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Abstract: 

In the process of decomposition soil carbon is transformed into CO2 by microbial respiration, which makes 
decomposition a key process for understanding carbon cycling an releases of CO2. Since the northern 
permafrost regions contain half of all belowground carbon and the tundra regions are expected to be 
markedly affected by climate warming, it is of particular interest to understand how warming will affect 
decomposition in the tundra. Decomposition is however influenced by many factors, from climatic factors 
such as temperature and precipitation to the belowground organisms inhabiting the soils and the 
aboveground system dictating the litter that falls to the ground and is decomposed. Further, grazing has been 
shown to oppose some of the effects of warming on tundra.  

In this thesis I analyzed data collected from two long-term field experiments, one in Kilpisjärvi (NW 
Finland) and the other close to Kangerlussuaq Fjord (SW Greenland), both using fencing for manipulation of 
grazing regime and open-top chambers for artificial warming. My aim was to not only investigate how 
warming and grazing affect decomposition, but also to understand whether the magnitude of changes in 
decomposition can be explained by changes in plant community traits and soil characteristics. I found that in 
contrast to my hypothesis, warming decreased decomposition in Kangerlussuaq, where the soil was drier and 
contained less carbon than in Kilpisjärvi. I found no effects of grazing on decomposition, plant community 
traits nor soil characteristics in neither of the study locations. Neither did I find any consistent associations 
between changes in decomposition and changes in plant community traits, indicating that the effect of litter 
quality on decomposition is minor in these areas likely rather limited by climate. I found an association for 
increased decomposition when plant community C:N ratio and C:P ratio increased as a response to warming, 
but only in Kilpisjärvi, and since increased plant community C:N and C:P ratios are linked to resistant litter 
this positive effect is unlikely driven by enhanced litter quality. However, I did find a positive relationship 
between increased root biomass and increased decomposition as a response to warming that was consistent 
across areas and grazing regimes, indicating that warming can boost decomposition in different tundra 
habitats by promoting root growth. 
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Sammandrag: 

I slutsteget av nedbrytningsprocessen bryter mikrober i jordmånen ner kolföreningar och bildar CO2, vilket 
vidare avges till atmosfären. Detta gör nedbrytning till en nyckelprocess som har en central betydelse för att 
förstå kolets kretslopp och förutspå koldioxidutsläpp. Eftersom de nordliga permafrostregionerna innehåller 
hälften av allt jordbundet kol i världen och tundraregionerna förutspås drabbas speciellt hårt av uppvärmning 
till följd av klimatförändringen, är det av särskilt intresse att förstå hur nedbrytningsprocessen i 
tundraområden påverkas av uppvärmning. Nedbrytning påverkas dock av flera faktorer: från klimatfaktorer 
så som temperatur och nederbörd till uppbyggnaden av organismsamhället i jordmånen, samt växt- och 
djursamhället ovanjord, som vidare bestämmer kvaliteten på det substrat som faller till marken och nedbryts. 
Dessutom har avbetning visat sig motverka en del förändringar i tundran som orsakats av uppvärmning. 

I den här avhandlingen analyserade jag data som insamlats inom två långsiktiga fältexperiment, ett beläget i 
Kilpisjärvi (nordvästra Finland) och ett nära Kangerlussuaq fjord (sydvästra Grönland). Båda studierna 
använde stängsel för att manipulera graden av avbetning och öppna kammare för att åstadkomma en 
artificiell uppvärmning. Utöver att studera effekten av uppvärmning och avbetning på nedbrytning hade jag 
som syfte att undersöka om omfattningen av en förändring i nedbrytning kan förklaras av förändringar i 
växtsamhällets och jordmånens egenskaper. I motsats till min hypotes fann jag att uppvärmning minskade 
nedbrytningen i Kangerlussuaq, där jorden är torr och kolfattig jämfört med Kilpisjärvi. Däremot hade 
förändringen i avbetning ingen effekt på vare sig nedbrytning eller växtsamhällets och jordmånens 
egenskaper. Jag hittade inte heller något konsekvent samband mellan en förändring i nedbrytning och 
förändringar i växtsamhällets egenskaper, vilket tyder på att effekten av substratkvaliteten på nedbrytning är 
ringa i dessa tundraområden, som sannolikt istället är begränsade av klimatfaktorer. I Kilpisjärvi fanns dock 
ett samband mellan förhöjd C:N och C:P kvot i växtsamhället och ökad nedbrytning som respons till 
uppvärmning, men då förhöjd C:N och C:P kvot är förknippat med försämrad substratkvalitet är detta 
positiva samband sannolikt inte relaterat till substratkvalitet. Jag fann även ett samband mellan ökad 
rotbiomassa i jordmånen och ökad nedbrytning, där sambandet dessutom var konsekvent för bägge 
studieområden och oberoende av graden av avbetning, vilket tyder på att uppvärmning kan stimulera 
nedbrytning via ökad rotbildning i olika tundrahabitat. 
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1.  Introduction 
 

Decomposition is one of the key processes needed to understand nutrient cycling in an 

ecosystem. With a changing climate that is predicted to result in changed precipitation 

patterns and warmer tundra regions (IPCC, 2018) a better understanding of how these factors 

affect decomposition is needed. The northern regions also have an exceptionally important 

role when it comes to decomposition, since the northern permafrost region is estimated to 

contain half of all carbon present in the belowground organic carbon pool globally (Tarnocai 

et al., 2009).  

 

In the process of decomposition soil carbon is transformed into CO2 by microbial respiration. 

