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Abstract

Anthropogenic activities have resulted in escalating deposition of nitrogen in many forms

that impact several aspects of ecosystem especially lying on boreal region where N is a

limiting factor for tree growth. Although N is used as forest fertilizer to some extent to

enhance growth and carbon storage, it alters the ecosystem by altering microbial commu-

nity, soil properties, aboveground species abundance and diversity and nutrient cycling

through decomposition. To better understand the effects of N addition on decomposition,

an experiment was carried out in a long-term N forest-fertilization set-up in south east

Norway. The experiment followed the Tea Bag Index (TBI) protocol, where green and

rooibos tea were used as standard litters and buried in fertilized and control plots for three

months. The tea bags were sampled afterwards, and mass loss was measured to calculate

the decomposition rate constant (k) and proportion of stabilized material (S). Mineral

soil samples were also analyzed in the lab to measure pH, concentration of condensed

tannins, and moisture. Bilberry and spruce litters were collected for a lab incubation

experiment where they were kept on mesh on petri-discs filled with soil samples. This

was done to analyze how litter quality affects the mass loss and nitrogen release during

the decomposition process.

N fertilization significantly affected k and S values. Interestingly, k was higher in

fertilized plots S was higher in control plots indicating higher decomposition under N

fertilization. However, N treatment did not show any significant impact soil pH, C, N and

CT, neither did the interaction between them significantly affected k and S. The litter

incubation experiment showed that treatment and initial N concentration significantly

affected N release from the litter, whereas no significant effect was found on mass loss

percentage. My results indicate that increased N concentration in litter as a result of

fertilization does not necessarily indicate faster decomposition.

Keywords: decomposition rate, Tea Bag Index, N fertilization, boreal forest
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1. INTRODUCTION

1 Introduction

Human activities have altered the environment in different ways and scales (Mahmood

et al., 2007). Production and use of fertilizers, burning of fossil fuels and land use in-

tensification and associated ammonia (NH3) emissions have led to an accelerated rate of

nitrogen (N) deposition into the atmosphere (Gundale et al., 2014; Maaroufi et al., 2015).

As a result, N concentration has increased three to five folds in the past century mainly in

the forms of NHx and NOy (Reay et al., 2008; Galloway et al., 2008). In cold ecosystems,

such as boreal forests in far northern latitudes, N is a limiting factor for tree growth.

This is because of the lower rate of N fixation and slower soil mineralization process in

those ecosystems (Maaroufi et al., 2016; Gundale et al., 2014; Vitousek and Howarth,

1991). Therefore, addition of sufficient amount of human derived N has been proposed as

an effective way to enhance forest growth and productivity. In recent years, N addition

is used to some extent in forest fertilization in the Nordic countries to increase timber

production (Pukkala, 2017) and carbon sequestration.

Change in the availability of N also affects other parts of the ecosystem such as mi-

crobial community shifts (Pan et al., 2014), biomass alternation (Treseder, 2008), effect

on microbial metabolic and enzymatic activities (Ramirez et al., 2010) and alternation

of soil properties such as pH, soil porosity and proportion of organic materials (Marinari

et al., 2000). In boreal ecosystems, where nutrients are insufficient, N fertilization can

enhance soil mineralization through enhanced microbial enzymatic activity. These varied

effect of N on soil and microbes can have a considerable effect on the nutrient cycling

through decomposition and alternation of the food web structure and function (Meunier

et al., 2016). Similarly, increased N concentration results in decreased aboveground plant

species richness and a significant change in species composition (He et al., 2016) through

acidifying effects (Stevens et al., 2010). Nitrophilic plants outcompete species growing in

N limited conditions (Fang et al., 2012) especially forbs, grasses and bryophytes (Stevens
1



1. INTRODUCTION

et al., 2010).

