. g. the influence of shading or water-trapping). The belowground 

processes, once again, feedback to the aboveground environment because plant 

species respond differently to the altered soil environment. In this figure the dotted and 

even lines represent the varying impacts on / of different plant species.  

with low nutrient availability, herbivory might favour plant species with high 

concentrations of secondary defence compounds that are avoided by herbivores and 

retard nutrient cycling rates (Wardle et al. 2004). 

Herbivores may alter the abiotic environment of plants: trampling generally 

increases the compaction of soil layers and the faeces increase the availability of 

inorganic nutrients (Stark et al. 2008) which may accelerate nutrient cycling rates 

(Olofsson et al. 2001, 2004, Stark et al. 2002). The abiotic changes may also be 

induced by plant community changes: herbivory-induced decrease in the cover and 

thickness of bryophyte or lichen layers decreases the insulation of soil (Wal & 

Brooker 2004, Gornall et al. 2009, Susiluoto et al. 2008) and an herbivory-induced 

decrease in vegetation and litter cover decreases the shading of soil (Elliott & Henry 

2011). Herbivory may alter the resource inputs from vegetation to the soil by 

altering the physiology of vegetation or through changes in vegetation community 
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(Bardgett & Wardle 2003). Through these changes in abiotic conditions and in 

plant–plant, plant–microbe and microbe–microbe interactions, herbivores also 

likely alter processes within the ecosystem, such as the cycling of nutrients and 

carbon (Wardle et al. 2004, Stark & Väisänen 2014) – however, in controversial 

directions (Bardgett & Wardle 2003). 

Ultimately, continued high abundance of herbivores may lead to a shift into an 

alternative ecosystem state (Beisner et al. 2003). The most-known evidence from 

herbivore-induced ecosystem state transition comes from the savanna, where large 

mammals limit tree recruitment and keep vast savanna areas open (Scholes & 

Archer 1997). Also in the tundra, herbivory could lead to stepwise vegetation 

transitions in which the productivity and hence, the herbivore-carrying capacity, 

increases with grazing pressure (Wal 2006). Such herbivory-induced alternative 

vegetation states are mostly found along natural borders of grazing (Olofsson et al. 
2001, 2004) and supported by paleo-ecological studies, where megafauna are 

suggested to have driven large-scale ecosystem transitions in the late Pleistocene 

(Zimov et al. 1995, Barnosky et al. 2016). 

1.3 Previous evidence of herbivore effects on tundra carbon 

storage 

Even though several studies have suggested the role of herbivores in controlling 

ecosystem carbon storage (Tanentzap & Coomes 2012, Schmitz et al. 2014), 

relatively few studies have been conducted to test this. These show that the impact 

of herbivores on ecosystem carbon are by no means consistent and herbivores may 

increase (Martinsen et al. 2011, Hafner et al. 2012), decrease (Cahoon et al. 2012b¸ 

Metcalfe & Olofsson 2015) or lead to no changes in ecosystem carbon (Susiluoto 

et al. 2008, Köster et al. 2015). 

In Greenland and Fennoscandia, the herbivory exclosures have shown to 

increase net ecosystem CO2 uptake (Cahoon et al. 2012b, Metcalfe & Olofsson 

2015) and also decadal history of light grazing had led to higher CO2 uptake 

compared to adjacent heavily grazed areas (Väisänen et al. 2014). The analogous 

outcomes in these studies were, however, driven by different mechanisms: in the 

studies using experimental herbivore exclosures, herbivores were found to suppress 

plant productivity and shrub growth (Cahoon et al. 2012b, Metcalfe & Olofsson 

2015), whereas when comparing sites with a contrasting decadal history of 

herbivory, the higher herbivory intensity had increased ecosystem respiration to a 

greater extent than productivity (Väisänen et al. 2014). Although these results and 
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several others (Speed et al. 2010, Falk et al. 2015) indicate a negative impact of 

herbivores on ecosystem carbon storage, moderate herbivory intensities have been 

shown to increase soil carbon stocks when compared to herbivory exclosures 

(Martinsen et al. 2011, Hafner et al. 2012, Sjögersten et al. 2012). 

1.4 Aims of the study 

The aim of this study was to examine how climate change and herbivores alter 

vegetation structure and the capacity of subarctic tundra ecosystems to store carbon. 

More specifically I will ask the following the questions: 

1. What are the recent trends (14 years) in tundra ecosystem carbon stocks and 

do the trends depend on the intensity of herbivory? 

(Paper I) 

2. What are the expected, climate change-induced, changes in tundra carbon 

stocks under contrasting intensities of herbivory? 

 (Papers II, III) 

3. Do the changes caused by herbivory and climate in ecosystem carbon stocks 

correlate with the changes in the plant functional types, soil abiotic properties 

and microbial community composition? 

 (Papers I, II, III) 

4. How are the changes in carbon stocks reflected in ecosystem processes, such 

as the release and fixing of CO2, microbial respiration and the quantity and 

quality of microbial extracellular enzymes?  

 (Papers I, II, III) 

To answer these questions, I quantify the impact of herbivores through comparison 

of different herbivore intensities (I, II), by using short-term exclosures (II) and by 

simulating herbivore damage through clipping (III). In the first paper, I compared 

contrasting herbivore intensities along two reindeer pasture rotation fences. In the 

second paper, I compared the responses to experimental warming and fertilization 

along one of the fences, where also short-term reindeer exclosures were built. In 

the third paper, I compared how simulated herbivory on the dominant plant species 

interacts with the responses of experimental warming. 
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I formed predictions on the effects of herbivory and climate change based on 

the theory that different plant functional traits control soil carbon sequestration 

(sensu Deyn et al. 2008). I hypothesized that by altering the relative abundance of 

plant growth forms, herbivores could alter the rates of carbon sequestration and – 

ultimately – the amount of carbon stored in ecosystems (Schmitz et al. 2014). 

Generally, in the absence of herbivores (I, II, III), I expected to see an increase in 

the abundance of deciduous shrubs in response to climate warming (Myers-Smith 

et al. 2015). This was predicted to result in higher aboveground carbon stocks, but 

the faster cycling of nutrients and carbon in soil (Nobrega & Grogan 2007, Deyn 

et al. 2008, Parker et al. 2015) was predicted to decrease soil carbon stocks (Mack 

et al. 2004). Under high herbivory intensity (I, II), where herbivory numbers had 

increased over time (Fig. 2 in I), I expected to see increased dominance of 

graminoids in the vegetation (Olofsson et al. 2001, 2004). As herbivory may 

increase the allocation of graminoids’ resources to root biomass (Gao et al. 2007, 

Hafner et al. 2012) and as graminoids produce relatively recalcitrant root litter 

(Rasse et al. 2005, Freschet et al. 2013), I predicted that the increased dominance 

of graminoids would increase soil carbon sequestration. Under the combined 

warming and herbivory treatment (III) and under the warming treatment within 

short-term exclosures (II), I expected evergreen shrubs to increase in abundance, 

as reported earlier on the sites (Rinnan et al. 2009, Väisänen et al. 2014). Because 

evergreen shrubs grow slowly and produce more recalcitrant litter compared to 

deciduous shrubs (Deyn et al. 2008), this was predicted to result in lower rates of 

gross ecosystem production and ecosystem respiration and result in weaker effects 

of warming on ecosystem carbon. 



