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Preface 

The Arctic carbon (C) cycle has been impacted to a large extent by climate change the recent 

decades. In addition, herbivory also have a great impact on the C cycle, and a debate on however 

grazing can mitigate impacts from climate change has raised. Therefore, this  bachelor’s thesis in 

physical geography and ecosystem sciences, carried out at Lund University in the spring of 2012, 

analyzes the relationship between grazing and climate change, and the two factors’ combined 

effect on the Arctic C cycle.    
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Abstract 

Climate change has affected ecosystem structure and composition in the Arctic during the last 

few decades. Researchers have observed a greening trend as the active layer depth is increasing 

due to rising air- and soil temperatures. Align with climatologic factors, Arctic ecosystems have a 

long history of grazing by large mammalian herbivores and geese. The Grazing Optimization 

Hypothesis suggests that productivity of an ecosystem should increase if it is exposed to a 

moderate level of grazing. Even though changes in plant species composition due to these biotic 

and abiotic controlling factors are to some degree well known, the responses on CO2 fluxes and 

the carbon cycle are largely unknown. In this paper, studies made on warming and grazing in the 

Arctic are compiled and analyzed both individually and in a comparing context, to highlight how 

these factors affect the carbon cycle. Special emphasis has been put on a careful study and 

evaluation of the few existing experiments which combine treatments of simulated grazing and 

warming. A case study was performed on primary data from clipped plots in Zackenberg, North-

east Greenland. Results show that herbivory seem to be more important in the harsh 

environments of the Arctic than in more nutritious ecosystems, and a greater grazing pressure is 

needed for the Grazing Optimization Hypothesis to be true. Depending on grazing pressure, 

herbivory seem to mitigate the greening effect that climate warming has on the Arctic by 

preventing dwarf shrubs from invading the tundra. However, since the herbivore’s survival is 

dependent on the climate in terms of the necessity to get hold of nutritious forage in early 

spring, climate change will still probably be the most impending factor controlling the Arctic C 

cycle in the future.  

Key words 

Arctic, climate change, warming, grazing, herbivores, grazing optimization hypothesis, 

muskoxen, ecosystem responses, CO2 fluxes, Greenland, Zackenberg 
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Sammanfattning 

Den Arktiska tundran har påverkats mycket av klimatförändringarna de senaste årtiondena. Den 

pågående uppvärmningen gör att djupet på det aktiva lagret ökar och att buskiga växter, som 

annars inte trivs i den kalla miljön, vandrar in på tundran. Forskarna för att dessa förändringar 

kan leda till att de Arktiska ekosystemen blir en källa för koldioxid (CO2), istället för en sänka. 

Det skulle kunna leda till positiva återkopplingar på den globala uppvärmningen, och därmed 

snabba på denna.  

Samtidigt som klimatet spelar en viktig roll för kolcykeln i de Arktiska ekosystemen är den också 

känslig för påverkan av betande djur. Den Arktiska tundran har betats av myskoxar, vildrenar 

och gäss under lång tid, vilket gör att produktiviteten i ekosystemen är anpassad efter ett visst 

betestryck.  

Även om det gjorts mycket forskning på hur växtsammansättningen påverkas av både betning 

och uppvärmning så finns det inte många studier på hur utbytet av CO2 mellan växter och 

atmosfär påverkas. Den här uppsatsen försöker reda ut hur kolcykeln i Arktis kommer att 

beröras av den globala uppvärmningen samtidigt som tundran utsätts för bete. Arktis studeras 

generellt och lokalen Zackenberg på nordöstra Grönland analyseras mer ingående. Enligt 

betesoptimeringshypotesen (GOH) är produktiviteten i de flesta ekosystem som högst om de 

utsätts för ett medelhögt betestryck. Det visar sig att den Arktiska tundran behöver utsättas för 

ett högre betestryck än många andra ekosystem för att nå maximal produktivitet. Om tundran 

utsätts för ett högt betestryck hindrar detta buskar från att vandra in, och områden som 

domineras av mossor och lavar går över till att främst bestå av gräs och örter. Detta gör att den 

fotosyntetiska hastigheten ökar och att nettoupptaget av CO2 blir större. Betande djur skulle 

därför kunna användas för att till viss del hindra förbuskningen som sker till följd av den globala 

uppvärmningen, och samtidigt bidra till att tundran förblir en kolsänka. Värt att notera här är att 

olika djur påverkar växtsammansättningen och kolcykeln olika. Medan de stora däggdjuren som 

myskoxe och ren till stor del påverkar upptaget av CO2 positivt, har gäss uteslutande negativ 

påverkan då de förstör växternas rötter medan de bökar. Gåspopulationen måste därför hållas i 

schack om inte de Arktiska våtmarkerna (som är de ekosystemtyper som gässen föredrar att 

beta i) ska löpa risk att förvandlas till kolkällor.   

En nyckelfaktor i dessa sammanhang är att förstå hur de betande djuren kommer att påverkas 

om klimatet fortsätter att bli varmare. Det visar sig att påverkan kan komma att bli endera 

positiv eller negativ. Antingen gynnas betarna av att det blir en ökad tillgång på föda, vilket 

kommer leda till en större population. Ett ökat betestryck kommer då i sig att gynna tillväxten av 

gräs och örter enligt principen ovan. Eller så missgynnas betarna av att frostcykeln ändras under 

den kallaste delen av året, vilket minskar tillgången på vinterföda. Det finns också risk för att det 

uppstår en misspassning mellan tiden för djurens kalvning (som är dagsljusberoende) och 

blomningen av den mest näringsrika födan (som är temperaturberoende). Detta kan leda till 

kalvdöd och en minskning av djurpopulationen.  

Frågeställningen i den här uppsatsen är vilken faktor som kommer spela störst roll för den 

Arktiska kolcykeln i framtiden, klimatet eller betningen. Vad studien kommit fram till är att de 

betande djuren har den enskilt största påverkan eftersom de kan mildra effekterna av 

klimatförändringarna. Men eftersom djurpopulationen i sig är så beroende av klimatet så är det 

den abiotiska faktorn som i slutändan spelar störst roll.   
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Abbreviations  

ANPP Aboveground Net Primary Production 
BSB Belowground Standing Biomass 
CO2 Carbon Dioxide 
CH4 Methane 
GHG Green House Gases 
GOH Grazing Optimization Hypothesis  
GPP Gross Primary Production 
IBID Ibidem – a source that was cited in the preceding endnote 
Re Ecosystem Respiration 
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Grazing in the Arctic - can it mitigate the impacts of 

climate change? 

1 Introduction 

 
Since the middle of the 20th century, the earth’s climate system has undergone some dramatic 

changes due to an increase in carbon dioxide (CO2) emissions to the atmosphere, with raising 

temperatures the most predominant change (IPCC, 2007).  This increase in CO2 concentration 

may both restrain photorespiration and stimulate photosynthesis (Dorrepaal et al. 2009). It has 

been suggested that Arctic ecosystems are extra sensitive to climate change since soil 

respiration is more sensitive to temperature changes at low soil and air temperatures (ibid). In 

fact, a greater increase of annual mean temperatures has been recorded in Arctic areas than 

elsewhere on earth, with huge potential future impacts on the Arctic carbon (C) cycle (IPCC, 

2007).   

Apart from sensitivity to changes in the climate, Arctic ecosystems are also sensible to grazing 

by herbivores (Tanentzap & Coomes, 2012). Nutritious vegetation is scarce in the cold, harsh 

environment, and the plants are very nutrient limited. It has been proven that herbivores affect 

ecosystem species composition and production, and that the carbon cycle in Arctic 

environments is more easily affected by changes in grazing pressure than other, more nutrient 

rich ecosystems (Elliott, 2009). Herbivores affect the C balance in Arctic ecosystem by modifying 

above ground standing biomass, adding nutrients to the soil through their excrement, altering 

physical properties in the soil while trampling and changing existing species composition 

through selective foraging (Sjögersten et al. 2008).    