Decomposition is the process in which complex organic compounds are broken down

into simpler forms. The process starts with detritivores breaking down the litter pieces

which is followed by chemical reduction and mineralization into basic inorganic molecules

such as ammonium, phosphate, carbon-dioxide, and water by microorganisms (bacteria

and fungi). These molecules are readily taken up by plants and micro-organisms and

released back to the atmosphere via respiration (Swift et al., 1979). The decomposition

process is affected by several factors in which litter quality, the physio-chemical environ-

ment, climate (temperature and moisture) and the composition of decomposer community

play a major role (Swift et al., 1979; van Zuijlen et al., 2020). Climate and litter chem-

istry, especially N and C:N ratio are the primary determinants of decomposition at a global

scale (Keiser et al., 2013; Aerts, 1997; Gholz et al., 2000). However, at a local scale, the

properties of the soil and soil microbial community play a greater role (Strickland et al.,

2009; Wall et al., 2008). Although, earlier decomposition studies concentrated on climate

and litter quality, recent studies have successfully demonstrated that soil with different

characteristics such as differences in microbial communities have different effects on the

decomposition process (Delgado-Baquerizo et al., 2015). Soil properties such as pH and

nutrient content are very important for the biological composition of the soil biota, mak-

ing these properties crucial aspects of decomposition studies (Delgado-Baquerizo et al.,

2015).

Mineral elements, and especially N, plays a significant role in the decomposition of or-

ganic matter (Ågren et al., 2001). N fertilization can be beneficial to the fungal dominated

micro-organisms in the soil and leads to more efficient mineralization (Austin et al., 2004).

Similarly, increased N concentration and lower C:N ratios in the microbial substrate are

the indication of higher mineralization (Schimel and Bennett, 2004). Soils with higher

microbial abundance and microbial functional diversity tend to have a greater decompo-

sition rate (Delgado-Baquerizo et al., 2015). For example, litter decompose faster in their
2



1. INTRODUCTION

home soil where local microbes are adapted to the litter than in a foreign soil (Ayres et al.,

2009a). In general, sites with higher initial N and lower C:N ratio have higher decompo-

sition rate (Cornwell et al., 2008; Zhou et al., 2018). Therefore, artificial addition of N in

a N-limited ecosystem accelerates the decomposition rate through increased soil N supply

and retarded C:N ratio (Norris et al., 2013; Hobbie, 2005). However, the case is reverse

for the nitrogen- sufficient ecosystems (Song et al., 2015). Studies have found a varied

effect of N addition on decomposition rate which can be neutral (Hobbie and Vitousek,

2000; Van Vuuren and Van der Eerden, 1992), positive (Conn and Day, 1996; Hunt et al.,

1988), or negative (Magill and Aber, 1998; Prescott, 1995).

In boreal ecosystems, where nutrient availability is a limiting factor for microbial ac-

tivity, addition of N should promote organic matter decomposition. In fact, carbon release

as a result of increased decomposition due to N fertilization have been observed in some

ecosystems (Khan et al., 2007; Mack et al., 2004). However, there is also a substantial

scientific evidence proving that in a long-term, N deposition has a negative relation with

decomposition although it starts with a positive or a neutral relation in the early stages

of fertilization (Franklin et al., 2003). This similar pattern was also observed in an exper-

iment (Hobbie, 2008) in which decomposition was negatively correlated to N fertilization

only after 5 years of fertilization reducing the decomposition rate by 20% which was pre-

viously neutral or slightly positive. Both lab and field experiments have now successfully

demonstrated that N addition often decelerates the litter decomposition rate as well as

microbial activity (Buchkowski et al., 2015; Ramirez et al., 2010). Several factors that

contribute to a decreased decomposition rate upon fertilization include an increased ratio

of microbial biomass and assimilation, and retarded growth of the underlying decomposer

community (Olsson et al., 2005). A meta-analysis found that the addition of N in temper-

ate forests reduced microbial respiration by nearly 15% (Janssens et al., 2010). Similarly,

another meta-analysis showed a 6%-15% decrease in microbial biomass under fertilization

(Treseder, 2008).
3



1. INTRODUCTION

Soil N can move to litter through processes such as diffusion, leaching and fungal

mycelia network (Frey et al., 2000; Lummer et al., 2012). Several studies have demon-

strated such N transfer from soil to the nitrogen poor organic substrate (Manzoni et al.,

2008) or from nitrogen-rich to nitrogen-deficient litter during decomposition processes

(Bonanomi et al., 2010; Schimel and Hättenschwiler, 2007). According to Zheng et al.