21 

2 Materials and methods 

In this thesis, I use the evidence from field monitoring and experimental 

manipulations to detect the interactive effects of climate change and herbivory on 

subarctic carbon stocks. Firstly, I monitored how vegetation and ecosystem carbon 

stocks have changed over the past 14 years alongside warmer temperatures. The 

study covered three zones that had experienced contrasting herbivore intensities for 

the past 50 years. This enabled me to compare how different decadal histories have 

affected current carbon stocks and processes and to analyse whether recent trends 

differed according to herbivory intensity. Secondly, I used two existing field 

experiments that combine herbivory with warming or with warming and enhanced 

nutrient availability. Although, I could not compare the development of carbon 

stocks over the experimental time, the differences between treatments after 19 and 

5 years of the experiments provide information on how herbivory interacts with 

ameliorated warming in shaping vegetation and ecosystem carbon storage. 

2.1 Study areas 

The studies were commenced in northern Norway and Finland on three tundra 

heaths: Raisduoddar (69º31’29 N, 21º19’16 E), Čearro (69°43’23 N, 21°37’45 E) 

and Kilpisjärvi (69º04’05 N; 20º49’11 E, Fig. 3). Raisduoddar and Kilpisjärvi are 

100–200 m above the treeline on the slope of the mountains Gahpperus and Jehkats, 

whereas Čearro is located on a highland plateau. Among the sites, Raisduoddar 

represents the most fertile ecosystem with a mixture of evergreen and deciduous 

shrubs of Betula nana, Empetrum nigrum spp. hermaphroditum and Salix species. 

The site in Kilpisjärvi is on a snowbed with Vaccinium myrtillus as the dominant 

species. In Čearro the vegetation is composed mainly of B. nana and the ground 

layer is rich in Cladonia-lichens. 

All sites are grazing grounds of the semi-domesticated reindeer (Rangifer 
tarandus tarandus L). The sites in northern Norway, Raisduoddar and Čearro are 

located along reindeer pasture rotation fences that separate the coastal summer 

ranges of reindeer from the winter ranges inland. Reindeer arrive at both sites in 

early August and stay in the vicinity of the fence on the summer range for two to 

three weeks. The other side of the fence on the autumn-spring range is used mainly 

as a by-pass corridor, resulting in a clear and visible difference in herbivore 

intensity. Decades of heavy grazing by reindeer on the summer range have shifted 

the vegetation from shrub dominance towards a dominance of graminoids 
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(Oksanen et al. 1978, Olofsson et al. 2001, 2004), accelerated the nutrient cycling 

rate (Stark et al. 2002, Stark & Väisänen 2014) and increased the dominance of 

bacteria in the soil microbial community (Männistö et al. 2016). Because reindeer 

tend to follow boundaries, areas further away from the fence are subjected to a 

moderately lower grazing intensity (Olofsson et al. 2001, 2004). 

The Kilpisjärvi site is situated on the year-round reindeer grazing regime of the 

Käsivarsi reindeer herding district. In contrast to the other sites, the effects of 

herbivores were tested experimentally by clipping, which simulates the activity of 

particularly voles and lemmings typical of the snow-protected depressions and 

slopes (Virtanen et al. 1997, 2002). 

 

 

Fig. 3. Reindeer grazing ranges in northern Norway and the location of the study sites. 

The coastal reindeer summer ranges are marked in dark grey, whereas the autumn, 

winter and spring ranges are further inland. The study site in Finland (Kilpisjärvi) is on 

a year-round grazing range. 
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2.2 Experimental designs 

Resampling study under contrasting herbivory intensities (I) 

I investigated recent temporal changes in ecosystems under contrasting herbivory 

intensities by analysing ecosystem carbon stocks along two 50-year-old reindeer 

pasture rotation fences in Raisduoddar and Čearro in 2014 and compared these with 

previous data collected in 2000 (I, Olofsson et al. 2004). The experimental setup 

consisted of eight transects spaced 100 m apart that extended through three grazing 

intensities. Light grazing intensity (LG) was defined as the zone 10 m from the 

fence on the autumn-spring range, heavy grazing (HG) as the zone 10 m from the 

fence on the summer range and moderate grazing (MG) as the zone 100 m from the 

fence also on the summer range. Olofsson et al. (2004) demonstrate a significant 

difference in the activity of reindeer among the grazing intensities and the impact 

of grazing intensity on vegetation is also visible (Fig. 4). The eight transects yielded 

a total of 24 study plots at both sites. 

It was not possible to determine the mechanisms that underlie the changes in 

carbon stocks over the past 14 years as these may be driven concurrently by several 

factors: by warmer temperatures (Fig. 2a in I), by higher reindeer numbers since 

2000 (Fig. 2b in I) and by transient dynamics since the building of the pasture 

rotation fences (as described in Olofsson et al. 2001, 2004). Therefore, this 

temporal comparison of ecosystem carbon stocks is rather used to assess how the 

observed changes in vegetation influence soil carbon sequestration under 

contrasting herbivory intensities. Moreover, I expected this study to provide 

insights into the relationship between ecosystem carbon and the dominant plant 

functional traits that were altered by herbivores (Olofsson et al. 2001, 2004). 

Experimental warming and fertilization under contrasting long- and short-

term herbivory intensities (II) 

I tested the interactive effects of herbivory, experimental warming and increased 

nutrient availability on carbon stocks in a full-factorial design that was 

implemented along the 50-year-old reindeer fence in Raisduoddar in the year 2010 

(Väisänen et al. 2014). The experiment consisted of the treatments: control, 

warming, fertilization and combined warming and fertilization that were replicated 

on the lightly grazed (LG) and the heavily grazed (HG) sides of the fence. We also 
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built short-term exclosures under heavy grazing (HGexc) to surround one half of 

each study plot to test recovery from grazing. 

Experimental warming was simulated with open-top chambers (OTCs, Marion 

et al. 1997, Fig. 5) that increase surface temperatures on average by 1.5–1.9 ºC and 

soil temperatures by 0.6–1.1 ºC (Elmendorf et al. 2012a, Lu et al. 2013). OTCs also 

decrease wind speed and soil moisture and increase air humidity (Bokhorst et al. 
2011). Yet, the vegetation changes within OTCs are closely analogous with reports 

from natural warming (Hollister & Webber, 2000, Elmendorf et al. 2012a, b) which 

gives support to using OTCs as a proxy for the consequences of climate warming. 