Recent research has often concentrated on understanding carbon cycling because of the 

important role of released CO2 on climate (Aerts, 1997; IPCC, 2018). However, when trying 

to understand the drivers of decomposition, nitrogen and phosphorus are often limiting 

nutrients for the plant and decomposer community (Chapin, 1980) and their availability and 

the relative amounts of carbon, nitrogen and phosphorus are of great interest. 

 

Currently higher resolution decomposition data is needed to improve the predictive power of 

climate models (Bonan et al., 2012). We need to know more about what is happening 

belowground to be able to predict how the aboveground system will respond to 

environmental changes, such as a warming climate. Decomposition is however affected by 

many different factors; the decomposer community, the substrate that is decomposed, and 

climatic factors such as temperature and moisture. The plant community affects decomposers 

by plant-soil interactions, dictates the litter falls to the ground and serves as substrate for 

decomposition, and may shade the soil surface and therefore influence temperature and 

moisture. Grazing and grazers can further affect the decomposer community and substrate by 

feces and urine, but also by trampling, and more indirectly by effects on the plant community. 

To produce decomposition data with sufficient resolution we need a better understanding of 

the relative importance of these different factors for the decomposition process in different 

contexts. 
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1.1. Effects of soil community on decomposition 

 

The setting of decomposition is the belowground soil, and the incredible variability of soils 

and soil organisms is something often overseen and hard to quantify. When one gram of soil 

may contain more than 100 meters of fungal hyphae (Leake et al., 2004) and 38 000 bacterial 

species (Curtis et al., 2002) the enormity of possible decomposer communities and 

interactions is hard to grasp. Moreover, a global comparative study found the highest 

microbial biomass concentrations in tundra soils (Fierer et al., 2009). 

 

The decomposer communities can be roughly divided into bacterial and fungal energy 

channels. Bacterial energy channels are usually faster, they tend to make nutrients more 

available for plants and bacteria are more effective at decomposing labile litter. But bacterial 

communities are also associated with leakier nutrient cycling (Van Der Heijden et al., 2008), 

while fungal communities are associated with more efficient nutrient cycling (Gordon et al., 

2008; de Vries et al., 2006). Fungal energy channels are also slower, they immobilize large 

quantities of nutrients but are better at decomposing resistant litter. However, decomposition 

efficiency of fungal communities varies depending on their composition, at least for species 

poor low diversity fungal communities (Setälä & McLean, 2004).  

 

Besides bacteria and fungi, soils are also home to a variety of other organisms, such as 

nematodes, mites, collembolans, flagellates and amoebas. These organisms form complex 

belowground food webs, with multiple trophic levels, predator-prey interactions, herbivory 

and trophic cascades that influence decomposition rates in a highly context-dependent 

manner (Wall et al., 2008). However, the effects of soil fauna on decomposition seem to be 

neutral when biological activity is limited by moisture and temperature (Wall et al., 2008). 

 

On top of the high quantity of different soil organisms, soils also show a lot of both temporal 

and spatial variation. Microbial communities vary seasonally, for example some fungi thrive 

during winter and on the other hand bacteria dependent on root exudates thrive during the 

summer months (Lipson and Schmidt, 2004). These shifts in decomposer community 

composition are likely to affect decomposition, leading to temporal and spatial patterns. 
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Soil microbes also affect plant community, both directly by root-associated relationships and 

indirectly by altering nutrient supply, and these changes will later feed back and affect the 

decomposer community via litter produced by plants. 

 

 

1.2. Effects of plant community on decomposition 

 

Within a climatic region, litter quality is the most important predictor of decomposition 

(Aerts, 1997), and the present plant community is the most important predictor of litter 

quality since it dictates the litter that falls to the ground. An experimental study by Canessa et 

al. (2020) however showed that the effect of litter quality was most pronounced during the 

early phase of decomposition.  

 

The decomposability of litter correlates with certain plant traits (Cornwell et al., 2008). 

Therefore, when studying effects of plant community on the belowground system, 

emphasizing the litter they produce, focus needs to be more on proportions of traits and 

relative amounts of nutrients associated with litter quality, than on individual plant species. 

For this, using community weighted means (Lavorel et al., 2007) of traits in the plant 

community is a well-suited approach. 

 

Plants with high specific leaf area (SLA) and high foliar nitrogen and phosphorus content 

tend to generate labile litter that is easily decomposed (Cornwell et al., 2008). On the other 

hand, high phenolic content makes litter resistant and slowly decomposable (Chomel et al., 

2016). However, it has been proposed that the effect of litter quality on decomposition is less 

pronounced in cold and dry areas (Currie et al., 2010). Also, it is worth noting that in some 

instances even individual plants species may play a key role, as was seen when a nitrogen-

fixing shrub invaded nitrogen limited forests in Hawaii, with profound effects on soil 

nitrogen availability, litter decomposition and plant growth (Vitousek & Walker, 1989). 

When this is the case, identification of these key species is of particular interest. 

 

Plants also interact with the decomposer community by other means than via litter. Especially 

in nutrient-limited ecosystems such as the tundra, plants and microbes may compete for 

nutrients (Nordin et al., 2004; Schimel and Chapin, 1996). When plants compete with 
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decomposers for nutrients, decomposition is likely to decelerate. On the other hand, root 

exudates are an important nutrient source for many microbes, and a means by which plants 

ameliorate conditions for decomposers. Individual plant species may also select for 

decomposers that are particularly well suited for decomposing litter produced by that plant 

species (Ayres et al., 2009). However, the effect of plant species on soil organisms is likely to 

be strong mainly when the soil community is driven primarily by bottom up control, which 

depends on nutrient limitations (Scheu and Schaefer, 1998) and trophic levels (Hedlund and 

Öhrn, 2000) in the soil food web. 