(2021), N lost during the decomposition of the litter was recovered in soils in both lab-

oratory and field studies. The study further concludes that litters with a lower decom-

posability rate can contribute to a significantly higher efficiency of C and N transfer into

the soil. Through this transfer, microbes can take an advantage to balance their nitro-

gen requirement and increase the decay rate (Berglund and Ågren, 2012). Based on this

fact, the stoichiometric decomposition theory predicts that the phenomenon of N transfer

occurring in N rich soil, enhances the decay rate for high C:N ratio plant residues in a

significant manner (Bonanomi et al., 2017).

Physical and chemical properties of the litter are also major controlling factors in

decomposition (Melillo et al., 1982; Keiser et al., 2013). Litter properties varies according

to the plant species and so does the decay rates. For example, the decay rate of deciduous

leaves in general is higher than the conifers (Gosz et al., 1973; Mikola, 1960). Broad

leaves with larger Specific Leaf Area (SLA) have a higher concentration of potassium

and phosphorus while less lignin. The decay rate of leaves is also higher in comparison to

twigs and branches (Krishna and Mohan, 2017). A review on decomposition rate constant

(k) values of different litter types from varied ecosystems globally concluded that total

nutrient concentration and C:N ratio comprises of 70.2% variation in litter decomposition

rate making the litter quality a crucial element in litter decomposition (Zhang et al., 2008).

High and low quality litters show different decomposition rates within the forest, and the

rate differ greatly in boreal forest ecosystems (Gholz et al., 2000). After fertilization, low

quality litters with high lignin and C:N ratio can show a retarded decomposition rate,

whereas high quality litter with low lignin concentration and low C:N ratio show increased
4
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decomposition rate (Knorr et al., 2005). In boreal ecosystems, fertilization with N can

cause increased N concentrations in the litter (Maaroufi et al., 2016) (Maaroufi et al.,

2016b) through N uptake and thereby alter litter quality (Maaroufi et al., 2017), eventually

affecting litter C:N ratio; another most important determinant of litter decomposition

(Aerts, 1997). There is evidence that N concentration in Scots pine needle litter and

Norway spruce increased as a N fertilization effect (Berg, 2000). This results to lower

C:N ratio in litter (Xu et al., 2020) and thus promoting the decomposition of senescent

plant tissue (Xu et al., 2020). The margin of the C:N ratio for N to be mobilized is 20:1

(Swangjang et al., 2015). When litters have C:N ratio less than 20, the microbes can

actively mineralize the N and make it readily available for plants (Brust, 2019). However,

C:N ratio more than 35 indicates microbial immobilization (Brust, 2019; Swangjang et al.,

2015). The C:N ratio in soil microbes is approximately 8, and they require C and N from

the soil to keep the ratio in balanced condition. The microbes perform best when they

are successful to compensate the required C:N, which is supported when litter or their

diet has a C:N ratio of 24 (Brust, 2019).

Plant Secondary Metabolites (PSMs) such as lignin, tannin, and other polyphenols,

which are essential as defensive compounds against herbivores, are themselves resistant

to decomposition. They can also limit the decomposition process through various mecha-

nisms such as forming protein-tannin complexes, altering N availability to the soil organ-

ism, causing direct toxicity to the microbial species, and inhibiting the microbial enzy-

matic activities (Kraus et al., 2003). Previous studies suggest that a high concentration of

Condensed Tannins (CT) in litters is associated with slower decomposition rates (Zhang

et al., 2013) and fertilization has a negative relation with litter CT concentration (Kraus

et al., 2004). The protein complexes formed by the tannins inhibit the microbes from

mobilizing N and converting it into the forms that plants can take up quickly, resulting

in the reduced microbial ability to decompose plant litter (Gundale et al., 2010).