Fertilization was implemented by adding 10 g N m-2 in the form of ammonium 

nitrate (NH4NO3) to the study plots. This dosage corresponds to the predicted soil 

nitrogen increase after a 7 ºC increase in air temperature (Mack et al. 2004). 

In the experiment, the short-term exclosures were built only for the time of 

reindeer migration. OTCs were built after snow-melt and removed prior to the 

reindeer migration, which resulted in two months of warming in the beginning of 

the growing season each year. Fertilization was applied in the beginning of the 

growing season, on average in late June, when the soil was no longer frozen. The 

four treatments under the three grazing intensities were repeated eight times along 

the fence resulting in 96 study plots altogether. This study was sampled for carbon 

stocks in 2014 after five summers of the experiment. The activities of microbial 

extracellular enzyme activities, the abundance of microbes and the soil 

fungal:bacterial ratio were analysed a year earlier, in 2013. 

Experimental warming and simulated herbivory (III) 

I tested the interactive effects of simulated herbivory and warming on ecosystem 

carbon stocks and CO2 fluxes in a full-factorial experiment set to Kilpisjärvi in 

1994 (Rinnan et al. 2009). Warming was simulated by open-top chambers that were 

kept on the study plots year round. Simulated herbivory was implemented on the 

dominant species, Vaccinium myrtillus, by clipping every second leaf during the 

peak of the growing season each year. This manipulation allowed standardized 

treatments between years, but has its disadvantages as it does not simulate the real 

feeding patterns of herbivores and it excludes completely herbivory-impacts via 

trampling and fertilization by urine and faeces. The experimental treatments were 

repeated five times resulting in 20 study plots. This study was sampled in year 2013 

after 19 years of treatment. 
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Fig. 4. The impact of herbivory on vegetation in Čearro. From left to right, the figures 

represent typical vegetation under light, moderate and heavy grazing. 

 

Fig. 5. Open-top chambers were used to simulate warmer growing seasonal 

temperatures in Raisduoddar and Kilpisjärvi. The chamber on the right has received a 

combined warming and fertilization treatment.  

2.3 Field sampling and laboratory procedures 

Carbon stocks and vegetation abundance 

From the study plots, I collected biomass of vascular aboveground vegetation, 

cryptogams, litter, roots as well as organic and mineral soil layers and determined 

the concentration of carbon and nitrogen in these (I, II, III). I collected vegetative 

aboveground biomass by clipping the aboveground parts of vascular plants and 

pooled these later in plant growth forms (Table 1). I took composite cores of the 
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ground layer and handpicked bryophytes, lichens and litter from these. I estimated 

organic and mineral soil biomass by coring 3–7 soil samples from each plot. These 

were separated for the layer of organic and mineral soil, combined with each other 

and sieved in the laboratory. I separated roots from the sieving residues and washed 

these. All samples were dried and weighed before homogenizing them for the 

carbon and nitrogen analysis. As the area of each sample was known, I counted the 

carbon and nitrogen stocks per area. I conducted this sampling once in the middle 

of the growing season in either 2013 (III) or in 2014 (I, II), before the herbivory 

simulation (III) or reindeer arrival to the areas (I, II). In Raisduoddar and Čearro, 

the same procedure had been used in 2000 (Olofsson et al. 2004, but see differences 

in I: Methods), which enabled detection of recent changes in ecosystem carbon 

stocks. 

To see how carbon stocks and processes depend on vegetation community 

composition, I monitored vegetation abundance at the peak of the growing season. 

To ensure comparison with previous measurements, the method varied slightly 

between the studies: in Studies I and II, I used point-intercept analyses with 10–40 

pins (Jonasson 1988), in Study III, a point-frequency method on 100 systematically 

placed points was used (Knapp 1984). 

Ecosystem CO2 exchange 

In the studies I and III, I measured gross ecosystem productivity and ecosystem 

respiration, which together constitute the net ecosystem CO2 exchange. To depict 

seasonal variation in the fluxes, the measurements were repeated on even intervals 

throughout the growing season. I used a custom-built chamber (Tunkua Oy, 

Finland) within which I recorded the change in CO2 concentration, temperature, 

humidity and photosynthetic active radiation over 90 s. On each plot, I made several 

consecutive measurements of the CO2 change by gradually decreasing the light 

intensity with hoods made of white mosquito nets. During the last measurements, 

the chamber was covered with an opaque hood that prevented light from reaching 

the plots giving an estimation of ecosystem respiration. 

I calculated gross ecosystem productivity as the difference between net 

ecosystem exchange and ecosystem respiration. From the combination of several 

light measurements with different shading levels, I derived a light response curve 

of photosynthesis for each plot on each occasion (Williams et al. 2006). This light 

response curve was used to standardize the CO2 flux to a common irradiance (600 

µmol photons m-2 s -1). In Study I, I calculated the average mid-day CO2 flux rates 
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over the growing season as weighted means that take into account the uneven 

intervals between the measurement occasions. In Study III, I used interpolated data 

on hourly irradiance and air temperatures for the site (provided by Finnish and 

Swedish Meteorological Institutes) and modelled the fluxes for each hour of the 

growing season based on changes in leaf area, the light response of vegetation and 

the temperature-dependency of ecosystem respiration (the model descriptions were 

derived from Shaver et al. 2007). I tested the fit of the modelled values by making 

additional flux measurements outside of midday in the beginning, the middle and 

the end of the growing season. 

Microbial respiration 

In Studies I and III, microbial respiration was analysed in the laboratory on monthly 

intervals during the growing season. Within a week of field sampling, subsamples 

of sieved fresh soil were put into sealed incubation bottles into standardized 

temperature. After three days, the bottles were once aerated to enable 

acclimatization of soils after the sieving disturbance. The bottles were again placed 

in the standardized temperatures for 72 hours, after which air samples were 

collected from the headspace of the bottles and analysed for CO2 concentrations 

with a gas chromatograph. In Study I, the procedure was repeated at four 

temperatures (4, 9, 14 and 19 °C) to depict the temperature response of microbial 

respiration (Wallenstein et al. 2009). 