Throughout this paper, impacts of climate change and grazing on the Arctic C cycle will be 

investigated. Focus will be on both direct and indirect effects on ecosystems and C fluxes, as well 

as on how these two factors affect each other and may contribute to feedback effects on the 

warming climate. However, the interactions of carbon cycling processes are complex. Therefore, 

when discussing affecting factors such as climate warming and grazing, other factors such as 

permafrost dynamics, the hydrological cycle, microbial activity and disturbance regimes like 

insect outbreaks must also be taken into consideration. These other factors will therefore be 

touched upon throughout the paper and brought up to discussion in the end, since it is highly 

important to stress the complexity of the ecosystem processes in order to increase our 

understanding of their connectivity to the climate.   

1.1 Overall aim and objectives 

The overall objective in this study is to understand the relationship between climate and grazing 

in Arctic environments; how these two factors affect the carbon cycle, and what possible 

feedback effects they could generate to ongoing climate change.  

Thereby, the aim is to investigate three main topics.  

1. How the carbon cycle is affected by grazing.  
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2. How the changing climate is affecting the fluxes of CO2.  

3. How these two factors could possibly relate to each other, and thereby contribute to 

feedback effects on the climate.    

 

1.2 Questions at issue 

To fulfill this aim, the question at issue that needs to be answered is: 

 What is the relationship between grazing and climate change, and which one of them will 

be the most important factor affecting the carbon cycle in the future? 

To answer this main question, three sub-questions are formulated.  

1. What effects do herbivores have on greenhouse gas (GHG) fluxes in Arctic environments?  

2. How will a warmer climate affect the carbon cycle in the Arctic? 

3. How will a warmer climate affect the herbivores?  

1.3 Hypothesis 

In this study I address the main hypotheses that:  

1. Herbivores will alter the carbon cycle while grazing, and increase productivity of the 

ecosystem through enhancement of the mineralization rates. 

2. A warmer climate will affect the carbon cycle in Arctic ecosystems in multiple ways, both 

directly and indirectly, with the following sub-hypotheses: 

Direct effects  

a. Annual Gross Primary Production (GPP) will increase due to prolonged growth 

season and invasion of more woody vegetation, which will generate more 

standing biomass and an increased carbon uptake. 

b. Respiration will be enhanced through increased air and soil temperatures 

which will favor soil microbe activity. 

c. The number of extreme weather events will increase, which may affect the 

number of freeze-thaw events during spring and autumn. 

Indirect effects 

a. Increased forage availability through increased GPP may lead to an increased 

amount of herbivores. 

b. A change in the freeze-thaw cycle might make it harder for the herbivores to 

get access to forage during winter and thereby reduce the amount of 

herbivores. 

c. The herbivores might not be able to adapt to a changed growing season length, 

which may lead to a trophic mismatch if the most nutritious forage will be 
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available earlier in the year, before the time of calving. This might lead to 

malnourishment and death of calves.  

1.4 Methods and limitations 

In this paper, the Arctic is spatially defined as all land mass north of the Arctic Circle, 66ᵒ33’N, 

with the warmest month having a mean surface temperature below 10ᵒC, see Figure 1. 

Throughout the work, there will be references to both high and low Arctic, see Figure 2 for 

division. In addition, because of the limited research that has been performed on grazing effects 

in the Arctic, herbivore effects in Sub-arctic environments are also investigated, see Figure 2.   

 

Figure 1. The Arctic as defined in this paper; all land area north of the Arctic Circle, and which experience the 
warmest month being <10ᵒC. Source: Hugo Ahlenius, UNEP/GRID-Arendal, 2006. 



4 
 

 

Figure 2. Areas which are referred to as high, low and sub arctic areas. Source: Hugo Ahlenius, UNEP/GRID-
Arendal, 2010a. 

Many small as well as large herbivores affect the carbon cycle in the Arctic. The review in this 

paper is limited to mainly large mammals such as muskoxen, caribou and reindeer, although 

smaller herbivores such as different species of geese are also considered. Even smaller 

herbivores such as lemmings and insects are not covered in this study.  

The GHG in focus in this study is CO2, even though methane (CH4) is an important part of the 

carbon cycle and an important greenhouse gas. Lack of research articles on direct impacts of 

herbivores on CH4 fluxes prevents a full review of such effects in this paper. However, melting 

permafrost and trampling by large herbivore mammals are generally considered to contribute to 

CH4 emissions from Arctic wetlands. Therefore, despite lack of research in this area, possible 

effects of herbivores on CH4 emissions is brought up in the discussion, together with suggestions 

for further research.   

Apart from a review of published articles on the subjects, a local case of plant-soil and herbivore 

interactions in a high Arctic area is also investigated and discussed in this paper. In field, two 

blocks with three different plots in Zackenberg, North East Greenland, was clipped and studied 

to see the effects of simulated grazing on CO2 fluxes. Clipping and data collection was performed 

by PhD Student Julie Falk from Lund University.  
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2 Background 

2.1 The Arctic environment, ecosystems and ongoing climate change  

The Arctic tundra covers a large part of the world’s land mass, 5.6x106 km2, and a great portion 

of it consists of peatland and wetland ecosystems (Tanentzap & Coomes, 2012). These 

ecosystems are characterized by deep permafrost soils with cold and wet conditions, where 

slow decomposition of soil organic matter has resulted in storage of carbon as peat (McGuire et 

al. 2009). The vegetation in these ecosystems is mainly characterized by low shrubs, graminoids, 

mosses and lichens (ibid). In the low and middle belts of the Arctic tundra, heath covers a great 

area, where plants from the Ericaceae (heath) family dominate. These sites are often well-drained 

and snow covered throughout the winter (ibid).  

According to a recent report by UNEP/GRID-Arendal (2010), the permafrost is currently 

melting. In the continuous permafrost areas, the active layer depth is increasing, and in 

discontinuous and sporadic permafrost areas, it is increasing as well as disintegrating. In 

addition, the species that dominate these ecosystems are currently to some extent being 

replaced by more woody vegetation; tussock tundra is being invaded by shrubs (Met et al. 2001) 

and the amount of tree saplings have increased above the tree line (Sundqvist et al. 2008). A 

prediction for the year 2100 is that about 50% of the tundra will be covered in these species 

with a more southerly origination (UNEP/GRID-Arendal, 2010). In addition to these changes in 

vegetation composition, warming has induced a change the carbon balance and emissions have 

increased of both CO2 (Dorrepaal et al. 2009), through enhanced respiration, and CH4 from 

peatland soils (Christensen et al 2004).  

 

2.2 Carbon cycling in the Arctic 

2.2.1 CO2 storage 

In all terrestrial ecosystems, carbon is stored in three pools; in soils as soil organic matter 

(SOM), in living biomass as vegetation C and in calcareous rocks as calcium carbonate. In 

ecosystems dominated by permafrost soils, such as the arctic tundra, carbon is also stored in CH4 

hydrates (McGuire et al. 2009). The estimated amount of carbon stored as SOM in Arctic 

ecosystems is strongly dependent on the depth where measurements are performed. There are 

large uncertainties in the actual amount of Arctic carbon storage, since the depth of peat in 

peatlands has not been fully quantified, and the carbon accumulation in the permafrost is 

difficult to estimate (ibid). However, approximations have been made, and Tanentzap & Coomes 

(2012) estimated that there is approximately 348 ton C/hectare (ha) stored in Arctic soils, see 

Figure 3. 

http://www.encyclopedia.com/doc/1O7-Ericaceae.html
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Figure 3. Carbon storage in soils. Note that no data is recorded for most parts of Greenland and Antarctica. 
Source: Riccardo Pravettoni, UNEP/GRID-Arendal. 

Vegetation in Arctic terrestrial ecosystems is considered to store between 60 and 70 Petagram 

(Pg) C (Li et al. 2003), which equals to about 7 ton C/ha (Tanentzap & Coomes, 2012). However, 

uncertainties of up to 10 Pg C are to be taken into account due to lack of information of storage 

in below ground biomass. Counting both vegetation C and SOM, Arctic and sub-arctic ecosystems 

contain >400 ton C/h (ibid). 

Putting results of many resent published articles together, the total soil C storage (vegetation C 

and SOM) in Arctic terrestrial ecosystems is estimated to be between 1400 and 1850 Pg in, 

where the latest exact estimated number is 1672 Pg C (Schuur et al. 2008 & Tarnocai et al. 2009). 