Scientific knowledge on litter decomposition and how external fertilization affects the
5
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process has extensively increased after the development of litter bag technique in 1960s

which made it possible to measure the mass loss and decomposition rate. Later dur-

ing 1980s and 1990s, the recognition of its importance as a critical ecological process

for nutrient cycling, carbon storage and mitigation of climate change further increased

the scientific concern into the topic and has remained high since then (Prescott, 2010).

In 2013, an easy, convenient and cost-effective approach was introduced to measure de-

composition which uses green and rooibos tea as representation of dead plant materials

(Keuskamp et al., 2013). This method creates a global database with participants all over

the world and compute a Tea Bag Index (TBI) that provides information on soil functions

at a local, regional, and global scale. This involves a simple process of burial of rooibos

and green tea and measuring their mass loss after a period of time.

Despite extensive research and results, the effect of N fertilization on soil decomposition

ability is still unclear. There have been several studies on N effect on litter quality and

soil decomposition rate on boreal forest. However, to my knowledge, this is the first study

to use tea bag approach under natural conditions. Similarly, no other studies before this

have addressed soil CT concentration with respect to N addition.

This experiment was carried out in a spruce (Picea abies) forest in Southeast Norway

which is being fertilized annually by Nitrogen since 2003. I carried out tea bag experiment

as per the Tea Bag Index (TBI) protocol given by (Keuskamp et al., 2013) where mass

loss is measured to calculate decomposition rate using Lipton red and Lipton rooibos

tea. Similarly, litter incubation experiment was performed to understand the effect of

fertilization on litter quality and how litters with different quality decompose.

6



1. INTRODUCTION

1.1 Aim of the study

The broad objective of this study was to increase the understanding of how nitrogen

addition effects the decomposition rate of boreal forest soil. This study adds knowledge

on understanding of effect of human-added nitrogen on decomposition and also the litter

quality as a determinant of decomposition. The following hypothesis were tested:

1. The decomposition rate constant (k) will decrease upon fertilization and proportion

of Stabilized material (S) for the tea material will be higher in fertilized plots.

2. The concentration of soil CT will decrease under fertilized condition.

3. Mass loss percentage and N release during decomposition will be higher in litter

samples from fertilized plots.

7
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2 Materials and Methods

2.1 Study Area and Experimental Set-up

The study forest is an old boreal forest dominated by Norway Spruce (Picea abies) in

Kittilbu in South East Norway at an altitude of 800 meters above sea level and latitude

61o 10’ N, 09o 09’ E. The forest is situated only 100 meters below the tree line and has

a great variation in tree age and size. The tree composition varied from mature plants

that stand 20 meters tall and 220 years old (Gauslaa et al., 2008), with smaller trees

and seedlings in gaps. Vaccinium myrtillus and bryophytes such as Pleurozium schreberi,

Hylocomium splendens, Polytrichum commune and Sphagnum girgensohni dominate the

ground vegetation in the experiment site together with herbs such asVaccinum vitis-idaea

and Avenella flexuosa (Gauslaa et al., 2008). There is no record of intensive logging

carried out in the forest since past 50 years, however, some slight selective logging was

observed. The mean annual temperature and annual precipitation of the site are -0.1oC

and 810 mm (Gauslaa et al., 2008) respectively.

Twenty experimental plots with an area 225 m2 (15m × 15m) were set up in 2003.

Ten of these are untreated control plots, while ten have been supplemented with Nitrogen

granules at a rate of 150 kg per hectare per year containing 24.6% N, 2% P and 6% K

(YaraMilaTM Fullgjødsel, by Yara, Norway) (Davey et al., 2017). The fertilization has

been done manually every year in spring with an exception in 2018. The plots are 50 to

350 meters apart from each other and have five assigned sub-plots.