Soil parameters, microbial activity and community composition  

I examined soil temperature variation throughout the growing season by installing 

soil temperature loggers at the study plots (I, II, III). I also analysed soil pH, 

moisture, organic matter content and the concentration of inorganic nutrients from 

the same soil samples that were used for soil carbon content or microbial activity 

analyses. In Study II, I incorporated the data to analyses of soil extracellular 

enzyme activities and microbial community composition. Microbial activity was 

quantified as the potential activity of β-glucosidase, phenol oxidase and N-acetyl-

glucosaminidase. β-glucosidase depolymerizes cellulose and is used as a proxy for 

soil carbon turnover (Allison et al. 2010). Phenol oxidase catalyses the breakdown 

of lignin and other aromatic compounds and is linked to the decomposition of 

recalcitrant carbon compounds (Sinsabaugh 2010). N-acetyl-glucosaminidase 

hydrolyses fungal chitin and is linked to microbial turnover rates (Beier & 
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Bertilsson 2013). By labelling these with enzyme-specific substrates, the amount 

of each enzyme in soil was quantified. This method does not indicate whether the 

enzymes have been actively catalysing reactions in soil – therefore, their amount in 

soil is referred to as the potential activity of soil microbial communities. 

Microbial community composition was estimated by quantitative PCR, where 

the amount of certain fungi- or bacteria-specific DNA-sequences (ITS2 and 16S, 

respectively) was counted from frozen samples of sieved organic soil (Männistö et 
al. 2016). As both fungal and bacterial species differ in the number of sequences 

within individuals, this method does not provide information on the total abundance 

of fungi or bacteria in soils. Rather, it tentatively indicates shifts in community 

composition towards certain species with either a high or low amount of DNA 

sequences (Ihrmark et al. 2012). I also used this data to depict changes in the 

relative abundance of fungi compared to bacteria (Fungal:bacterial ratio). 

2.4 Statistical analyses 

For statistical analysis, I mainly used the analysis of variance (I, III) with a repeated 

measures design when needed. In Paper I, I defined transect as a random factor. 

The tests were followed by Duncan’s or Tukey’s post hoc tests to spot the pair-wise 

differences. I also monitored how the measured variables correlated with vegetation 

community composition through non-metric multidimensional scaling (I, III). In 

Paper II, I wanted to compare separately the impact of long-term herbivory (LG vs 

HG) and short-term exclosures (HGexc vs HG). Therefore, I used a mixed model 

for multilevel designs, where contrasts were modified so that both LG and HGexc 

are compared to only HG. As random factor I included the block, the block within 

either the summer or winter grazing range, and the pair of plots that were separated 

by the short-term exclosures. All these variables were nested within each other. In 

case of significant interactions, I ran post-hoc tests to spot the pair-wise differences. 

All statistical tests were done with R statistical software (R development core 

team, 2013) using the package nlme for linear mixed effect models (Pinheiro et al. 
2014) and the package vegan for ordination (Oksanen et al. 2015). 
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3 Results and discussion 

3.1 Evidence from herbivores altering ecosystem carbon stocks 

under current climate 

Herbivory-dependent changes aboveground  

My results show increased vegetative biomass in Raisduoddar and Čearro over the 

past 14 years (I) in line with general trends of increased vegetative biomass across 

tundra (Elmendorf et al. 2012b). Also in both field experiments, Raisduoddar and 

Kilpisjärvi, the abundance of vascular vegetation increased in control plots over the 

past four and 19 years (II and III). Nevertheless, herbivory exerted profound effects 

on the vegetation community at all sites, but to various directions. 

In Raisduoddar, the mosaic of evergreen and deciduous shrubs under light 

grazing was replaced by graminoids under heavy grazing, as was already reported 

in 1997 and 2000 (Olofsson et al. 2001, 2004, I). In 2014, this grassification had 

extended further away from the pasture rotation fence to the moderately grazed 

zone. The short-term exclosures under heavy grazing increased vegetation cover, 

particularly graminoids and decreased the amount of bryophytes (II). The lightly 

and moderately grazed area in Čearro and the control plots in Kilpisjärvi were 

dominated by deciduous shrubs, but herbivory shifted the vegetation to different 

directions depending on site: in Čearro heavy grazing increased graminoids 

(Olofsson et al. 2004, I), whereas in Kilpisjärvi, evergreen shrubs increased with 

simulated herbivory (Rinnan et al. 2009, III). These vegetation changes were 

concurrent with my hypothesis and are summarized in Figure 6. 

In Raisduoddar and Čearro, herbivory exerted high control over the cover and 

biomass of bryophytes. In Raisduoddar, both heavy and moderate grazing reduced 

bryophyte biomass (I) and bryophytes did not recover in the short-term exclusion 

(II). In Čearro, the lichen-rich ground layer that prevailed under light grazing was 

replaced by bryophytes under moderate grazing, whereas under heavy grazing the 

bryophytes to most extent disappeared. These impacts on the ground layer are 

closely in line with the theory of alternative vegetation states by Wal (2006), where 

lichen-rich grounds become dominated by bryophytes and ultimately by 

graminoids when herbivory intensity is increased. In Čearro, all three vegetation 

states were found and in Raisduoddar, only the latter two. Similar sensitivity of 

lichen to reindeer grazing is reported across the tundra (Bernes et al. 2015), but 



30 

only sometimes these become replaced by bryophytes (Väre et al. 1995, Köster et 
al. 2015). The simulated herbivory treatment in Kilpisjärvi did not alter bryophyte 

cover or biomass (Rinnan et al. 2009, III). 

Concurrently with the changes in vegetation community composition, 

herbivory altered the aboveground carbon stocks – but to contrasting directions 

depending on the study. In Raisduoddar and Čearro, decades of high herbivore 

intensity decreased the aboveground carbon stocks (I, II) in line with the 

generalization that herbivores decrease aboveground carbon through biomass 

consumption (Tanentzap & Coomes 2012). This is in line with predictions based 

on the dominant plant functional traits as graminoids store considerably less carbon 

than woody evergreen or deciduous shrubs (Deyn et al. 2008). Contrasting the 

results from Raisduoddar and Čearro, the increase in evergreen shrubs under 

simulated herbivory in Kilpisjärvi increased vegetative carbon stocks (III). This 

demonstrates that herbivory may not always decrease vegetative carbon stocks 

(Tanentzap & Coomes 2012). Rather, the direction of the effect of herbivory 

depends on whether the shift in vegetation is towards plant species that store more 

or less carbon in their aboveground biomass. 

Contrasting patterns in soil and ecosystem carbon storage depend on 

plant functional traits  

In line with my hypothesis, the herbivory control over the dominant plant functional 

traits was a rather good predictor of the effect of herbivory on soil and ecosystem 

carbon storage. At the three sites, the effects of herbivory on soil carbon stocks 

varied from negative to neutral and positive. In Kilpisjärvi, simulated herbivory 

decreased soil carbon sequestration, but interestingly, the reduced soil carbon 

stocks were compensated by increased vegetative carbon stocks. In Raisduoddar, 

neither the short-term exclosures nor the long-term difference in herbivory led to 

changes in ecosystem carbon stocks whereas in Čearro, herbivory significantly 

increased soil sequestration and ecosystem carbon. 