The total soil carbon storage in the world’s entire landmass areas amounts to 2157-2293 Pg, if 

measured in the upper 100 cm (Batjes, 1996). This however excludes carbon held in the litter 

layer.  

2.2.2 CO2 fluxes 

If the release of CO2 through plant and soil respiratory processes and the uptake through 

photosynthesis are in equilibrium, there will be no net CO2 uptake or emissions from or to the 

atmosphere. However, if more carbon is stored in plant biomass than is respired, the ecosystem 

acts as carbon sink, and if respiration exceeds the amount of carbon stored in plants, the 

ecosystem will turn into a carbon source (Callaghan, 1995).  

According to McGuire et al. (2009), the Arctic has been acting as a sink for CO2 by storing about 

0-0.8 Pg C/year in the recent decades. This is equal to approximately 25% of the 1990s global 

net land/ocean flux. However, the Arctic has been acting as a net source of CH4, with an efflux of 

around 32-112 Teragram (Tg) CH4/year (ibid). The reason for the great span in yearly fluxes is 

the annual climate fluctuations and fluctuations in cycling disturbances such as wild fires (ibid). 

There are also dissimilarities in the sink/source situation of both CO2 and CH4 among the 

different geographical areas such as Greenland, Northern Scandinavia, Siberia, Alaska and 

Svalbard. This is mainly due to moisture conditions and growing season length (ibid). A great 

atmospheric uptake of CO2 is associated with an early snow melt, whilst high emission rates are 
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strongly correlated with long warm autumns and with soil thaw (ibid). If combined together, 

studies conducted on the carbon cycle in the Arctic have come to the conclusion that the 

environment acts as a sink for CO2 under cool and wet years when the soil is poorly drained, and 

as a source under warm and dry years when the soil is well drained (ibid).  

 

2.3 Herbivores in the Arctic  

Grazing in the arctic is mostly performed by six species of large mammals belonging to the 

Caprinae (goat-antelope) subfamilies, including muskoxen, reindeer, mountain goat and caribou 

(Tanentzap & Coomes, 2012). Muskoxen prefer to graze on graminoid dominated wet sedge 

meadows (Elliott, 2009). Apart from the large mammals, many species of geese (van der Wal 

et.al, 2007), lemmings, and insects such as moths, are important herbivores (Berg et al., 2008). 

Mammals and insects mostly affect above ground biomass stands whilst geese, while grubbing, 

also affect below ground biomass (ibid). Grazing in the Arctic is divided into two classes 

depending on season; winter grazing and summer grazing. Muskoxen prefer to graze willows in 

the winter and graminoids in the summer (Thing et al., 1987).  

 

2.4 The grazing optimization hypothesis (GOH) 

The grazing optimization hypothesis was first declared by McNaughton (1979), and it states that 

“as grazing intensity increases, aboveground net primary production (ANPP) also increases up 

to some optimal grazing intensity, then decreases to a level below that of un-grazed plants”(pp. 

692). The positive responses of ecosystems to herbivory are according to the hypothesis 

twofold; enhancement of reproductive success and enhancement of primary production 

(Yamauchi & Yamamura, 2004). The responses can then be divided into long-term and short-

term; long-term is when given level of herbivory pressure yields adaptive response, while short-

term is a non-adaptive response due to various levels of herbivory.  

Many researchers have evaluated the hypothesis since 1979. Willumson et al. (1989) found the 

hypothesis to be truthful in 3/5 of their experiments performed on the Central Plains in north 

central Colorado. Grazers in this study were Big-headed grasshoppers. In none of the 5 

experiments did grazing reduce ANPP (Willumson et al. 1989). The hypothesis has also been 

found to be true for potted grasses (Georgiadis et al. 1989), salt marshes (Hik & Jefferies, 1990), 

in mixed prairies (Alward & Joern, 1993) and dry savannas (Chapin & McNaughton, 1989). 

However, in tall-grass prairies (Turner et al. 1993) and mixed prairies in North America (Green 

& Detling, 2000), the hypothesis could not be proven to be true.   

The effect of nutrient availability for the GOH was studied by Yamauchi & Yamamura (2004), 

who performed studies in nutrient limited ecosystems to evaluate GOH. Under such conditions, 

GOH proved to be true for both long-term and short-term effects on ANPP, and the nutrient 

limitation improved the optimization compared to non-nutrient limited ecosystems (Yamauchi 

& Yamamura, 2004). Further, Zhu et al. (2008) found that the GOH affected the species richness, 

biomass of different plant organs and plant height, while total biomass remained constant 

among different grazing treatments on an alpine shrub meadow on the Tibetan Plateau. Grazing 
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increased species richness with 13.2% at the site. With increasing grazing pressure, allocation 

and investments in growth in belowground biomass increased, while reproduction of bulbils 

decreased. In addition, Ise et al. (2008) also found that grazing affected species composition and 

showed that temperate peatlands experience invasion of woody vegetation when herbivores are 

removed. This increases above ground carbon stocks, but leads to emission of otherwise 

recalcitrant and stable carbon, since it increases peat aeration (ibid).  

As have been explained above, the GOH cannot be proven true for all ecosystems in the world. 

Keeping in mind how other ecosystems are affected by grazing, this paper will evaluate the 

hypothesis for Arctic tundra ecosystems.  

 

2.5 Case study: Zackenberg, northeast Greenland 

The Zackenberg research area is situated in 

northeast Greenland, at 74ᵒ28’N 20ᵒ34’W, see 

Figure 4. The area is situated in a valley in the 

midway between the outer coast and the ice sheet. 

This makes the local climate somewhat different 

from the characteristics of a high Arctic coastal 

climate, as it is continental with very cold winters 

(Stendel et al. 2008). In most springs, the area has 

about 80% snow-cover and in summer most days 

are sunny, but fog is common and the valley 

receives about 250mm of precipitation per year 

(Meltofte & Rasch, 2008). The valley is underlain by 

continuous permafrost with an active layer depth of 

about 0.5-1.0m (Tagesson et al. 2010). Annual mean 

temperature is -9ᵒC, but the warmest month can 

reach a mean value of up to 6ᵒC (ibid). Further, an 

increase of the mean annual temperature of 

0.15ᵒC/year between 1992 and 2008 has been 

observed (Tagesson et al. 2010). The vegetation is 

(depending on topography, soil and hydrology 

properties) dominated by fens, Dryas and Cassiope 

heaths, snow beds and grasslands. On an area basis, 

the heaths contain more carbon than the fens, 

grasslands and snow-beds (Elberling et al. 2008). The growing season starts in late May 

(Meltofte et al. 2008), and the valley is grazed by about 500-800 muskoxen, making it an ideal 

site for studying impacts on Arctic ecosystems under different grazing pressures.    

 

 

 

 

Figure 4. Case Study area Zackenberg, northeast 
Greenland. Source: Meltofte & Rasch, 2008. 
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3 Results 

3.1 Effects on the Arctic carbon cycle by grazing herbivores 

3.1.1 Ecosystem responses: GOH in Arctic environments 

Many studies reveal that herbivore pressure should have most impacts on plant community 

structure in ecosystems with low productivity and a long evolutionary history of grazing, such as 

the Arctic tundra, where as it should be of less importance in environments with greater 

potential productivity (Oksanen et al., 1981, Klein et al., 2007, Sjögersten et al., 2008, Elliott, 

2009, Rinnan et al., 2009). Most of the studies performed in Arctic environments reveal that 

grazing by large mammals should increase productivity of the land since they reduce the amount 

of dwarf shrubs, but increase the abundance of graminoids (Olofsson et al. 2001, Sjögersten et 

al., 2008, Susiluoto et al. 2008, Elliott, 2009, Tanentzap & Coomes, 2012). There are, however, 

uncertainties on which grazing pressure that would increase NPP the most. The general 

responses of different plant species due to grazing are presented in Table 1.  

Table 1. Responses of certain plant species to different grazing pressures from muskoxen, caribou, reindeer 
and geese. Based on results from Olofsson et al. 2001, Sjögersten et al., 2008, Susiluoto et al. 2008, Elliott, 

2009, Tanentzap & Coomes, 2012. 