8



2. MATERIALS AND METHODS

Figure 2.1: Map of the study area: K refers control plots and B refers fertilized plots

2.2 Tea Bag Experiment

I sat up a tea bag decomposition experiment following the Tea Bag Index (TBI) protocol

(Keuskamp et al., 2013). The Tea Bag Index (TBI) approach uses tea bags as standard-

ized plant litter to estimate the decomposition rate and stabilization through burial of

green and rooibos tea bags followed by measurement of mass loss over a period of time

(Keuskamp et al., 2013).

I used Lipton green tea and Lipton rooibos tea of tetrahedron shape (fig. 2). The

mesh size of 0.25 mm was large enough for the microorganism and mesofauna to enter the

bags and enhance the decomposition, however, the macrofauna were excluded (Keuskamp

et al., 2013; Setälä et al., 1996).

The Tea Bag Index primarily consists of two major components, explaining the de-
9



2. MATERIALS AND METHODS

composition rate (k) and stabilization factor (S). The decomposition rate is higher in the

initial phase leaving the recalcitrant fractions to decompose slower. The rooibos tea has

a relatively slow decomposition rate and will be in its initial phase of decomposition even

after three months. This gives the estimation of decomposition rate constant (k). On

the other hand, green tea decomposes faster. All the easily decomposable materials are

gone by the end of the experiment period, leaving only the resistant material that gives

the value for stabilization factor (S). The use of two different types of organic litter for

the decomposition experiment also allows understanding the decomposition on the initial

and final stages of the experiment. This further eliminates the requirement of doing a

time series experiment for k and S calculation (Keuskamp et al., 2013). After measuring

the actual tea content inside the bag after three months, the Stabilization factor S and

decomposition rate k were calculated.

2.3 Preparation and Field Work

100 tea bags of each Lipton green and Lipton red tea were numbered from 1 to 200 with

a permanent marker on the white side of the label prior to going in the field. One marked

tea bag of each type was deployed in the forest soil in all five sub plots of all 20 plots on

June 16, 2020. The tea bags were buried below eight cm in forest soil using a shovel and

were separated about 20 cm apart. The labels were kept above the soil and every sub-plot

were marked by red sticks which were also labeled with the plot ID. Each tea bag was

also marked by white sticks to make it easier to identify their location (fig 3). After three

months, on September 16, the tea bags were collected, soil particles attached to the bags

were removed, and dried the tea bags in an oven at 70◦C for 48 hours, before the dry

weight was measured. Soil samples were also collected using a soil sampler in each plot.

The mineral and organic layers were separated and put in separate paper bags. Spreuce

and bilberry litters were also collected from the same fertilized and control plots for the

lab incubation experiment to measure mass loss and N release.

10



2. MATERIALS AND METHODS

Figure 2.2: a) Tetrahedron teabags (image: Keuskamp et al. (2013)) used in the experiment:

Rooibos tea (left) and green tea (right), b) Burial of teabags in the forest soil, Kittilbu

2.4 Decomposition Experiment

Standard procedures for the decomposition experiment was in accordance with (Wardle

et al., 1998). Fresh soil was collected from the spruce forest near NMBU, Ås to fulfil the

substrate requirement. 40 Petri dishes were filled with the soil up to 2/3rd portion and

covered on the top by 1mm nylon mesh cut in a circular shape. 1 gram of each litter type

(bilberry and spruce) from fertilized and control plots was kept on the top of the mesh

and tightly sealed using a isolation tape to avoid water loss. The samples were stored in

room temperature under dark condition (inside a box) for three months. Afterwards, the

litters were taken out very carefully in paper bags and oven-dried in 47◦C for 48 hours

before weighing. Decomposition was represented as a percentage mass loss during the 3

months incubation time. Nitrogen release during the decomposition time was calculated

as proportion between total biomass * N concentration before incubation minus biomass N

concentration after decomposition and total biomass *N concentration before incubation
11



2. MATERIALS AND METHODS

(Asplund and Wardle, 2013).