In Raisduoddar and Čearro, the heavily grazed, graminoid-dominated areas 

converged in their ability to accumulate carbon (I). The ecosystem carbon stocks 

differed between the two sites under light grazing, which could partly explain why 

herbivory led to no changes in Raisduoddar and increased ecosystem carbon 

storage in Čearro. I suggest that the difference in the carbon stocks between the 

lightly grazed areas in Raisduoddar and Čearro results from the plant species traits 

that dominate under light grazing: the mixture of E. hermaphroditum and B. nana 
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in Raisduoddar represents a shrub-heath ecosystem that stores more soil carbon 

than deciduous shrub-tundras dominated solely by B. nana (Parker et al. 2015), 

such as Čearro. These two shrubs have different mycorrhizal associates: E. 
hermaphroditum has ericoid mycorrhizal fungi and B. nana ectomycorrhizal 

symbiotic fungi (Clemmensen et al. 2013). These have been suggested to retard or 

stimulate, respectively, soil carbon cycling both in boreal forests (Clemmensen et 
al. 2013, Averill et al. 2014) and in tundra (Parker et al. 2015). My results reveal 

that, in their ability to sequester carbon, the graminoid-dominated tundra could fall 

between the evergreen-ericoid mycorrhizal communities and the deciduous-

ectomycorrhizal communities (Fig. 7). I suggest that the reason behind the 

relatively high carbon sequestration in the graminoid-dominated tundra stems from 

the graminoids’ high investment of resources in root biomass, especially when 

grazed (Gao et al. 2007, Hafner et al. 2012). This increases soil carbon storage 

because graminoid root litter is relatively recalcitrant (Rasse et al. 2005, Deyn et 
al. 2008, Freschet et al. 2013). 

My studies show two cases where herbivory drove the depletion of deciduous 

shrubs (Čearro and Kilpisjärvi). These cases differed in the vegetation that replaced 

the deciduous shrub-dominated vegetation and had contrasting consequences on 

ecosystem carbon: In Čearro, where the deciduous B. nana was replaced almost 

totally by graminoids, soil carbon stocks increased (I, Fig. 7). In Kilpisjärvi, where 

evergreen shrubs increased with simulated herbivory, soil carbon stocks decreased 

(III, Fig. 7). It is noteworthy that in Kilpisjärvi, the decrease in soil carbon stocks 

occurred concurrently with an increase in aboveground carbon stocks and led to no 

changes in ecosystem carbon. I suggest that the different outcome results from 

limitations of the simulated herbivory treatment. In Čearro, heavy grazing intensity 

increased soil nitrogen stocks and soil NH4-N concentrations (Olofsson et al. 2004, 

I), concurrent with the theory that herbivores increase both nutrient availability and 

decomposition rates (e. g. Stark et al. 2002, Stark & Väisänen 2014). Nevertheless, 

in Kilpisjärvi the simulated herbivory tentatively decreased soil nitrogen stocks (P 

= 0.07). These results suggest that the fertilizing effects of herbivore urine and dung 

on the soil are crucial for determining ecosystem responses to herbivory (Wal 2006) 

as these also stimulate the increase of nutrient-demanding graminoids (Barthelemy 

et al. 2014). 
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Fig. 6. The impact of herbivory on the vegetation in Raisduoddar, Čearro and Kilpisjärvi 

(from left to right). In Raisduoddar, the mosaic of evergreen and deciduous shrubs with 

a thick bryophyte layer was gradually replaced by graminoids with increasing herbivory 

intensity (from bottom to top the figures represent light, moderate and heavy grazing 

intensity). In Čearro, Betula nana persisted under light and moderate grazing and the 

ground layer changed from lichen dominance under light grazing to bryophyte 

dominance under moderate grazing. Under heavy grazing, the bryophytes were reduced 

and the vegetation was graminoid-dominated. In Kilpisjärvi, the simulated herbivory 

replaced the dominant Vaccinium myrtillus by the evergreen Empetrum nigrum ssp. 

hermaphroditum. 

Fig. 7. The impact of herbivory on ecosystem carbon stocks at the three study sites. 

Left: In Raisduoddar, where graminoids replaced mixed shrub vegetation with high 

abundance of E. hermaphroditum, soil carbon stocks were not altered by herbivory. In 
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the middle: In Čearro, where B. nana prevailed under light grazing, herbivory induced 

grassification of the vegetation and increased soil carbon stocks. Right: In Kilpisjärvi, 

herbivory increased the dominance of E. hermaphroditum over V. myrtillus and 

decreased soil carbon stocks. 

Noteworthy, the mycorrhizal communities associated with the dominant deciduous 

shrub species under light grazing differed between Čearro and Kilpisjärvi. In 

contrast to the ectomycorrhizal B. nana (Parker et al. 2015), V. myrtillus is 

associated with ericoid mycorrhizal fungi (Kasurinen et al. 2001) These associated 

mycorrhiza might also explain the differences between sites in soil carbon stocks 

under light grazing: there was less soil carbon under the B. nana-dominated 

vegetation under both light and moderate grazing in Čearro (1.0 ± 0.1 kg C m-2; 0.9 

± 0.1 kg C m-2) compared to V. myrtillus-dominated control plots in Kilpisjärvi (2.3 

± 0.3 kg C m-2). This is in line with the observation of a negative correlation 

between B. nana and soil carbon stocks (Parker et al. 2015). Moreover, it is peculiar 

that the simulated herbivory did not alter the mycorrhizal status that was dominant 

in the Kilpisjärvi vegetation. 

As the results of carbon stocks do not depict the mechanisms that drive the 

changes, I combined these with measurements of CO2 fluxes and microbial activity. 

Concurrent with an earlier study (Väisänen et al. 2014) from Raisduoddar, the 

present results indicate that ecosystem CO2 sink was stronger under light compared 

to heavy grazing (I). These results would give reason to expect more carbon to 

accumulate in the ecosystem under light grazing. However, I found no difference 

in soil carbon storage between the grazing intensities on a wider area (I) or within 

the same plots (II). These results indicate that there are differences between the two 

vegetation types either in the carbon accumulation to soil or in alternative pathways 

of carbon losses (Lovett et al. 2006). One potential pathway of carbon loss from 

the lightly grazed ecosystem could be winter respiration, which is suggested to 

correlate with shrub abundance (Sturm et al. 2005, Grogan 2012). In contrast to 

these differences in processes in Raisduoddar, in Kilpisjärvi there was no effect of 

herbivory on CO2 fluxes (III) or on microbial respiration in either litter or the 

organic soil layer (III). 