Grazing Dwarf 
shrubs 

Graminoids Herbs Mosses Lichens Belowground 
standing 
biomass 

Light +/- +/- +/- +/- +/- + 

Moderate + - - + + + 

Heavy - + +/- - - + 

Grubbing +/- - - +/- +/- - 

 

The hypothesis that grazing increases productivity in the tundra was presented by Zimov et al. 

already in 1995. Zimov et al. (1995) suggested that large herbivores could turn moss-dominated 

tundra into graminoid steppe by improving litter quality, removing the insolating moss carpet 

and thereby raise the soil temperature. In addition, Zimov et al (1995) suggested that this would 

increase the mineralization rate.  Olofsson et al. (2001) were, however, the first to 

experimentally show that grazing increases productivity in the tundra. Olofsson et al. (2001) 

compared light to moderate winter grazing with heavy summer grazing by reindeer in northern 

tundra heath in Norway, and found that heavy grazing increased the rate of nitrogen cycling and 

GPP. This supports the hypothesis that it is heavy, instead of moderate (see chapter 2.4) grazing 

that can transform unproductive tundra heaths into graminoid dominated, more nutrient rich 

land areas. Moderate grazing decreased GPP the most and moderately grazed areas had lower 

GPP than both heavy and lightly grazed areas. Olofsson et al. (2001) explain this by the fact that 

when the ground is only exposed to moderate grazing, reindeer can choose the most favorable 

forage (graminoids and herbs) and leave less favorable forage like mosses and dwarf-shrubs.  

Further, the Olofsson et al. (2001) experiments showed that there, in addition to the significant 

increase of graminoids, was a significant increase in bare ground and a decrease in lichens and 

Ericoid mycorrhiza due to heavy summer grazing. Herbs were not significantly affected. Despite 

the higher GPP of heavily grazed areas, total standing plant biomass was lowest in heavily 

grazed areas, and highest in lightly grazed areas. As the graminoids took over in heavily grazed 
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lands, dwarf-shrubs and mosses suffered severely, which increased productivity of the land. 

According to Olofsson et al. (2001) this will attract more herbivores and the grazing pressure 

will increase further. Reindeer in an Arctic environment like northern Norway may thereby have 

a positive effect on their own food supply, and support a growth of the reindeer population 

(ibid). This hypothesis is further supported by Susiluoto et al. (2008) who found that lichen 

biomass reduced when Finnish alpine tundra was exposed to grazing by reindeer. 

One reason why the productivity and species composition is altered in the way described above 

is because herbivores affect both soil temperature and moisture while grazing (Elliott, 2009). 

When exposed to moderate grazing, soil temperature may increase as litter is removed from the 

ground, exposing it to a greater amount of solar radiation. Thereby evaporation is enhanced, 

which can alter the soil moisture level and decline it (ibid). Also, paths trailed by mammals may 

work as drainage channels and thereby dry out the soil (Olofsson & Oksanen, 2003). This should 

favor dwarf shrubs, see Table 1. In contrast, moisture can be increased as a result of heavy 

defoliation as plant transpiration decreases when defoliated (ibid). The latter was supported by 

a study by Elliott (2009), who found that soil moisture rose when the ecosystems in Alexandra 

Fiord, Ellesmere Island, Canada, were exposed to simulated grazing by clipping. Increased soil 

moisture should favor graminoids and herbs in dry areas and increase their productivity (ibid), 

see Table 1. In addition, belowground live biomass and standing crop were according to Elliott 

(2009) more than three times higher in meadows grazed by muskoxen than in non-grazed 

meadows. This is due to the fact that soil nitrogen availability increases through the animal’s 

excrement, see Table 1. However, microbial biomass and soil C and N do not seem to be affected 

by herbivory treatment in subarctic tundra heaths (Rinnan el al., 2004).  

Contrary to grazing effects by large mammals, grubbing by geese impact the ecosystems 

differently (Sjögersten et al. 2011). According to studies by Sjögersten et al. (2011) in high Arctic 

Svalbard, geese reduce the total belowground live biomass significantly while grazing. This is 

due to their different grazing patterns, favoring roots located belowground over shoots located 

aboveground as food source (ibid).  

3.1.2 CO2 fluxes 

Not many studies have been performed on the direct effects on CO2 fluxes due to grazing in 

Arctic ecosystems. Instead, estimations of CO2 flux responses must to a large extent rely on 

responses in plant species composition (see chapter 3.1.1). Aboveground consumption by 

herbivores alters the carbon cycle throughout the whole ecosystem. According to Tanentzap & 

Coomes (2012), this is both due to alteration of the soil respiration rates, the mineral nutrient 

cycle, and the plant litter quantity and quality. The respiration may be altered through reduction 

in standing litter and plant cover, which enhance soil erosion and leaching, and expose the 

surface to precipitation (ibid). However, as the species composition and standing biomass is 

altered due to grazing, there are a few different possible consequences for net CO2 flux through 

the ecosystem. An overview of the possible CO2 flux responses to grazing by different species of 

herbivores is presented in Table 2. 
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Table 2. CO2 flux responses due to grazing by different herbivores. ND means no data. – on NEE means an 
increase in the negative value, which is equal to a greater ecosystem uptake. Based on results from Susiluoto 

et al. 2008, Elliott 2009, van der Wal et.al, 2007, Sjögersten et al., 2011, Elliot & Henry 2011. 

Grazing GEP Re NEE ANPP 

Muskoxen ++ + - + 

Geese -- - + - 

Reindeer ND +/- +/- ND 

Simulated  ND - ND - 

 

In forest tundra areas in Finnish Lapland on the border to Russia, an area which has been 

considered overgrazed for a long time, grazing by reindeer did not significantly affect Net 

Ecosystem Exchange (NEE) or Ecosystem Respiration (Re) (Susiluoto et al. 2008), see Table 2. 

Important to notice here is however that respiration response due to grazing seems to be 

correlated with time since grazing. Susiluoto et al. 2008 showed that Re declined directly after 

grazing, but started to increase again after about a month, and was thereafter back on the same 

rate as before grazing. Also, in the uppermost centimeters of the active layer, soil respiration 

was correlated with soil temperature (soil temperature was higher in grazed than in ungrazed 

plots). This indicates that grazing should result in an increase of Re in the long run (ibid). This 

suggestion is supported by Elliott (2009), who’s study in a wet sedge meadow in high Arctic 

Canada revealed that Re rates were reduced directly after clipping, but enhanced when grazed by 

muskoxen for two years. The greater respiration was probably due to an increase in plant 

biomass following long-term grazing, see Table 2 and chapter 3.1.1. 

In contrast to increased production in areas grazed by large mammals, Arctic ecosystems grazed 

by grubbing geese in low-Arctic Canada seem to be vulnerable to grazing (van der Wal et.al, 

2007). Grubbing, in form of removal of live plant cover belowground, strongly reduces Gross 

Ecosystem Production (GEP), and thereby the C sink strength. According to van der Wal et al. 

(2007), this does not only increase short term C efflux, but it also reduces the long term C 

storage in the soil, since it opens up the vegetation mat and thereby exposes the soil organic 

layer to erosion by water and wind (ibid). These findings are supported by Sjögersten et al. 

(2011), who revealed that grubbing by geese reduced both above- and belowground standing 

biomass, see chapter 3.1.1.  These changes in live standing biomass also changed the CO2 flux 

patterns, as grazed plots experienced a net emission of CO2 to the atmosphere, whilst ungrazed 

plots experienced a net uptake of CO2. Ungrazed plots stored almost double the amount of C in 

live biomass than grazed plots, and both Re and GEP where greater in ungrazed than in grazed 

plots, with the effect on GEP being most significant (Sjögersten et al., 2011), see Table 2. Among 

the different Arctic ecosystems, the wetland is the tundra vegetation type that is mostly affected 

by grubbing, since geese prefer the vegetation in these systems (van der Wal et al. 2007). 

However wetlands also have the greatest C sink potential of all Arctic tundra. Together with the 

fact that the amount of grubbing geese in the Arctic is currently increasing due to greater winter 

survival rates, this could according to Van der Wal et al. (2007) lead to overgrazing and feedback 

effects to climate change, as more C is released to the atmosphere.   