 

 

1.3. Effects of warming on decomposition 

 

Temperature and moisture can together explain approximately 70% of variation in 

decomposition between different ecosystems (Berg et al., 1993; Trofymow et al., 2002). 

According to the Arrhenius equation (Eq 1), which is an equation about the temperature 

dependency of reaction rates, the frequency of collisions with adequate activation energy 

increases with increased temperature. 

 

𝑘 = 𝐴𝑒
−𝐸𝑎
𝑅𝑇  

Eq 1. k is the rate constant, A the pre-exponential factor which depends on the chemical 
reaction, Ea the activation energy for the reaction, R the gas constant and T temperature in 
kelvins. 
 

However, when either the substrate or the enzyme needed for an enzymatic reaction is 

limited, the application of the Arrhenius equation also becomes limited. Therefore the 

temperature dependency is likely to be more pronounced for resistant litter that requires 

higher activation energy and is often more abundant, at least if there is no barrier that protects 

the resistant litter from enzymes that are able to break it down. Supporting this, Fierer et al. 

(2005) showed that the effect of warming on decomposition rate depends on the quality of 

organic matter. On the other hand, warming might affect decomposition by influencing both 

substrate availability and the amount of enzymes, for example by enhancing microbial 

growth, which leads to more microbial enzymes, or by thawing on frozen soils, which would 

make the substrates more available for microbes.  
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Warming can also directly influence the decomposer community. In the tundra, warming 

promotes bacterial growth more than fungal growth (Chen et al., 2015), thus promoting the 

faster and leakier bacterial energy channels and faster turnover of nutrients. Indirectly 

warming may affect the composition of both decomposer and plant communities, for example 

by inducing range shifts of plant species (Van Der Putten, 2012). Warming causes altered 

timing in phenological events in plants (Post et al., 2008), which likely influences vegetation 

nutrient demand on a temporal scale thus potentially causing temporal changes in nutrient 

availability for decomposers. Warming might also influence soil moisture by making soils 

drier, especially when protective vegetation is scarce and soil layers thin, posing many 

potential effects on decomposition by affecting belowground fauna, microbial growth, 

substrate availability and plant growth. 

 

 

1.4. Effects of moisture on decomposition 

 

Together with temperature, moisture is the key climatic factor explaining decomposition rates 

across ecosystems (Berg et al., 1993; Trofymow et al., 2002). Still, the effect of moisture on 

decomposition is not univocal, with both negative and positive effects being reported. Too 

moist environments are often oxygen-depleted which reduces decomposition, while too little 

moisture limits microbial and plant growth, also hampering decomposition.  

 

Since warmer temperatures cause drying by increasing evaporation, warming is likely to 

decrease decomposition in ecosystems limited by moisture. Supporting this, a meta-analysis 

studying the effects of warming on decomposition in cold biomes found that decomposition 

increases only when soil moisture is sufficient (Aerts, 2006). Moisture also affects 

vegetation, which will further influence decomposition via litter quality, as shown earlier. 

 

Soil moisture is however not fixed but commonly show seasonal patterns and may also vary 

at shorter time scales. Drying and rewetting events may cause significant stress for both plant 

and microbial communities, causing nutrient leaching and influencing soil community 

composition (Gordon et al., 2008), with further effects on decomposition processes. 
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1.5. Effects of grazing on decomposition 

 

Grazers may affect decomposition directly via urine, feces and trampling, and indirectly by 

plant-mediated effects. In High Arctic tundra, effects of feces alone has been shown to 

increase microbial biomass and reduce isolating moss coverage (Van Der Wal et al., 2004), 

causing rising soil temperatures which could either improve decomposition or decelerate it by 

increasing evaporation and drought. 

 

Grazers may also greatly affect plant community. Grazing pressure can dictate the entire 

vegetational states of tundra: one experiment showed that vegetational states dominated by 

lichen, moss or graminoid depend on grazing pressure (Van Der Wal, 2006) while another 

demonstrated transition from moss-dominated tundra to grass-dominated steppe with 

increased grazing pressure (Zimov et al., 1995), with potentially considerable effects on 

carbon release (Zimov, 2005). Because of these massive changes grazing may have on 

vegetation, the direct effects of grazing on decomposition actually seem of minor importance 

in comparison to the plant-mediated indirect effects. 

 

Grazing may induce other plant-mediated effects that are more subtle. Responses to 

defoliation events caused by grazers vary depending on the species involved, timing and 

intensity of grazing (Bardgett and Wardle, 2003; Mikola et al., 2001). Grazing, or the more 

recently proposed theory of photodamage (Close and McArthur, 2002), may induce plants to 

produce phenolic compounds, thus making the litter entering soils more resistant. Good 

palatability is also linked to labile litter (Cornelissen et al., 2004), so grazers are likely to 

select for plants or parts of plants which would have made labile litter, and thus might 

promote growth of plant species with poor quality litter. 

 

On the other hand, grazers also have the potential to turn what would have been resistant 

litter into labile feces, promote compensatory growth and by impairing plant succession 

inhibit species with poor litter quality. Plants may also respond to herbivory by allocating 

resources, causing pulses in root exudations stimulating both microbial activity (Bargett and 

Wardle, 2003) and the faunal consumers of soil microbes (Mikola et al., 2001). Indeed, 

effects of grazing seem to be highly context-dependent (Hobbs, 1996).  
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Effects of warming and grazing on plant community may also be opposing, as when warming 

promotes shrubification but grazing inhibits it (Post & Pedersen, 2008). Understanding the 

opposing effects of grazing on changes caused by warming may be of particular interest when 

humans aim to mitigate the negative effects of environmental change, such as increased CO2 

emissions from soil, since in many ecosystems grazing regime depend on human land use. 