Transient dynamics of herbivore-induced changes 

At all study sites, the impact of herbivores on vegetation was strongly dependent 

on the duration of herbivory: In Raisduoddar and Čearro, I compared areas with 

decadal history (˃ 50 years) of contrasting herbivore pressures. In Čearro, 11 years 
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after the establishment of the reindeer fence, shrub cover was significantly reduced 

and there was only a slight increase in graminoids (Oksanen 1978). Only 27 years 

later, in 2000, the graminoid biomass was remarkably higher under heavy grazing 

when compared to light grazing (Olofsson et al. 2004). In 2014, the graminoid 

biomass had continued to increase at both Čearro and Raisduoddar, especially 

under moderate grazing in Raisduoddar, where graminoid biomass was 12 times 

higher than in 2000. These results indicate that transient dynamics in vegetation 

composition may still take place, even after decades of contrasting grazing histories 

(Olofsson et al. 2001). 

Parallel to the shifts in vegetation, grazing intensity induces substantial 

changes in the soil processes and ecosystem carbon fluxes. Already in 1997 and 

2000, heavy and moderate grazing by reindeer increased litter decomposition rate, 

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

temperatures in July (Olofsson et al. 2004). In the years 2010–2012, soil 

temperatures under heavy grazing were higher than under light grazing on June, 

July and August (Väisänen et al. 2014, Stark et al. 2015). Moreover, the 

summertime CO2 sink was 70% stronger under light grazing than under heavy 

grazing, because respiration was higher under heavy grazing and there were no 

differences in ecosystem productivity in response to grazing (Väisänen et al. 2014). 

My measurements of the CO2 fluxes in 2014 show that the net CO2 sink was equally 

low under moderate and heavy grazing, although ecosystem respiration under 

moderate grazing was much lower than under heavy grazing (I). I did not expect 

this kind of difference in respiration, because the vegetation communities under 

heavy and moderate grazing were highly similar (I). Therefore, I suggest, that 

compared to vegetation communities, the belowground processes contributing to 

ecosystem respiration might respond to a changing environment with a time lag 

(Lamb et al. 2011). 

Interestingly, the short-term exclosures under heavy grazing in Raisduoddar 

drove the vegetation in the opposite direction as could be anticipated based on the 

difference between lightly and heavily grazed areas (II). The higher abundance of 

vascular vegetation and graminoids and decreased cover of bryophytes were further 

accompanied by increased microbial activity. This indicates that grazer-induced 

vegetation changes may not be irreversible, at least in the short-term (Tanentzap et 
al. 2009), possibly due to the legacy of grazer-induced increase in soil nutrient 

availability, which may persist even centuries after grazing (Tømmervik et al. 
2010). 
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In Kilpisjärvi, 9 and 13 years after the set-up of the experiment, simulated 

herbivory decreased V. myrtillus cover and increased the cover of other shrubs 

(Rinnan et al. 2009). Already then, the cover of evergreen shrubs had increased 

(20%) but the increase was much stronger (42%) after 16 and 19 years of the 

experiment (III). This result indicates that the vegetation community is still 

changing even after a decade of continued disturbance. 

3.2 Interactive effects of herbivores and climate change on 

ecosystem carbon 

Aboveground responses to simulated climate change under contrasting 

herbivore intensities 

At both Raisduoddar and Kilpisjärvi the experimental treatments, warming and 

fertilization, increased the abundance of vascular vegetation (II, III) consistent with 

previous reports from warming experiments (Elmendorf et al. 2012a, Lu et al. 
2013). As hypothesized, the vegetation responses to warming were highly 

dependent on herbivory and were in line with my predictions. In the absence of 

herbivory (warmed plots under light grazing in Raisduoddar, warmed plots in 

Kilpisjärvi), warming especially increased the abundance of deciduous shrubs. The 

increased shrubs were mainly B. nana and Salix species in Raisduoddar and V. 
myrtillus in Kilpisjärvi. These responses to warming are consistent with the general 

trend of shrubification that has been observed across the Arctic over the last decades 

and within several field experiments (Myers-Smith et al. 2011, 2015). Notably at 

both sites, herbivory prevented the warming-induced spread of deciduous shrubs 

and instead, promoted the abundance of other species (Post & Pedersen 2008). In 

Raisduoddar, the abundance of forbs and grasses was increased by warming under 

heavy grazing (II). Within the exclosures under heavy grazing and with the 

simulated herbivory in Kilpisjärvi warming increased the abundance of evergreen 

shrubs, mainly E. hermaphroditum (II, III) – a response that has been documented 

in other warming experiments (Kaarlejärvi et al. 2012, Elmendorf et al. 2012a) and 

as a trend in Fennoscandian vegetation (Virtanen et al. 2003). The fertilization in 

Raisduoddar increased the abundance of graminoids under all grazing intensities 

and decreased the cover and biomass of bryophytes (II). Consequently, fertilization 

reduced carbon stocks in bryophytes and increased those in graminoids. Notably, 

the treatment-induced changes in vegetation community led to no effects in 
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aboveground carbon stocks in Raisduoddar but in Kilpisjärvi, the carbon stocks 

aboveground and belowground were increased by warming, in line with the 

majority of warming studies (Lu et al. 2013). 

Simulated warming outweighed the impact of herbivory on ecosystem 

carbon stocks 

Even though experimental warming rarely depicts changes in soil carbon stocks 

(Lu et al. 2013), my studies show evidence of a warming-induced decrease in soil 

carbon stock in Raisduoddar (II) and a warming-induced increase in soil carbon 

stock in Kilpisjärvi (III). These contrasting responses to warming took place despite 

that the experimental sites in Kilpisjärvi and Raisduoddar are geographically 

relatively close to one another (~ 60 km). At both sites, warming concurrently 

increased the rates of gross ecosystem productivity and ecosystem respiration 

(Väisänen et al. 2014, III), microbial respiration (Stark et al. unpublished, III), the 

potential activity of microbial extracellular enzymes (II, Stark et al. unpublished) 

and microbial community composition (II, Rinnan et al. 2009). Warming also 

decreased soil moisture (II, III), which is often linked to enhanced microbial 

activity (Davidson & Janssens 2006). The effect of warming on soil microbial 

activities and ecosystem carbon fluxes were thus similar at both sites. Yet, the 

outcome on soil carbon stocks was highly different. These contrasting results 

indicate that in Kilpisjärvi the positive effect of warming on carbon uptake 

outpaced the negative effects of higher plant and microbial respiration, whereas the 

opposite was true in Raisduoddar and the carbon losses outpaced the carbon gains. 

Common to both experiments was, however, that herbivory (either simulated, 

the short-term exclosure or the decadal difference in grazing intensity) did not alter 

the direction of warming-induced change on soil carbon. This occurred despite the 

contrasting, herbivory-depended, responses of vegetation communities to warming. 