2.5 Lab Work and Chemical Analysis

2.5.1 Preparation of Soil Samples

The fresh soil samples were weighed before they were dried in 70◦C for 48 hours. The

mineral soil was then sieved through a 2 mm sieve, grinded into powder using a Retsch

MM400 (RETSCH, Germany) ball mill with a frequency 20-25 revolutions per second for

25-40 seconds. These powdered soil samples were later used to estimate the concentration

of condensed tannins, total C and N, as well as pH of the soil.

2.5.2 Analysis of Concentration of Condensed Tannins

I followed the acid butanol assay protocol as instructed by The Tannin Handbook (Hager-

man, 2002). 0.2 gram of each soil sample was mixed with 4 ml 70% acetone and shaked

on a planar shaker (KS 501 digital, IKA-WERKE, Germany) at frequency 200 rpm for

one hour.

This was followed by vortexing and centrifuging (c. 16,400 rpm, 10 minutes), before

the supernatant was collected in a 15 ml tube. This process was replicated three times,

and all the accumulated extractions were evaporated on Eppendorf Concentrator Plus

5301 (Eppendorf, Hamburg, Germany). I followed the acid butanol-HCL-iron assay for

the analysis of condensed tannins (CT) as given by (Hagerman, 2002). After evaporation,

dried extractions were mixed with 0.5 ml MeOH and shaked in a vortex. 3 ml acid

butanol (95% butanol, 5% HCL) and 0.1 ml iron reagent (2% ferric ammonium sulphate

in 2N HCL) were added and the samples were kept in boiling for one hour and cooled.

Absorbance (550 nm) of the samples was determined by a UV spectrometer (Shimadzu,

Kyoto, Japan). Soil CT was converted into mg cm-3 by using volumetric mass sample of

each sample (20 ml) and CT/C ratios was determined.

12



2. MATERIALS AND METHODS

2.5.3 Analysis of pH

For pH measurement, a 5 ml soil sample was mixed with 12.5 ml deionized water, well

shaken and left overnight. The next day, the samples were well-shaked, and pH values were

measured using an intoLab 720 precision pH meter (WTW GmbH, Weilheim, Germany).

2.5.4 Analysis of Carbon and Nitrogen

For estimation of C and N content, 10 milligram of oven-dried soil samples were packed in

a tin foil and then run into a vario MICRO cube elemental analyzer (Elementaar, Hanau,

Germany) to determine C:N ratios. Concentration of C and N were converted into mg

cm-3 by using volumetric mass of each sample (20 ml).

Similar method was followed for the C and N analysis of the bilberry and spruce litter

samples. C and N concentration (%) and C:N ratio of both litters from fertilized and

control plots were measured before and after the incubation experiment to measure the

N release during the decomposition process.

Table 1: Mean initial values of C and N concentration (%) and C:N ratio in bilberry and spruce litter.

Litter type Treatment %C %N C: N

Bilberry Control 47.3 ±0.34 1.07 ±0.36 44.8 ±1.54

Fertilized 47.3 ±0.42 1.74 ±0.05 27.4±0.7

Spruce Control 48.8 ±0.73 0.54 ±0.01 90.3 ±2.15

Fertilized 48.6 ±0.19 0.95 ±0.07 53.4 ±3.56

2.5.5 Statistical Analysis

All data processing and primarily calculation was performed in Excel (Office 365), whereas

all statistical analysis was done using RStudio, R version 4.0.3 (R Studio Team 2020). Two

treatments were taken into consideration (fertilized and control) to analyze the relation-
13
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ship between these treatments and responses i.e. degradation constant (k) and proportion

of stabilizing material (S).