In contrast to studies on exclosure of herbivores, experiments with simulated grazing give 

different results, see Table 2. When Elliot & Henry (2011) simulated grazing by clipping in a wet 

sedge tundra on Ellesmere Island, Canada, ANPP was negatively affected, compared to studies 

performed by Elliott (2009) in a similar ecosystem, where grazing by muskoxen increased ANPP. 
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This indicates that it is the increased nutrient availability in presence of herbivores that affect 

ANPP and CO2 fluxes, and not grazing per se (Sjögersten et al., 2008). The nutrient cycles are 

mostly affected by the herbivore’s excrement and the effect is primarily on the C:N ratio of the 

litter, where grazing often leads to a decrease in the C:N ratio (ibid). Since nitrogen is returned 

to the soil by the excrement, while carbon to a much larger extent is stored in the biomass of the 

herbivore, grazing by herbivores should lead to small reductions in C stocks directly, but 

increase the ANPP indirectly through addition of N (ibid).   

3.1.3 Case Study: Zackenberg 

There have not been many previous studies performed on grazing effects in the Zackenberg 

area. However Berg et al. (2008) studied the relationship between the abundance of muskoxen 

and Arctic willow, and found that the two are strongly correlated. If the numbers of muskoxen is 

increased one year, the growth of Arctic willow is decreased the following year and vice versa. A 

year with high growth of arctic willow will result in a greater amount of muskoxen the following 

year (ibid). However, no relationship between grazing and CO2 fluxes was estimated.    

In this study I use primary data from an ongoing study conducted by Julie Falk and Lena Ström 

from Lund University. In field, two blocks with three different plots in a wet meadow in 

Zackenberg were clipped twice during the growing season in 2010 (2 July and 17 July) and 2011 

(15 July and 1 August). In this paper, they have then been compared to ungrazed control plots to 

see the effects of simulated grazing on CO2 fluxes. The study at Zackenberg is going to last up 

until 2013, but so forth, only data from 2010-2011 is available. As displayed in Figure 5 and 6, a 

general decrease in respiration due to simulated grazing can be observed. In addition, Figure 7 

and 8 show that there is a general decrease in NEE (a smaller uptake) when plots have been 

grazed. NEE is the net balance of uptake of CO2 through photosynthesis and Re. It should be 

noted that negative numbers indicate an uptake of CO2 from the atmosphere and positive a 

release of CO2 from the ecosystem to the atmosphere. 
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Figure 5. Mean ecosystem respiration with standard deviation during growth seasons 2010. C mean is the 
mean value of control plots and E mean is the value of plots exposed to simulated grazing by clipping. Data 
from Falk & Ström (2012). 

 

Figure 6. Mean ecosystem respiration with standard deviation during growth seasons 2011. C mean is the 
mean value of control plots and E mean is the value of plots exposed to simulated grazing by clipping. Data 
from Falk & Ström (2012). 
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Figure 7. Mean NEE with standard deviation during growth seasons 2010. C mean is the mean value of control 
plots and E mean is the mean value of plots exposed to simulated grazing by clipping. Data from Falk & Ström 
(2012). 

 

Figure 8. Mean NEE with standard deviation during growth seasons 2011. C mean is the mean value of control 
plots and E mean is the mean value of plots exposed to simulated grazing by clipping. Data from Falk & Ström 
(2012). 

To date the results show that even though the ecosystem still acts a C sink during the growth 

season, both gross and net ecosystem production decreases compared to control plots. These 

results indicate that the C sink strength is reduced when the ecosystem at Zackenberg is grazed.  
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3.2 Effects on the Arctic carbon cycle by a warming climate 

3.2.1 Ecosystem responses  

The overall impression from most studies of ecosystem responses to climate change is that a 

warming climate will lead to a greening of the Arctic, and that the ecosystems will undergo 

major transformations in plant species composition (Walker et al., 2005, Mc Guire et al., 2009, 

Hudson, 2009, Henry & Elmendorf, 2010, Tagesson et al., 2010, Lund et al., 2012). Study results 

revealed by Walker et al. (2005), Hudson (2009) and Henry & Elmendorf (2010) are reviewed in 

this chapter, for results given by the other authors, see chapter 2.2.2 and 3.2.3.  

According to a report by UNEP/GRID Arendal (Henry & Elmendorf, 2010), the greening trend is 

confirmed by a change in the Normalized Difference Vegetation Index (NDVI), where 20% of the 

NDVI signature for the Arctic has changed from tundra to forest-tundra. The change is mainly 

due to the incidence of evergreen dwarf shrubs, see Table 3 and Figure 9. The index also 

indicates that the length of the growing season has increased since 1980. Greatest changes in 

NDVI can be identified in the Arctic areas which have experienced the most significant 

temperature increase (Henry & Elmendorf, 2010).  

Table 3. Summarized responses of different plant spices due to warming. Data from Walker et al., 2005, Mc 
Guire et al., 2009, Hudson, 2009, Henry & Elmendorf, 2010, Tagesson et al., 2010, Lund et al., 2012. 

 Evergreen 
dwarf shrubs 

Graminoids Herbs Mosses Lichens 

Warming ++ + - - - 

 

 

Figure 9. Changes in plant species composition due warming 1995-2007. Source: Hugo Ahlenius, UNEP/GRID-
Arendal, 2010b. 

Despite the general vegetation changes displayed in Table 3, responses to warming will be 

ecosystem specific. For example, Walker et al. (2005) performed experimental warming on 11 
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different Arctic sites at different geographical locations. All sites experienced increased height 

and cover of graminoids and shrubs, and a shift from herbaceous to woody domination could be 

observed, see Table 3. However, mesic sites (areas which have a well-balanced supply of 

moisture) had the greatest species diversity and those sites also responded most significantly to 

experimental warming, in terms of percentage loss of biodiversity. Thereby Walker et al. (2005) 

claims that mesic sites are the Arctic ecosystem types most sensitive to climate change, which 

most likely is a function of the density of plants (ibid). The difference in response to warming 

among sites indicates that different Arctic ecosystems will be differently affected, and the initial 

community structure might be more important than the warming per se (ibid).  

Acknowledging that there is a greening occurring in Arctic regions, Hudson (2009) wanted to 

find out whether these ecosystems have a threshold when it comes to sensitivity in species 

composition to climate change. He therefore analyzed heath plots which had been 

experimentally passively warmed with open top chambers (OTCs) between 1992 and 2007 in 

Alexandra Fiord (79ᵒN), and compared them with plots that had been exposed to ambient 

(ground heated) warming between 1995 and 2007. Warming increased the annual mean 

temperature with 1ᵒC in OTC warmed plots and 2.5ᵒC in ambient warmed plots. The 1ᵒC 

warming did not strongly affect plant canopy height or cover (except for a 4% decrease of lichen 

cover), or species diversity. In contrast, the 2.5ᵒC significantly increased evergreen shrub and 

bryophyte cover as well as canopy height, which resulted in an increase of total aboveground 

biomass. The Hudson (2009) experiment therefore suggest that a threshold in sensitivity to 

climate change occur somewhere between a 1ᵒ and 2.5ᵒC increase of mean annual temperature. 

This indicate that if a warming of up to 2.5ᵒC of the Arctic occurs, heath communities with 

evergreen shrubs and bryophytes will benefit more than other communities, since they are more 

reproductive when temperature rises (ibid).     

3.2.2 CO2 fluxes 

Despite the greening trend in the Arctic, the ecosystems do not seem to take up a greater portion 

of CO2 from the atmosphere (Christensen et al., 1998, Grogan & Chapin, 2000, Dorrepaal et al., 

2009, Bokhorst et al., 2011). This depends on the significant increase in soil respiration that 

greater air- and soil temperature generates (ibid).  

As explained in chapter 2.2.2, photosynthesis and respiration are the two factors controlling CO2 

fluxes between ecosystems and the atmosphere. Christensen et al. (1998) evaluated a range of 

abiotic factors that control soil respiration, and found that air temperature is the most important 

controlling factor. In both wet and mesic Arctic sites, air temperature and depth of the water 

table (which seem to be strongly correlated) strongly influenced CO2 efflux. A higher air 

temperature generated greater efflux (ibid). CO2 efflux was most strongly affected by air 

temperature in the top soil layer (2-4 cm), compared to deeper layers. The weakening of 

correlation with soil depth indicates that most of the C exchange between soil and atmosphere is 

taking place in the upper most soil layer in these ecosystems. Nitrogen concentrations in the soil 

and thaw depth were less important for the CO2 efflux (ibid).     