With better understanding of the effects of grazing in different contexts, we may change our 

land use in ways that potentially mitigate unwanted consequences of a changing climate. 

 

 

1.6. Measuring decomposition rates 

 

Challenges in measuring decomposition rates are what kind of substrate to use and how to 

compare the results from different ecosystems. There are two main approaches: either to use 

leaf material native to focal ecosystems as substrate, or to use a standardized substrate across 

different ecosystems. Both approaches have their pros and cons. 

 

It is likely that the decomposer community have at least to some extent adapted to the native 

litter and may in fact be more able to decompose native litter than standardized substrate. In 

such a case the results obtained by using a standardized litter may poorly reflect the systems 

actual ability to decompose litter and cycle nutrients. On the other hand, using native leaf 

material makes comparing results on decomposition between different ecosystems difficult, 

since the results may be attributed more to differences in litter than differences in ability to 

decompose the litter.  

 

Using standardized litter as substrate across ecosystems makes an effective tool for 

comparing decomposition rates in different ecosystems, without the uncertainty to which 

extent differences in substrates may have affected the results. One established, easily 

available and cost-effective method for measuring decomposition rates is using the Tea Bag 

Index (Keuskamp et al., 2013), which uses two different commercial types of tea as 

standardized substrates. 
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1.7. Aims of study 

 

In this study I combine and compare data from two long-term field experiments in two 

differing tundra environments, one in Kilpisjärvi, northern Finland, and the other one near 

Kangerlussuaq Fjord, western Greenland. My aim is to compare the response of 

decomposition, measured using the standard litter method, to warming and fencing in these 

environments. I will further investigate if a change in decomposition can be explained by 

changes in plant community traits and soil characteristics.  

 

Based on the existing knowledge reviewed above I made the following hypotheses: 

 

First, I will study the differences in soil characteristics between the two study areas and 

expect warming and grazing to influence decomposition via changes in the soil environment: 

I expect that high moisture and root biomass would accelerate decomposition, while high 

fungal-to-bacterial ratio (later F:B ratio) and carbon-to-nitrogen ratio (later C:N ratio) would 

decelerate decomposition. 

 

Second, I expect warming and grazing to influence decomposition via changes in the plant 

community, described by community weighted means of plant traits: I expect high SLA to 

accelerate decomposition and, in contrast, high phenolic compound content, high C:N ratio 

and C:P ratio to decelerate decomposition. The responses of present plant communities to 

warming and grazing have been documented for both Kilpisjärvi (Kaarlejärvi et al., 2017) 

and Kangerlussuaq (Post & Pedersen, 2008), but here I will focus on decomposition. 

 

Overall, I expect warming to accelerate decomposition and grazing to decelerate 

decomposition in these tundra ecosystems. 

 

 

 

 

 

 

 



 13 

2. Material and methods 
 

2.1. Study sites 

 
One of the the two study sites is located at 750 m.a.s.l. in Kilpisjärvi, Finnish Lapland 

(69.05°N, 20.89°E). The other study site is in the inland area east of Kangerlussuaq Fjord, 

West Greenland (67.11°N, 50.37°W). 

 

The vegetation in Kilpisjärvi is dominated by grasses and forbs, while the vegetation in 

Kangerlussuaq is dominated by low shrubs such as Betula nana and Salix glauca. The 

Kilpisjärvi area is mainly grazed by reindeer and small rodents (Norwegian lemmings, grey-

sided voles), occasional mountain hares have been spotted. The tundra in Kangerlussuaq is 

mainly grazed by caribou and muskoxen, with occasional ptarmigan and arctic hares. No 

small rodents are present.  

 

 
Figure 1. a) Part of the vegetation patch in Kilpisjärvi, showing one of the transparent open 
top chambers that increases temperature by approximately 2ºC, in the front of the picture 
and the small fences used to prevent grazing further back. b) One of the three vegetation 
patches in Kangerlussuaq showing the large fence and multiple open top chambers both 
inside and outside the fence. (Pictures: © Elina Kaarlejärvi) 
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2.2.  Experimental design 

 

All 28 study plots in Kilpisjärvi (measuring 0.8  0.7 m each) were situated at one vegetation 

patch. The 50 study plots in Kangerlussuaq (measuring 0.5  0.5 m each) were situated at 

three different vegetation patches, with 12 plots on two of the patches and 26 plots on the 

third patch. 

 

In Kilpisjärvi, the fencing treatment was randomly appointed to 14 of 28 plots. Each fenced 

plot had its own small cage surrounding the plot (Fig. 1a). The caging also continued into the 

ground to stop small rodents from entering. In Kangerlussuaq each of the three vegetation 

patches had one very large fence to keep muskoxen and caribou from grazing (Fig. 1b). At 

two patches six of the plots were inside the fence and six were outside, at the biggest patch 12 

plots were inside the fence and 14 were outside the fence. 