The result contrasted my hypothesis, where I expected the effects of warming on 

ecosystem carbon stocks to be coupled with vegetation communities and the 

changes in it. I suggest that this decoupling of vegetation and belowground 

responses may be to some extent due to the relatively short experiment time in 

Raisduoddar (5 years) or the slow feedback of vegetation to simulated herbivory in 

Kilpisjärvi (significant increases in evergreens within five years of sampling). Also 

Bradford et al. (2016) have suggested that the short-term feedbacks to experimental 

warming are likely different from those in the long-term. As an example, several 

studies reported carbon losses after experimental warming in a tussock tundra in 
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Alaska (Hobbie & Chapin 1998, Shaver et al. 2006, Oberbauer et al. 2007) but 

when ecosystem carbon stocks were assessed 19 years after the establishment of 

the experiment, no warming-induced changes in total soil carbon were found (Sistla 

et al. 2013). In experimental time-scales, the Kilpisjärvi experiment is 

exceptionally long and the soil community is likely to have adapted to the continued 

warming within the 19 years of the experiment. However, I suggest that the soil 

communities might not have yet adapted to the altered litter input under simulated 

herbivory as the vegetation response was relatively recent. 

Although these results support the view that warmer temperatures enhance soil 

microbial activity for carbon cycling (Davidson & Janssens 2006) and alter 

microbial community composition (Karhu et al. 2014), this data only gives a coarse 

estimation of the carbon stocks changes and some processed behind it. Notably, 

there may have been community-depended differences in other processes, such as 

warming-induced changes in the production of root exudates (Iversen et al. 2015), 

the carbon-transfer to mycorrhizal networks (Deslippe et al. 2012), the leaching of 

carbon (Lu et al. 2013) and the distribution of roots (Sistla et al. 2013). These 

studies also lack thorough information on the carbon fluxes in the winter-time, 

which constitute a major part of the net carbon exchange in the tundra (Nobrega & 

Grogan 2007, Grogan 2012). 

Ecosystem responses to enhanced nutrient-availability under contrasting 

herbivory intensities 

In the Raisduoddar study, experimental fertilization exerted drastic effects on 

vegetation: vascular vegetation and graminoids were increased and the biomass of 

bryophytes was decreased (II). Concurrently, fertilization altered the potential 

activities of the microbial extracellular enzymes β-glucosidase and N-acetyl-

glucosaminidase indicating increased rates of soil carbon and microbial turnover 

(II, Allison et al. 2010, Beier & Bertilsson 2013). Notably, the impact of 

fertilization on vegetation abundance and microbial activities was stronger than that 

of warming. Yet, fertilization at its own had negligible effects on the carbon stocks 

belowground. These results indicate that predictions on the basis of individual 

processes may not be consistent with outcomes because several mechanisms may 

act at the same time, possibly in opposite directions (Lu et al. 2013). 

I suggest that many of the fertilization-induced changes in Raisduoddar (II) 

derived from the increased litter input on fertilized plots as fertilization increased 

the abundance of graminoids and decreased bryophyte cover. The rapid depletion 
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of the bryophyte layer could depict toxicity of fertilization on bryophytes (Bubier 

et al. 2007) and result in higher litter loads that are rich in carbohydrates 

(Vancampenhout et al. 2009). The higher litter input from graminoids and 

bryophytes could explain the increased microbial carbon acquisition (as indicated 

by the potential activity of β-glucosidase), the higher fungal:bacterial ratio and 

higher microbial turnover rate (potential N-acetyl-glucosaminidase activity) 

because fungi benefit from litter additions (Rousk & Frey 2015). This steady carbon 

input to study plots could to some level explain why we did not detect a 

fertilization-induced decrease in soil carbon stocks (Mack et al. 2004) – not even 

under light grazing, where the vegetation was dominated by deciduous and 

evergreen shrubs. 

When fertilization was combined with warming, the impacts on vegetation and 

microbial activities were amplified (II). Importantly, fertilization negated the 

warming-induced soil carbon loss under the long-term heavy and light grazing 

pressures, but within the short-term exclosures organic soil carbon was lost even in 

the combined warming and fertilization treatment (II). The highly similar response 

under the contrasting long-term herbivory intensities shows that these systems were 

equally resistant to abiotic changes despite the herbivory-induced differences in 

nutrient cycling rates (Olofsson et al. 2004, Stark & Väisänen 2014), soil 

temperatures (Olofsson et al. 2004, Väisänen et al. 2014, I) and microbial 

community compositions (Männistö et al. 2016). This result suggests that, under 

steady herbivore intensities, the carbon–climate feedback in the tundra could be 

diminished if nitrogen availability is simultaneously enhanced (but see Mack et al. 
2004). Therefore, current and future extreme events affecting nitrogen availability 

could have consequences on ecosystem functioning. 

Notably, fertilization did not negate warming-induced carbon losses within the 

short-term herbivory exclosures. The result highly contrasts previous studies where 

the exclusion of herbivores has intensified fertilization-induced increases in 

ecosystem CO2 sink or carbon sequestration (Smith et al. 2015). The contrasting 

responses indicate that there may be regional differences in the responses and call 

for improved understanding of the mechanisms and patterns behind the interactions 

between herbivory and altered abiotic factors. Moreover, I suggest that biotic 

changes may interact with abiotic changes and intensify ecosystem responses to 

these. 
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Implications on the interactive effects of herbivores and abiotic changes 

on tundra carbon storage 

The results from the two experimental warming studies indicate that, within short 

time-scales, the direct effect of warming may deluge the impact of the dominant 

vegetation and drive the changes in soil carbon stocks. I suggest that, given more 

time, the herbivory-driven change in vegetation community would still likely 

influence soil carbon storage at both sites – even in the presence of warming. The 

control of plant functional traits over soil carbon sequestration has been reported 

within biomes worldwide (Deyn et al. 2008) which indicates that the relationship 

is independent of the abiotic environment. Therefore, I propose that with enough 

time for communities to adapt and processes to reach a steady-state level, plant 

functional traits will continue to affect carbon stocks. The future changes in soil 

carbon storage could be, to some level, predicted based on the traits of the 

vegetation that increased in response to the treatments – as I predicted in my 

hypotheses. At both sites, such predictions would indicate a positive effect of 

herbivores on ecosystem carbon sequestration, because both graminoids (increased 

in Raisduoddar under heavy grazing and experimental warming) and evergreen 

shrubs (increased in Kilpisjärvi under simulated herbivory and experimental 

warming) may produce litter of higher recalcitrancy compared to deciduous shrubs 

(increased by warming under light / no herbivory at both sites; Deyn et al. 2008, 

Freschet et al. 2013). 