Linear Mixed Effect analysis between each of the response variable and the fixed and

random effects was performed using R package lme4 in library lmer. The response vari-

ables entered were decomposition rate constant (k) and proportion of stabilizing material

(S). The mixed effect was tested by modelling k and S as a function of treatment and

interaction between treatment and other predictive variables such as C, N, C:N ratio,

CT, Moisture and pH. The residual variation i.e. unexplained variation of the response

variable associated with the experimental plots were also modelled through variance. F

and P values were obtained from the ANOVA table obtained from the same test. Only

analysis with P values less than 0.05 were regarded as significant.
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3 Results

3.1 Soil Properties

None of the measured soil parameters varied significantly between treatments (Table.2.

3.2 Tea bag experiment: Decomposition rate constant (k) and

proportion of Stabilized material (S)

The rate of decomposition was significantly higher in fertilized plots (Table 2, Fig. 3.1 and

the proportion of stabilization material was significantly higher in control plots (Table

2, Fig. 3.1). Other predictor variables and their interactions with treatment have no

significant impact on k and S. The average decomposition rate was 9.0% higher in fertilized

plots (Fig. 3.1) whereas the stabilization factor was 7.2% higher in control plots (Fig.

3.1)

Table 2: Summary of ANOVA from basic linear mixed model of different response variables. Significant

P-values at 95% confidence interval obtained from Satterthwaite’s test are presented in bold letters.

Response F P

Decomposition rate constant (k) 6.01 0.027

Stabalization constant (S) 5.1 0.038

Condensed Tannin (CT) 0.03 0.869

Carbon (C) 0.03 0.868

Nitrogen (N) 0.29 0.598

C:N ratio 2.63 0.124

pH 0.28 0.601
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(a)

(b)

Figure 3.1: (a) Mean (±SE) decomposition rate constant (k) and (b) Mean (±SE) proportion

of stabilized material (S) in control and fertilized plots.
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Table 3: ANOVA output, F and (P) values for mass loss and N release for bilberry and

spruce litter, treatment, initial Nitrogen, and interaction effects. The bold values are

significant represented by *p<0.05, **p<0.01.

Bilberry Spruce

T N1 T*N1 T N1 T*N1

Mass loss 3.26 (0.088) 3.43 (0.081) 0.11 (0.752) 0.46 (0.505) 0.02 (0.883) 0.29 (0.597)

Nitrogen release 6.58 (0.0197) 8.45 (0.009) 1.35 (0.270) 4.66 (0.005) 9.44 (0.007) 0.059 (0.081)

3.3 Incubation Experiment

3.3.1 Litter Mass Loss

There was no significant effect of fertilization or initial N on mass loss of any of the two

studied species (Table 3, Fig. 3.2). Bilberry lost 40% in fertilized and 35% in control

plots while spruce lost 28% in fertilized and 26% in control plots.

3.3.2 Nitrogen Release

The treatment and concentration of initial N had significant effect on N release during

decomposition (Table 3). However, no interaction effect was found. Positive and negative

values indicate that both bilberry and spruce litter released N under fertilized condition

while the N remained immobilized under control conditions respectively (Fig. 3.2). Re-

leased N was higher in the bilberry litter while spruce litter have a significantly higher

proportion of immobilized N.
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(a)

(b)

Figure 3.2: Mean (±SE) percentage mass loss (a) and N release (b) of the bilberry and

spruce litter during the 3 months incubation period for decomposition experiment. The

colors (orange and blue) indicate the type of treatment (control and fertilized).
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4 Discussion

4.1 Degradation rate constant (k)

The decomposition rate constant (k) in the tea bag experiment was higher in N fertil-

ized plots than in the control plots, which contradicted my hypothesis. This might have

occurred as a result of difference of fungal dominance in different treatment sites. Al-

though, fungal biomass study was beyond the scope of this research, there are studies

which support my results. Less fertile soils (high C:N) are more likely to be dominated

by saprotrophic fungi than the mycorrhizal fungi which leads to higher nutrient immobi-

lization or slower decomposition in nutrient poor soils (Fernandez and Kennedy, 2016).