Dorrepaal et al. (2009) measured soil respiration in subarctic permafrost environments, and 

found that it increased due to warming also in subsurface peat. Total Re was enhanced by 60% in 

spring and 52% in summer due to 1ᵒC warming of the air temperature, and the effect lasted for 

at least eight years.  
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In addition to the results of warming revealed by Christensen et al. (1998) and Dorrepaal et al. 

(2009), the effect on CO2 fluxes due to warming in different seasons was revealed by Bokhorst et 

al. (2011), who studied winter warming, and Grogan & Chapin (2000) who studied summer 

warming. See below for a more detailed description of these studies. In summary, however, 

almost the same trend was observed independent on which season the ecosystem was warmed, 

see Table 4.  

Table 4. CO2 flux responses due to seasonal warming. Based on results from Christensen et al., 1998, Grogan & Chapin, 
2000, Dorrepaal et al., 2009, Bokhorst et al., 2011. 

Warming  GEP Soil 
respiration 

Plant 
Respiration 

Re NPP NEE 

Winter - + +/- + - + 

Summer +/- + +/- + +/- + 

 

According to Bokhorst et al. (2011), climate change is likely to increase the frequency of extreme 

winter warming events in the Arctic. Bokhorst et al. (2011) simulated winter warming to 

investigate how such events would affect carbon fluxes in Arctic ecosystems. The following 

summer, warmed plots experienced reduced GEP and increased Re, meaning that they had 

nearly three times greater efflux of C, and a lower NPP compared to control plots. In addition, 

reproductive effort and shoot survival was negatively impacted by winter warming (ibid). 

Grogan & Chapin (2000) measured the responses of net ecosystem CO2 fluxes to warming by 

analyzing the initial and short term effects on both above- and belowground components in 

tussock tundra. They found that warming by 2-4ᵒC during one growing season had no effect on 

GEP, but increased soil temperature, belowground respiration and thereby total Re strongly in 

both sedge – and moss dominated tussocks. In control plots, plant respiration was the main 

source of CO2 release. However plant respiration did not increase with warming. This suggests 

that it was the heterotrophic respiration, i.e. stimulation of decomposition rate of SOM, which 

led to an enhancement of net CO2 efflux from the ecosystem when warmed. This study suggests 

that respiration is more sensitive to warming than GEP, a finding that is further supported by the 

studies by Christensen et al. (1998).  

Based on their findings, Dorrepaal et al. (2009) suggest that a 1ᵒC increase in the mean annual 

air temperature would contribute to as much as 38-100 megatons of C per year being released to 

the atmosphere through increased heterotrophic respiration from northern peatlands.  

3.2.3 Case Study: Zackenberg 

As already mentioned in the chapters above, an increase in photosynthetic activity in the Arctic 

due to a greening trend in the late 20th century has been suggested. Based on remote-sensing 

with 20-year records of satellite data McGuire et al. (2009) confirm this suggestion and reveal 

that these trends have been observed both at a regional and local scale. For example, the onset of 

flowering among plants in the Arctic is positively correlated to snow melt. This was studied 

specifically for Zackenberg by Høye et al. (2007) who found that the onset of flowering has 

advanced with 14.6 days the last ten years. According to Tagesson et al. (2010), there was a 

strong increase in GPP observed through satellite imagery in the fen area in Zackenberg between 

1992 and 2008. This indicates an increase in CO2 uptake. The greening was most likely coupled 

to the observed mean annual temperature rise of 0.15ᵒC/year between 1992 and 2008. The 
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strongest greening took place up until 2002, whereafter it leveled out. Net CO2 gain gradually 

decreased with decreased soil moisture levels, and consequently, the highest GPP was observed 

in continuous fen and the lowest in Dryas heath, indicating that the largest uptake of CO2 is in 

the fen and the lowest in the heath. This highlights the importance of the soil water relations for 

GPP in this high Arctic area (ibid).  

In addition to the findings by Tagesson et al. (2010), Elberling et al. (2008) reveal that 

considerably higher total leaf and stem biomass could be observed in 2004 than in 1997. 

Elberling et al. (2008) also claim that future long term predictions of the climate indicates 

continuous warming in the area of Zackenberg, with particularly increase of the winter 

temperatures and winter precipitation, and lack of snow cover in the early winter. This future 

climate scenario will benefit dry exposed vegetation sites, which most likely will result in a 

denser plant cover, whilst plants that need a protective snow cover, such as the Cassiope heath, 

will suffer. Parts of the fen area have already turned into grassland as a result of a lower water 

table due to increased air temperature. Elberling et al. (2008) assume that this has decreased the 

methane production, but increased the CO2 production rates (ibid).   

The findings by Tagesson et al. (2010) and Elberling et al. (2008) are further supported by Lund 

et al. (2012), who used the Eddy Covariance technique to measure land-atmosphere CO2 

exchange in the tundra heath at Zackenberg. Lund et al. (2012) observed a steady increase in 

GPP up until year 2005, followed by a weaker (not significant) increase in GPP the following 

years. However, Lund et al. (2012) also reveal that Re has increased steady along with the 

temperature rise in the last few years. Consequently, net ecosystem uptake of CO2 has decreased, 

and the total C sink strength of the ecosystem has weakened. Therefore Lund et al. (2012) 

propose that if the temperature continues to increase, the C sink strength will weaken further, 

and the ecosystem might even turn into a C source in the future. 

 

3.3 Possible effects on herbivores by a warming climate 

3.3.1 Freezing/thawing cycles 

Winter warming events such as the one suggested by Elberling et al. (2008) described above in 

chapter 3.2.3 implies a negative future impact on herbivores living in the Arctic, since they often 

are dependent on a loose snow cover during winter to be able to find forage (Callaghan, 1995). A 

complete snow cover with stable temperatures throughout the winter is favorable, but when the 

air temperature increases, the freezing and thawing cycle of Arctic environments change. This 

can lead to sudden thawing during winter which will, when temperature drops again, result in 

crusts of ice in the snow and on the ground, which herbivores are not able to penetrate.  

Vegetation might also be destroyed as a result of the low temperatures that they experience 

after thawing, when the isolating snow cover is melted. As a result the number of herbivores 

surviving the winter may decline (ibid).  

In contrast, increased air temperature stimulates summer plant growth in the cold, harsh and 

nutrient limited Arctic ecosystems, as explained in chapter 3.2.1 (Callaghan, 1995).  This will 

likely favor the herbivores, which may increase in numbers and thereby increase grazing rates 

indirectly (ibid). However, when plant growth is stimulated, carbohydrates dilute nutrient 
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concentrations in plants if nutrient availability for plant growth remains unchanged, and 

herbivores must consume larger quantities of forage to survive (ibid).    

3.3.2 Trophic mismatch 

In environments that are highly seasonal, such as the Arctic, vertebrate reproduction and annual 

peak of forage availability are strongly correlated (Post & Forchhammer, 2008). The success of 

the vertebrate’s survival strongly depends on the ability to consume plants at their most 

nutritious stage, which occur soon after emergence and decline rapidly thereafter. Due to the 

seasonality of plant growth, herbivores migrate in space to arrive at locations just in time for the 

onset of certain plants (ibid). This migration is controlled by daylight length, whilst plant 

phenology is controlled by temperature.  

Post & Forchhammer (2008) found indications that a mismatch between the caribou calving and 

the timing of availability of their most nutritious forage is rapidly developing. Over the time span 

1993 to 2006, mean spring (March-May) temperature increased by 4.63ᵒC in western Greenland 

where the study was performed (ibid). With rising air temperatures in the Arctic due to climate 

change, the onset of plant growth advanced with a mean value of 4.59 days between 1993 and 

2006. Throughout the same time span, the onset of calving among caribous advanced with a 

mean value of 3.82 days (ibid). Between 2002 and 2006, the onset of plant growth advanced 

with 14.8 days, whilst the onset of calving only advanced with 1.28 days (ibid). Over this period, 

not only did the onset of plant growth advance, but the growing season also progressed more 

rapidly, which seemed to increase the mismatch and led to a decrease in caribou reproduction 

and greater calf mortality (ibid).  