My results also showed that short-term cessation of grazing increased 

graminoids and decreased the bryophyte layer. If the cessation of grazing would 

decrease graminoids’ resource allocation to roots (Gao et al. 2007, Hafner et al. 
2012), the ceased grazing could potentially decrease soil carbon sequestration. 

However, within the exclosures, warming favored the establishment of evergreen 

shrubs and bryophytes, which produce recalcitrant litter and may decrease soil 

temperatures (Chapin et al. 1996), potentially indicating that warming could 

increase ecosystem carbon sequestration after the cessation of grazing (Cahoon et 
al. 2012b). Notably, we evidenced an opposite pattern when herbivore exclusion 

and warming were accompanied with fertilization: these again favoured graminoid 

abundance and the soil carbon storage was decreased. I could not depict whether 

this was linked to the responses of specific plant species or microbial responses. 

We also found that fertilization negated the warming-induced carbon loss under 

both long-term grazing intensities. I suggest that this was not linked to vegetative 

responses as fertilization tentatively decreased root biomass under heavy grazing 
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(II), which would indicate a negative effect of fertilization on soil carbon 

sequestration. It is possible that the observed negation of carbon loss was rather 

linked to microbial activities and derived from a weaker capacity of soil microbial 

community to decompose recalcitrant carbon compounds (Fontaine et al. 2003) as 

suggested by a soil incubation experiment in the same site (Männistö et al. 2016). 

The predictions based on functional group changes in both Raisduoddar and 

Kilpisjärvi indicate that herbivory could increase soil carbon sequestration in the 

long-term. Thus, instead of protecting areas from herbivory, the present herbivory 

patterns – and even an introduction of higher herbivore intensities – could maintain 

the highest rates of carbon uptake – at least on certain areas. To some level this 

generalization could be influenced by the experimental design of simulated 

herbivory in Kilpisjärvi or the site-specific grazing pattern in Raisduoddar, where 

the high herbivory intensity is limited to only a few weeks in the growing season. 

Therefore, results from both studies rather depict how short-term pulses of high 

herbivore intensity impact ecosystem processes and carbon storage. An improved 

understanding of the conditions under which such pulses of herbivory promote soil 

carbon sequestration would be highly useful for land-use planning and the 

management of grazers. Recommendations on the basis of further studies could be 

particularly applicable in Fennoscandia where reindeer husbandry is already 

considered to be an important means of land-use (Forbes & Kumpula 2009). 

Moreover, the results from both studies indicate that predictions of tundra carbon 

balance might be improved if herbivory was included in the climate change models. 

This could also improve estimations of the tundra carbon–climate feedback. 
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4 Conclusions 

In this thesis, I describe several means by which herbivory and climate change can 

affect ecosystem carbon storage. I show that in the current climate, the subarctic 

ecosystem continued to accumulate carbon. This was seen as an increase in 

ecosystem carbon stocks over the past 14 years and the observed negative growing 

seasonal net ecosystem exchange in the study sites. Concurrent with my hypothesis 

and the theory that plant functional traits control carbon sequestration, my results 

demonstrate strong herbivore control over ecosystem carbon storage. When 

herbivory increased the abundance of evergreen over deciduous shrubs, the 

aboveground carbon stocks were increased and those belowground were decreased 

resulting in no change in total ecosystem carbon. When herbivory increased the 

abundance of graminoids over deciduous or evergreen shrubs, the aboveground 

carbon stocks were decreased and the stocks belowground were either increased or 

did not change. These findings indicate that the net effect of herbivory on 

ecosystem carbon stocks possibly depends on the traits of the species that are 

replaced by herbivory. Consequently, I propose that the graminoid-dominated 

tundra vegetation lies, in its ability to sequester carbon, between the deciduous 

shrub tundra (low carbon sequestration) and the evergreen tundra heath (high 

carbon sequestration). The result that is not in line with this suggestion – nor with 

the prediction based on plant functional traits – was that through simulated 

herbivory the replacement of deciduous shrubs by evergreens decreased soil carbon 

storage. I explain the discrepancy by the short time that passed since the vegetation 

change and by the yearly removal of plant biomass, and thus carbon, from the study 

plots. 

To investigate the interactive effects of climate-change and herbivory, I applied 

warming or warming and fertilization under contrasting levels of herbivory. I found 

strong herbivory control in the warming-induced changes of vegetation and the 

plant functional traits but no effect of herbivory on the vegetation responses to 

fertilization. Yet, the sole effects of warming were the same under contrasting 

herbivore intensities and, instead, the responses to combined warming and 

fertilization varied with herbivory. These results contrasted my hypothesis and 

suggest that the short-term responses of ecosystem carbon storage to both warming 

and fertilization may not be coupled with herbivory-induced shifts in the dominant 

plant functional traits. 

I showed that the response of soil carbon stocks to experimental warming 

depended on the study site, and warming either decreased or increased soil carbon 
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stocks. Nevertheless, at both sites, warming was paralleled with increased 

vegetation abundance, gross ecosystem production, ecosystem respiration and soil 

microbial activity and decreased soil moisture. These responses indicate that 

individual processes may respond fairly similarly to warming, but the outcome of 

these can vary from positive to negative. In line with this, fertilization exerted 

strong control on the vegetation and microbial activities, but, when applied alone, 

it did not alter soil carbon storage. However, when fertilization was applied with 

warming, it negated the warming-induced carbon loss under both long-term 

herbivory intensities, but not when herbivory was abruptly removed. This result 

indicates that sudden biotic changes may interact with abiotic changes and possibly 

result in a more unpredictable outcome. 

Even though results from both of the experimental studies gave no support to 

my hypothesis of plant functional traits governing ecosystem functions in a warmer 

climate, I do believe that in the long-term different vegetation communities will 

vary in their carbon sequestration rates even when temperatures have increased. I 

base this assumption on observations of vegetation control of soil carbon storage 

within tundra and other biomes worldwide. Therefore, experimental studies, such 

as the ones in this thesis, shed light on the conditions under which certain plant 

species and functional traits are favored. Importantly, my studies demonstrate that 

the vegetation responses to abiotic changes depended on the ambient herbivory 

intensity. As the growth forms favoured by higher grazing intensities, namely 

graminoids and evergreen shrubs, generally maintain higher rates of carbon 

sequestration rates than deciduous shrubs, this gives insight that grazing could 

actually be beneficial for the carbon cycling in the long-term. 

Taken together, I suggest that herbivory control over vegetation dynamics has 

a highly overlooked role in shaping ecosystem processes and carbon storage. The 

wide distribution of herbivores around the globe and particularly in tundra areas 

gives reason to suggest that the regional effects of herbivores might sum up to be 

of global importance. An improved understanding of the role of herbivory could 

improve estimations of global carbon–climate feedbacks and could be helpful in 

planning land-use with the aim to increase carbon sequestration or prevent carbon 

losses. 
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