 
Transparent open top chambers (Fig. 1), an established passive method for increasing 

temperatures by approximately 2 ºC (Marion et al., 1997), were constructed according to the 

International Tundra Experiment protocols (Henry and Molau, 1997) and used for warming 

treatment in both locations. In Kilpisjärvi, the warming treatment was randomly appointed to 

14 of the 28 plots resulting in seven control plots, seven warmed plots, seven fenced plots and 

seven both warmed and fenced plots. The chambers were removed in July when reindeer 

mostly graze in the area, to ensure sufficient grazing in the plots that were both warmed and 

grazed. In Kangerlussuaq, the warming treatment was randomly appointed to half of the plots 

inside the large fences and half of the plots outside the fences. This resulted in six warmed 

plots at each of the two smaller patches and 13 warmed plots (six inside the fence and seven 

outside) at the largest patch. The chambers were at place during the growing season 

 

The data collected from these experimental setups, including data on decomposition, soil 

characteristics and plant abundance and traits, was handed to me by Elina Kaarlejärvi. The 

necessary field and laboratory work were conducted by separate teams in 2016. 
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2.3.  Soil characteristics measurements 

 

Soil moisture was measured in field from each plot using a DeltaT soil moisture probe. Root 

biomass, pH, F:B ratio, soil C and N were all measured in the lab from three pooled soil cores 

(measuring 10 cm in length and 2.5 cm in diameter) collected from each plot. Soil C and N 

were analyzed with an elemental analyzer.  

 

F:B ratio was analyzed from a freeze‐dried and ground subsample of the above-mentioned 

pooled soil samples. Following the method by Frostegård et al. (1991) phospholipid fatty acid 

content was analyzed, and the phospholipid fatty acids i14:0, 14:0, i15:0, a15:0, 15:0, i16:0, 

16:1ω9, i17:0, a17:0, 17:1ω8, cy17:0, 18:1ω7, 10me17, 10me18 and cy19:0 were used as 

indicators of bacteria while the phospholipid fatty acids 16:1ω5 and 18:2ω6 were used as 

indicators of fungi. 

 

 

2.4. Decomposition rate measurements  

 

Decomposition was measured using standardized litter i.e. commercial green tea bags, an 

established method (Keuskamp et al., 2013). The tea bags were weighed, buried, left to 

decompose, dug up, dried and weighed again. In Kilpisjärvi, the tea bags were left in the 

ground to decompose between June 28 and August 8, while in Kangerlussuaq the tea bags 

were in the ground between May 20 and July 20. The fraction of tea that was decomposed 

during the 41 days in Kilpisjärvi and 70 days in Kangerlussuaq was then calculated.  

 

I used this fraction to further calculate a decomposition rate (k) by using Equation 2, a first-

order exponential decay function that can be used during the first fast phase on 

decomposition (Zhang et al., 2008). By calculating decomposition rates, I could obtain values 

for decomposition that made comparisons between the two areas possible despite the 

differing decomposition times. 

 

𝑦 = 𝑒−𝑘𝑡 

Eq 2. y is fraction of tea remaining (g g-1), t is decomposition time measured in years and k is 
the decomposition rate (g g-1 per year). 
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2.5. Plant community and trait measurements  

 
Plant abundance data was collected from each plot using the point intercept method (Goodall, 

1952). Plant abundance was estimated for each plot using 108 systematically arranged pins in 

a 25  50 cm2 area in Kilpisjärvi and using 12 systematically arranged pins in a 30  40 cm2 

area in Kangerlussuaq. Plant trait measurements (SLA, phenolic compound content, C:N and 

C:P ratio) for each species were measured from 10 individuals following a standardized 

protocol by Perez-Harguindeguy et al. (2013). I expected these traits to be linked to 

decomposition via litter quality, plant community or soil properties. 

 

From the plant abundance and trait data I calculated community weighted means (CWM; 

Lavorel et al., 2007) for the four traits using Equation 3. 

 

𝐶𝑊𝑀 = ∑ 𝑝𝑖 × 𝑡𝑟𝑎𝑖𝑡𝑖

𝑛

𝑖=1

 

Eq 3. CWM is the community weighted mean, pi is the relative portion of species i in the 
plant community and traiti is the estimation for the given trait for species i. 
 

 

2.6. Statistical analyses  

 
To evaluate the associations between changes in either plant community traits or soil 

characteristics and changes in decomposition rate in response to warming I calculated 

response ratios (later RR) according to Equation 4 for every warmed plot. The mean values 

for control plots were calculated separately for grazed and fenced plots at each vegetation 

patch, meaning one mean control value for ambient grazed plots and one for ambient fenced 

plots in the one vegetation patch in Kilpisjärvi, and accordingly mean values for grazed and 

fenced plots separately for the three vegetation patches in Kangerlussuaq. 
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𝑅𝑅 =
𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑝𝑙𝑜𝑡 − 𝑚𝑒𝑎𝑛 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑝𝑙𝑜𝑡𝑠

𝑚𝑒𝑎𝑛 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑝𝑙𝑜𝑡𝑠  

Eq 4. RR is the response ratio calculated individually for each warmed plot, using the value 
for that plot and comparing it against the mean value of corresponding grazed or fenced 
control plots. Thus, RR can take any value and 0 means no difference between the warmed 
plot and corresponding control mean. Accordingly, a RR of 0.20 means the value of a 
warmed plot is 20% higher than that of control mean and a RR of -0.10 means the value of a 
warmed plot is 10% less than control mean. 
 

I analyzed the effects of treatments using linear models for Kilpisjärvi. For analyzes of 

Kangerlussuaq and the whole dataset I used mixed linear models with patch (a factor with 

number of patches as levels) as a random effect. To answer the overall question, i.e. whether 

warming and grazing influenced decomposition, I used decomposition rate as the response 

variable and warming, fencing and their interactions as predictor variables. In case warming 

 fencing was not significant, I removed the interaction and reported the simplified model 

(see Table 1). To test whether the response of decomposition was related to plant community 

traits and soil characteristics, I used the response ratio of decomposition rate as the response 

variable and the response ratio of a plant trait or soil characteristic together with fencing and 

their interaction as predictor variables. When fencing and the interaction was not significant, 

I removed them and reported the simplified model (see Tables 3-5). I modeled all the soil 

characteristics and plant traits separately because of multiple correlations between them and 

checked for models to fit assumptions by using Q-Q plots. 