Since plant phenology is controlled by air temperature, it is also variable among years, which in 

contrast, herbivore migration and reproduction is not. Whether these vertebrates of the high 

Arctic will be able to adjust to the long term changes in growth onset or not is still uncertain, and 

further research is needed (Post & Forchhammer, 2008). For example, spatial heterogeneity 

might influence the rate at which plant phenology is affected by climate change, since plant 

growth is dependent on certain spatial patterns, and therefore might be affected by warming 

differently at different geographical locations and under certain conditions. A great spatial 

heterogeneity is preferable since it increases the resilience of the ecosystem to disturbances 

(Post et al. 2008). However, the studies performed by Post et al. (2008) showed that in 12 out of 

17 phenological recordings, warming reduced spatial heterogeneity among plots, and in 5 out of 

17, spatial heterogeneity increased. The study also revealed that spring warming spatially 

compressed plant growing season in the local landscape, which, together with the decrease in 

spatial heterogeneity, reduced offspring production by caribou (ibid).          

 

3.4 The relationship between grazing and climate change 

Not many comparable studies have been made on the relationship between grazing and 

warming in the Arctic, therefore some of the results presented here are from subarctic areas. 

Most of the existing research reveals that the combined effects of grazing and warming will be 

ecosystem specific and dependent on environmental properties of the site, as well as on plant 

species composition and type and pressure of herbivory. In summary however, most studies 

suggests that grazing may mitigate the greening effects that warming has on the Arctic (Klein et 
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al., 2007, Sjögersten et al., 2008, Post & Pedersen 2008, Rinnan et al., 2009), see below for a 

more detailed description of these studies. The overall combined effect of warming and grazing 

is summarized in Table 5.  

Table 5. Ecosystem responses due to combined treatment of warming and grazing. Data from Klein et al., 2007, 
Sjögersten et al., 2008, Post & Pedersen 2008, Rinnan et al., 2009. 

 Evergreen 
dwarf shrubs 

Graminoids Herbs Mosses Lichens 

Warming & 
grazing 

+/- +/- +/- - - 

 

Rinnan et al. (2009) analyzed the combined effect of herbivory and warming on Vaccinium 

myrtillus (European Blueberry, deciduous dwarf shrub) at a subarctic tundra heath in Kilpisjärvi, 

Finland, and found that warming during 10 years increased the cover of this species in areas not 

exposed to grazing. However, in areas that were grazed, no increase in plant cover of Vaccinium 

myrtillus could be observed. Cover of understory layers or herbaceous plants were not 

significantly affected neither by warming or herbivory. Rinnan et al. (2004) also found that the N 

sink strength of plants in the studied ecosystem was enhanced by warming, but that the 

herbivores negated that effect and declined the gained N uptake among plants. 

When Post & Pedersen (2008) performed similar studies in the inland area east of 

Kangerlussuaq Fjord, West Greenland, they found that warming alone increased total 

aboveground plant biomass by 33%, and the cover of gray willow and dwarf birch (both 

deciduous shrubs) with 58% and 98% respectively. However, grazing by muskoxen and caribou 

mitigated the increased growth of willow and dwarf birch due to warming with 11% and 46% 

respectively, see Figure 10. Grazing also reduced the positive total community biomass response 

due to warming with 19%. Furthermore, after five years of treatment, control plots shifted from 

being dominated by graminoids to become dominated by deciduous shrubs when exposed to 

experimental warming. Plots which were exposed to both warming and grazing sustained the 

composition and structure of the ecosystem, which means that in the presence of herbivores, 

warming did not seem to matter.  
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Figure 10. Ecosystem composition responses to warming and exclosure of herbivores during a five year 
experiment. Source: modified from Post & Pedersen, 2008.  

In contrast, when the same scientists performed five years of experimental warming on areas 

grazed by vertebrate herbivores, no clear evidence of increased plant biomass due to warming 

was shown (Pedersen & Post, 2008). Nor did the experiment prove that grazing constrain shrub 

invasion onto grasslands due to warming, even though some evidence suggested it. However, 

during their experimental period, there was a two year outbreak of the moth Eurois occultak, 

which according to the authors probably was the reason for the weak evidence of ecosystem 

responses due to warming and grazing treatments (ibid).  

Klein et al. (2007) compared ecosystem responses, at a meadow site and a shrub site at the 

Tibetan Plateau permafrost rangeland, due to grazing (simulated by clipping) and climatic 

warming. The study reveal that graminoids, which were present in both habitats, decreased due 

to warming, resulting in a total decrease in ANPP at the meadow site. Grazing however did not 

seem to affect graminoids, and did not affect total ANPP at the meadow site. At the shrubland 

site, the decrease in graminoid ANPP due to warming was countered for by an increase in shrub 

ANPP, which resulted in unchanged total ANPP. Grazing slightly decreased shrub foliar ANPP, 

but total ANPP was not significantly affected. Forb ANPP was not affected by warming, but 

increased by grazing (Klein et al., 2007). If the results rendered above are summed up, warming 

and clipping cancelled each other out, and seem to have no effect on total ANPP when combined 

(Klein et al. 2007). In addition, measured throughout the year, the effects of warming strongly 
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depended on the presence or absence of grazing (clipping). The greatest mitigation by grazing 

was observed in the middle of the growing season (June-September). Clipping extended the 

growing season, and when these two factors were combined, growing season both advanced and 

extended, which improved overall rangeland quality (ibid). The effects of monthly clipping were 

in turn dependent on warming; when warming did not occur, increase in biomass due to clipping 

was three times larger compared to when it did occur (ibid). Clipping also generally increased 

forage quality by increasing N contents and decrease C:N ratios. When clipping and warming 

was combined, N increased or was not affected, and C:N decreased or was not affected (ibid).     

In contrast to the studies reviewed above, Olofsson et al. (2004) and van der Wal et al. (2004) 

suggests that both herbivory by mammals and increasing air temperatures increase plant 

biomass through an enhancement of soil nutrient availability, and that the two factors thereby 

work in parallel. Olofsson et al. (2004) performed experiments on two tundra heaths in northern 

Norway, where the enhancement of the soil nutrient cycling rates and increase in NPP were 

considerable as the ecosystem was heavily grazed by reindeer. Van der Wal et al. (2004) 

increased the amount of reindeer grazing in an area on Spitsbergen, Norway, during three years 

to investigate ecosystem responses. The standing grass biomass was strongly enhanced due to 

the nutrition addition, and the heavy grazing did not reduce this increase.  

Studying the combined effect of grazing by geese and warming, Sjögersten et al. (2008) found 

that warming had a large effect on CO2 fluxes when measured in a mesic site in subarctic 

Spitsbergen, Norway. Re and GEP were greatest in plots which experienced warming and low 

intensity grazing, whilst low level grazing without warming reduced GEP and Re. This indicates 

that the ecosystem responded directly to elevated soil and air temperatures, and that changes in 

CO2 fluxes were driven by both enhanced physiological activity and increased plant biomass in 

combination. After experimental warming, the mesic site generally acted as a source of CO2. 

When the same experiments were conducted in a wet meadow site, the ecosystem acted as a 

sink for CO2 in the middle of the growing season, and as a source the rest of the season. This 

suggests that the treatments had a generally negative impact on the carbon uptake of the 

ecosystems. Also observed was that the ecosystems responded within one season to both 

treatments, and that these changes were sustained. However no further change in response 

could be observed as the experiments went along up to three years. The negative impacts by 

grazing on the C sink capacity were not compensated for by reduced CO2 emissions during 

winter, since winter Re was not affected.  Sjögersten et al. (2008) therefore suggests that an 

increase in geese populations in Arctic wetlands could strongly reduce the C sink strength in 

these ecosystems.   

 

4 Discussion 

4.1 Sources of error 

Many of the results presented in this work are based on simulated grazing, some in field and 

some in laboratory. Clipping performed in laboratory is of course a simplification of reality, since 

collected monoliths are not exposed to natural variations in nutrient cycling, light and water 

availability. This must be taken into consideration when validating truthfulness of such studies.  
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Also, since all studies discussed in this paper have been performed in different types of Arctic 

ecosystems, which are grazed by different type of herbivores, and which have been exposed to 

somewhat different treatments, I must point out that conclusions based on this discussion are 

very general. They are also a simplification of the complex ecosystem- and CO2 flux responses to 

biotic and abiotic controlling factors.  