 

I used R version 3.6.2 (R Core Team, 2019) for all analyzes, the package nlme (Pinheiro et 

al., 2019) for mixed modelling and the package ggplot2 (Wickham, 2016) for plotting. 
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3. Results 
 

Overall, contrary to my hypothesis, warming significantly decreased decomposition rate in 

Kangerlussuaq. The increased decomposition rate in warmed plots seen in Kilpisjärvi was not 

statistically significant (Fig. 2, Table 1). The effect of fencing on decomposition rate was not 

significant in neither Kilpisjärvi nor Kangerlussuaq (Fig. 2, Table 1), and neither was the 

warming  fencing interaction. 

 

Table 1. Results from the models testing if warming and fencing affected decomposition 
rate. The warming  fencing interaction was not significant and thus not included in the 
model. Statistically significant relationships (p<0.05) with are marked with *. 
 

 
 

 

 
Figure 2. The effect of warming and fencing on decomposition rate (g g-1 per year). The 
bolded middle lines in the boxes indicate the means, the upper and lower edges of the 
boxes represent the first and third quartiles. Whiskers extend from the edges to the largest 
value no further than 1.5  the distance between the first and third quartiles. 
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3.1.  Changes in soil characteristics and plant community traits 

 

The soil environment differs between the two sites. In comparison to Kilpisjärvi, the soil in 

Kangerlussuaq is drier, it contains less root biomass, the F:B ratio is low, the amount of 

carbon low and the amount of nitrogen high, especially in proportion to carbon (low C:N 

ratio), but there is no marked differences in mean pH between areas (Table 2). 

 

Table 2. Differences in soil characteristics between Kilpisjärvi and Kangerlussuaq. Reported 
values are averages of 28 plot-level measurements in Kilpisjärvi and 50 plot-level 
measurements in Kangerlussuaq. 
 

 
 

In Kilpisjärvi, warming significantly increased root biomass and F:B ratio in soil, and 

community weighted mean of phenolic compounds in plant community (Fig. 3, Table 3). In 

Kangerlussuaq, warming significantly increased soil C:N ratio and decreased F:B ratio (Fig. 

4, Table 4). Fencing did not cause any significant changes on soil characteristics or plant 

community traits in neither location, nor did warming  fencing show any significant 

interactions. 
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Table 3. Results from the linear models testing how warming and fencing affects root 
characteristics and plant community traits in Kilpisjärvi. The warming  fencing interaction 
was not significant for any characteristic or trait and thus not included in the final models. 
Statistically significant relationships (p<0.05) with are marked with *. 
 

 
 

 

 
 
Figure 3. The effect of warming on F:B ratio, root biomass and the CWM of phenolic 
compounds in Kilpisjärvi. The bolded middle lines in the boxes indicate the means, the 
upper and lower edges of the boxes represent the first and third quartiles. Whiskers extend 
from the edges to the largest value no further than 1.5  the distance between the first and 
third quartiles. 
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Table 4. Results from the mixed linear models testing how warming and fencing affects root 
characteristics and plant community traits in Kangerlussuaq. The warming  fencing 
interaction was not significant for any characteristic or trait and thus not included in the 
final models. Statistically significant relationships (p<0.05) with are marked with *. 
**Because of a bimodal distribution of CWM C:N I divided it to two modes and analyzed 
those in separate models. 
 

 
 
 
 

 
 
Figure 4. The effect of warming on F:B ratio and soil C:N ratio in Kangerlussuaq. The bolded 
middle lines in the boxes indicate the means, the upper and lower edges of the boxes 
represent the first and third quartiles. Whiskers extend from the edges to the largest value 
no further than 1.5  the distance between the first and third quartiles. 
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3.2. Response ratios 

 

A change in root biomass in response to warming had a significant positive relationship with 

the change in decomposition rate when both study sites were analyzed together (Fig. 5, Table 

5c). Based on the linear model estimate, a doubling of root biomass in response to warming 

accelerated decomposition rate by 16%. Changes in other soil characteristics in response to 

warming did not show significant relationships with the changes in decomposition rate (Table 

5c). No soil characteristic had a significant relationship with response ratio of decomposition 

rate in neither Kilpisjärvi (Table 5a) nor Kangerlussuaq (Table 5b) when analyzed separately 

(Fig. 5). None of the response ratios of soil characteristics showed significant interactions 

with grazing. 

 

 
 

Figure 5. The relationships between a change in decomposition rate and root biomass, soil 
C:N ratio, F:B ratio or moisture as a response to warming treatment, shown separately for 
Kilpisjärvi and Kangerlussuaq and for grazed and fenced plots. The relationship between 
root biomass and decomposition rate was significant, but reached significance only when I 
analyzed both study sites together. 
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Out of the community weighted means of plant traits, C:N and C:P ratios had significant 

positive relationships with decomposition rate in Kilpisjärvi (Table 5a), but not in 

Kangerlussuaq (Table 5b) nor when both study sites were analyzed together (Table 5c, Fig. 

6). 