 

4.2 Future scenarios 

To begin this discussion, I would like to propose a few scenarios that are possible to take place in 

Arctic ecosystems in the future. It is impossible to surely know how the C cycle will behave in the 

future, but to draw some conclusions; I find it necessary to hypothesize on some different 

possible scenarios.   

1. Both warming and amount of herbivores increase. 

This may either result in that grazing at all above moderate intensities reduces the C sink 
strength of the Arctic, and warming will strengthen such a response due to increased Re.  

The other possibility is that grazing will mitigate the greening effect due to warming by being a 
more important factor affecting the C sink strength, and rates of both GPP and Re will in the long 
run remain unchanged.  

2. Warming increases but amount of herbivores decrease. 

This may either result in an enhanced CO2 strength as the greening trend in the Arctic is allowed 

to continue without grazing acting as a disturbance. 

The other possibility is that the C sink strength is reduced since dwarf shrubs with lower 

photosynthetic rate will take over from plants with higher photosynthetic rates such as 

graminoids. In addition, Re may increase as a result of increased soil temperature.   

 

4.3 Analysis of results 

As have been displayed in chapter 3.2, Arctic environments are vulnerable to climate change, 

and the tundra has experienced a greening trend during the last few decades. However, it seems 

like grazing by herbivores are, and can become an even more, important factor in how 

ecosystems will respond in terms of plant species community changes caused by a warming 

climate. If local land use patterns are employed carefully, moderate to heavy grazing might 

mitigate the impacts of climate change in Arctic ecosystems.  

As further explained in chapter 3.2, the earth’s climate is getting warmer, the active layer depth 

in the Arctic tundra is increasing, and the invasion of more southerly originated plant species 

such as evergreen dwarf shrubs is changing the original composition of these northerly located 

ecosystems. This is considered to be a greening trend of the Arctic. However, the productivity of 

the ecosystems is not necessarily enhanced since evergreen shrubs have a very low 

photosynthetic rate compared to for example graminoids. So even if the Arctic is getting greener 

according to the NDVI index, it is not certain that net CO2 uptake will increase as significant as 
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the standing plant biomass. An increase in leaf canopy cover will also lower the albedo, and net 

absorbed radiation will most likely be amplified.  

Therefore, before assuming that a greening of the Arctic automatically will lead to an enhanced 

strength of the CO2 sink capacity, the increased plant biomass due to a warmer climate must be 

contrasted to what type of plant that will benefit, and how Re will respond. As have been 

explained in chapter 3.2.2, Re will increase in almost direct proportion to increase in air 

temperature. At the same time, GPP also seem to be correlated to air temperature, but only up to 

a certain temperature threshold. Thereafter it levels out and temperature increase does not 

seem to be as an important controlling factor. Even though not observed yet, this might in the 

long run indicate that ecosystems in the Arctic will turn from being a sink of CO2 to become a C 

source to the atmosphere, even though this will be different in certain ecosystems.  

As grazing by large mammalian herbivores seem to decrease the invasion of evergreen dwarf 

shrubs, and at the same time increase the abundance of graminoids, it might reverse the indirect 

negative impact that warming has on net CO2 uptake. Grazing may therefore mitigate impacts of 

climate change, as explained in chapter 3.4. If grazing is to be used as a possible mitigation of a 

warming climate, it must however be discussed what grazing pressure that would increase the 

CO2 uptake most, and by what type of herbivore the effect will be most beneficial. As mentioned 

earlier in chapter 2.4, the GOH suggests that light to moderate grazing pressure should have the 

greatest positive impact on productivity of ecosystems. However, Arctic ecosystems seem to 

need a somewhat greater grazing pressure to increase productivity significantly. This is 

probably due to the lack of good quality forage in these harsh environments, which results in a 

selective grazing by mammalian herbivores. Thereby, a light to moderate grazing pressure only 

results in a situation where herbivores can choose the most nutritious forage, and leave less 

preferable plants such as dwarf shrubs behind. When Arctic ecosystems are heavily grazed 

however, free ammonium is added to the soil to a large extent, which enhances decomposition 

by both increased microbial activity and nutrient cycling rates. Also, as mentioned in chapter 

3.1.1, rates of trampling matters. As the soil is heavily trampled, it is warmed up as the moist 

bryophyte mat is disturbed and this favors plant growth, especially gramioids.  

According to chapter 3.2.2 increased soil temperature should further result in greater Re. 

However, no studies reviewed in this paper have revealed that increased Re should mitigate 

increased GPP due to heavy grazing. My assumption is therefore that the positive effects on 

photosynthetic CO2 uptake rates due to heavy grazing should be more significant than increased 

releases due to increased Re. As the tundra turns into being more graminoid dominated due to 

grazing pressure, the process should be able to drive itself since plant litter from such plants are 

decomposed faster thanks to their greater nutrient- and more labile carbon content.    

Based on the discussion above, this study has shown that for Arctic ecosystems to remain a sink 

for CO2, grazing pressure by large mammalian herbivores needs to be sustained and even 

increase. Such a process might be self sustained as the amount of herbivores may increase as a 

result of greater forage availability following increased air and soil temperatures. However, the 

trophic mismatch that is being observed between herbivore reproduction and onset of 

flowering, as explained in chapter 3.3.2, is worrying. If mammals such as caribou, reindeer or 

muskoxen do not adapt to the advance of the growing season, the positive effect that warming 

will generate in terms of increased herbivore population might be reversed. In addition, the 

possible changes in the freeze/thaw cycles mentioned in chapter 3.3.1 can become a major 
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problem for herbivore survival in the future. If the Arctic should experience one or a few 

extreme warming events, especially during winter, I believe it is possible that a new steady state 

could develop from which the ecosystems might not be able to recover. To secure mammalian 

herbivore populations in the Arctic, and maintain a somewhat intact C cycle despite climate 

warming, supplementary feeding during winter and early spring might need to be considered.    

 

4.4 Future research  

As explained in chapter 3.1 and 3.2, there are however great differences in grazing by large 

mammals and by grubbing geese. Grubbing seems to have mainly negative effects on GPP and 

net CO2 uptake. It seems to increase the risk of turning Arctic ecosystems, and especially the 

wetlands, into C sources. As the climate is getting warmer, geese populations have increased in a 

range of areas, and they are not affected by changes in the freeze/thaw cycle to the same extent 

as large mammals since they do not overwinter in the Arctic. In addition, geese populations will 

most likely increase due to global warming. Therefore, further research on how to secure the C 

sink strength of Arctic wetlands is needed.   

Also, as was revealed in the introduction of this review, due to lack of existing research on how 

grazing affects other GHGs, CO2 is the only GHG investigated in this study. However, to be able to 

understand the complexity of this issue, responses of CH4 and other GHGs such as N20 need to be 

taken into account. In addition, other factors such as permafrost dynamics, the hydrological 

cycle, microbial activity and disturbance regimes like insect outbreaks must also be considered 

to get the full picture of how the C cycle is affected by climate change and grazing. Therefore, 

further research in these fields is needed. Primarily comparative studies such as this one are of 

great importance, where different factors are analyzed in a context of their relationship to each 

other.   

 

5 Conclusion  

The question at issue is this paper was: 

 What is the relationship between grazing and climate change, and which one of them will 

be the most important factor affecting the carbon cycle in the future? 

The answer is that the relationship is ecosystem- and species specific. However, depending on 

grazing pressure, herbivory seem to mitigate the greening effect that climate warming has on 

the Arctic by preventing dwarf shrubs from invading the tundra. Thereby, the C cycle remains 

somewhat intact, even though warming seems to increase Re. If warming increases but herbivore 

pressure remains the same, dwarf shrubs would most likely invade the tundra. This may lead to 

positive feedback effects on the global warming. Therefore, grazing should be the most 

important factor affecting the C cycle. However, since the herbivore’s survival is dependent on 

the climate in terms of the necessity to get hold of nutritious forage in early spring, climate 

change will still probably be the most impending factor controlling the Arctic C cycle in the 

future.  
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