 

 
 

Figure 6. The relationships between a change in decomposition rate and the plant traits SLA, 
phenolic compound content, C:N and C:P ratio as a response to warming treatment, shown 
separately for Kilpisjärvi and Kangerlussuaq and for grazed and fenced plots. The 
relationship between C:N and C:P ratio and decomposition rate was significant in Kilpisjärvi. 
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Table 5. a) Results from the linear models testing for relationship between a change in soil 
characteristic or plant community trait and a change in decomposition rate in response to 
warming in Kilpisjärvi. b) Results from the mixed linear model with vegetation patch as 
random effect, testing for relationship between a change in soil characteristic or plant 
community trait and a change in decomposition rate in response to warming in 
Kangerlussuaq. c) Results from the mixed linear model with vegetation patch as random 
effect, testing for relationship between a change in soil characteristic or plant community 
trait and a change in decomposition rate in response to warming for the whole data set 
including both Kilpisjärvi and Kangerlussuaq. Statistically significant relationships (p<0.05) 
with are marked with *. 
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4.  Discussion 

 
The effect of grazing on decomposition was not significant in neither location despite its 

known effects on plant communities earlier documented by Post & Pedersen (2008) and 

Kaarlejärvi et al. (2017). One possible explanation is that the fencing treatment affects 

decomposition mainly by affecting the plant community, while the direct effects via changes 

in feces and trampling are minor. This means that although we know that changes in grazing 

regimes can profoundly change the plant community, it takes time before effects on 

decomposition become apparent, as compared to the warming treatment which has direct 

effects on the enzymatic reactions in the decomposition process.  

 

In contrast to my hypothesis, warming decreased decomposition in Kangerlussuaq, whereas it 

seemed to have a positive impact on decomposition in Kilpisjärvi, although this increase in 

decomposition was not statistically significant. One plausible explanation for the decreased 

decomposition in response to warming seen in Kangerlussuaq is the dry conditions, and that 

warming will make the environment even drier thus hampering decomposition. 

 

 

4.1. Plant community traits and decomposition 

 

In Kilpisjärvi, warming increased phenolic compounds in the plant community while grazing 

had no significant effects on plant community traits. Further, even though no significant 

effects of warming on community-level C:N and C:P ratios could be seen in Kilpisjärvi, the 

response ratio analyses showed that in the plots where these traits increased as a response to 

warming, decomposition rate increased. I had expected higher community C:N and C:P ratios 

to decrease decomposition, since high amounts of carbon relative to nitrogen and phosphorus 

are linked to more recalcitrant litter (Cornelissen et al., 2004). This implies that the positive 

correlation between increased community C:N and C:P and increased decomposition is not 

driven by enhanced litter quality. It could instead be driven by increased competitive 

advantage of microbes, leading to accelerated decomposition but a decrease in nutrient 

availability for plants, leading to an increase in community C:N and C:P ratios. Alternatively, 

changes in microclimate or soil environment caused by plants with high C:N and C:P ratios 

might have resulted in the observed acceleration of decomposition. 
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In Kangerlussuaq, warming and fencing had no significant effects on plant community traits 

and the response ratios did not show any significant relationships between changes in plant 

community traits and change in decomposition rate. My results thus show that the earlier 

documented effects on plant community composition caused by warming and fencing were 

not reflected by changes in plant community traits in neither of the study sites. This could 

partly explain why fencing caused no significant effects on decomposition.  

 

The plant community traits also were poor predictors of decomposition rate in these two 

tundra environments. According to Canessa et al. (2020), the effect of litter quality on 

decomposition is most pronounced during the first phase of decomposition. Since it is the 

first phase I examined here, this strengthen the conclusion that the role of litter quality is 

minor for the decomposition process in these two tundra environments. This also supports the 

proposal that the effect of litter quality is less pronounced in colder and drier climates (Currie 

et al., 2010). Decomposition in these two tundra ecosystems is therefore likely primarily 

driven by other factors than litter quality. 

 

 

4.2.  Soil characteristics and decomposition 

 

The two areas differed greatly in soil moisture, with Kangerlussuaq being considerably drier 

compared to Kilpisjärvi. However, I did not find a relationship between drying caused by 

warming and decreased decomposition, which would have explained the overall decrease in 

decomposition seen in Kangerlussuaq.  

 

The proportion of fungi and bacteria also differed substantially between areas, both initially 

and in their opposite responses to warming. The F:B ratio is exceptionally low in 

Kangerlussuaq, indicating a high proportion of bacteria, which is associated with fast nutrient 

cycling and decomposition of labile litter, but leakier and more inefficient nutrient cycling 

(van der Heijden et al., 2008). Low F:B ratios are also typical for both warm and cold deserts 

(Fierer et al., 2009), which further supports that moisture is a major limiting factor in 

Kangerlussuaq, but not in Kilpisjärvi. I expected warming to promote bacteria, which was 

indeed the case in Kangerlussuaq, where bacteria were already abundant compared to fungi. 



 27 

In Kilpisjärvi, warming on the contrary increased F:B ratio, indicating an increased 

proportion of fungi.  

 

Alas, although I found significant changes in the decomposer community in both locations, 

the changes were opposite in nature and they were also not reflected in decomposition as 

expected. Higher proportions of bacteria in Kangerlussuaq were not associated with increased 

decomposition, on the contrary decomposition decreased. This could reflect the fact that dry 

conditions limit both the decomposition process and fungal growth more than initial bacterial 

growth. Higher proportions of fungi in Kilpisjärvi were also not associated with decreased 

decomposition, however the response ratios did show that the increase in decomposition was 

smaller when the F:B ratio increased more substantially. 

 

In Kangerlussuaq, I also found opposing responses of F:B ratio and C:N ratio to warming. 

Soil environment characteristics such as proportions of carbon and nitrogen are usually seen 

to reflect the F:B ratios, with low C:N ratios favoring bacteria (Fierer et al., 2009). This is 

consistent with the low F:B ratio in the low C:N soil of Kangerlussuaq and the higher F:B 

ratio of the higher C:N soil of Kilpisjärvi, but not with the opposing responses of these two 

soil characteristics seen in Kangerlussuaq. It is possible that the response of F:B ratio to a 

warming event is faster than the response to an increase in soil C:N, and that a higher soil 

C:N ratio will eventually lead to an increase in fungi. 

 

In contrast to above mentioned soil traits, warming-induced increases in root biomass were 

associated with increased decomposition following warming across the locations and 

independent of grazing regime, when the whole dataset was analyzed together. Root biomass 

more than doubled in response to warming in some plots, and a doubling of root biomass was 

associated with a 16% increase in decomposition rate. Warming also caused an increase in 

root biomass in Kilpisjärvi, when locations where analyzed in separate models. 

 

My results indicate that instead of looking into aboveground plant traits as predictors of 

decomposition, for these tundra systems it could be warranted to look at belowground plant 

traits, i.e. root traits. In recent years, the concept of root traits has been increasingly adopted 

but their role for decomposition is still poorly understood. A review by Poirier et al. (2018) 

identified 18 root traits potentially influencing decomposition and soil carbon cycling. 
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According to the results I obtained, root traits that enhance litter decomposition seem to 

dominate at both my study sites and independent of grazing regime. 

 

 

4.3.  Confounding factors 

 

The differences in implementation of treatments between Kangerlussuaq and Kilpisjärvi 

could have some confounding effects on these results. In Kangerlussuaq, large fences were 

used, while in Kilpisjärvi individual plots were fenced. Since the plants in the area are 

unlikely to markedly suffer from the close fencing treatment in Kilpisjärvi, and fences in 

Kangerlussuaq where big enough to allow for a randomized choice of plots, this effect is 

probably minor.  

 

The warming treatment also differed slightly because the open top chambers in Kilpisjärvi 

were removed during peak reindeer density in July to ensure sufficient grazing even in 

warmed plots. However July is anyway the warmest month, so the removal of the chambers 

was not likely to cause low temperatures, but the removal could have protected the warmed 

plots in Kilpisjärvi from drying during the hottest summer temperatures. In Kangerlussuaq 

grazers were seen to graze inside the open top chambers on multiple occasions, so it was 

assessed that there was no need for removal of chambers to ensure grazing. 

 

In both Kangerlussuaq and Kilpisjärvi commercial green tea bags were used for 

measurements of decomposition. There is reason to assume that the soil biota from a given 

area may adapt to decompose litter from that area (Ayres et al., 2009), so the differences in 

decomposition might reflect the ability of present decomposers to decompose green tea 

instead of the ability to decompose present litter. On the other hand, green tea is hardly 

typical for neither Kilpisjärvi nor Kangerlussuaq, so the results are likely comparable. In a 

study in the Austrian alps it was also shown that decomposition results of green tea matched 

very well with decomposition of a local labile plant litter (Didion et al., 2016).  

 

Green tea, instead of the more resistant rooibos tea, was used because the labile litter was 

expected to better reveal differences in decomposition between areas during the short time 

span (41 days in Kilpisjärvi and 70 days in Kangerlussuaq) they were left to decompose in 
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the tundra, where decomposition is expected to be slow. Since green tea is a labile litter, it is 

however possible, or even likely, that its decomposition is less dependent of temperature than 

the decomposition of a more recalcitrant litter would be (Fierer et al., 2005). Moreover, only 

one tea bag per study plot were used, which likely increased random variation. This could 

have been prevented by using multiple tea bags per plot. 

 

The difference in decomposition time between locations might also be a minor confounder, 

although I took it into account in when I calculated decomposition rates. The equation I used 

is valid during the first phase of decomposition, which is estimated to last up to one year 

(Zhang et al., 2008), a time span that easily includes the 41 and 70 days of decomposition 

used in this study. 

 

 

4.4.  Reflections for future research 

 

The decomposition data from this study is done with a labile litter as substrate. Because 

theory predicts that decomposition of resistant litter is more temperature dependent than 

decomposition of labile litter, it would be an asset to include a more resistant litter as 

substrate in a future study. Preferably use both labile and resistant litter, both green tea and 

rooibos tea, to be able to properly calculate decomposition rates according to the methods 

developed by Keuskamp et al. (2013). 

 

In this study, the plant community traits proved a poor predictor of decomposition rate 

despite the documented effects of the warming and fencing treatment on plant community, 

and multiple studies showing these traits to be good indicators of litter quality. It is possible 

that the changes in vegetation recorded by Post and Pedersen (2008) and Kaarlejärvi et al. 

(2017) had minor effects on the plant community traits, and therefore also had minor effects 

on litter quality and decomposition. Even if the plant traits and litter quality play a minor role 

for decomposition is these tundra environments, changes in vegetation could be of 

importance by other mechanisms that would be important to identify. Since the harsh climate 

of the tundra is often connected to limitation by climatic factors such as temperature and 

moisture, looking into the changes in microclimatic conditions caused by changes in 
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vegetation instead of changes in litter quality could help identify changes that are important 

for decomposition in these areas. 

 

Reflecting the need for higher resolution of decomposition data to improve predictive power 

of climatic models, a further study of how well changes in root biomass specifically predicts 

changes in decomposition rates across different tundra ecosystems with different grazing 

pressures could be an asset to identify tools to better predict changes in decomposition more 

locally. Changes in root biomass in tundra are likely affected by changes in moisture, 

temperature, grazing pressure, F:B ratios and nutrient availability in a way that could be 

closely linked to decomposition. Looking closer into the role of roots and root traits for 

decomposition in the tundra would be a natural next step based on the results I obtained. 
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