This stands in accordance with my result that decomposition rate is higher in fertilized

plots than on control plots. Another study on fertilization effect on soil carbon and ecto-

mycorrhizal (EM) fungi also showed a suppressed EM biomass and increased total fungal

biomass indicating faster decomposition (Hauken, 2020) under fertilized condition. An

experiment on effect of N fertilization on decomposition using the TBI method (Koceja,

2019) showed a greater decomposition rate (k) of rooibos tea litter (high C:N) in fertil-

ized plots than in control plots while similar values of k were observed for green tea litter

(low C:N) in both treatments. This indicates the decomposition of low-quality litter is

enhanced under fertilization through increased microbial activity. This is also supported

by several other researches that microbial community shift as a result of N enrichment

can result to a higher decomposition rates (Khan et al., 2007; Mack et al., 2004).

A similar result was found in a meta-analysis (Knorr et al., 2005) where data from 900

incubation and field fertilization experiment concluded that decomposition is inhibited if

the fertilization rate is 2-20 times than anthropogenic N deposition but decomposition is

enhanced if fertilization is higher than 20 times in an ambient N deposition of 5-10kgNha-

1kg-1. Therefore, excess N deposition over an extended period leading to exceed the
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ambient N concentration of the site can be an explanation for the increased decomposition

rate in N fertilized plots. However, significant amount of researches showed a decelerated

decomposition of litter (Chen et al., 2013) resulting to an increased C storage capacity of

fertilized soils (Maaroufi et al., 2015; de Vries et al., 2009) through suppressed microbial

biomass (Li et al., 2015) and respiration (Yan et al., 2016). Increased decomposition rate

in fertilized plots as obtained in the result may have occurred as a result of a very strong

N fertilization over so many years.

Another explanation for this can be an increased microbial functioning under fertilized

condition. Scientific evidence supports that soil moisture content also plays a role in

decomposition capacity of soil. Generally, a higher moisture content in soil is a promotor

of decomposition. Mass loss for both high and low quality litters were declined in the

order wet > moist>dry soil conditions with a more pronounced effect in high quality litter

(Petraglia et al., 2019). My results showed a higher moisture content in the unfertilized

soils than the fertilized ones. However, the difference was not statistically significant to

explain the result.

N addition is expected to have a negative effect on decomposition of recalcitrant mate-

rial through supression of oxidative enzyme production that degrade recalcitrant materials

(Fog, 1998). However, the result showed a lower proportion of stabalized (recalcitrant)

material in fertilized plots thus suggesting a lower carbon storage.

N fertilization did not show any significant effect on soil CT concentration which

is contradicting to my second hypothesis. To my knowledge, no scientific studies have

investigated the concentration of the phenolics like tannins in N fertilized soil directly.

However, there are several studies investigating their concentration in leaf litter under

fertilized condition (De Long et al., 2016; Sundqvist et al., 2012; Nybakken et al., 2018).

The concentrations of several phenolics were lower in young spruce needles taken from N

fertilized plots than in control plots where CT in fertilized needles was half as much as in

the control plot’s needles (Nybakken et al., 2018).
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The source of phenolics like tannins, into the soil is primarily the litter deposition from

aboveground. After the leaf senescence or plant death, tannin reaches the soil surface as a

component in the litter for decomposition. Since, litter deposition is a major pathway for

CT to enter the soil, decrease concentration in foliage due to N fertilization was the basis

to assume soil CT concentration will decrease under fertilization. However, the result in

this study was not significant to support the assumption. One reason for this might be the

analysis of the mineral layer of the soil instead of organic layer where the concentration

is relatively low. Another study on organic layer, as a part of this project (unpublished),

done in the same site at the same time following the same method showed a significant

decrease in organic layer CT concentration in fertilized condition. CT studies in soil

is still in initial phase and therefore further research on how soil phenolics on organic

and mineral layer of soil are affected by long term N fertilization are required to draw a

stronger conclusion.

4.2 Litter Mass Loss and Nitrogen release during incubation

experiment

Results from the litter incubation experiment partly supports my hypothesis that mass

loss and N release will be higher in fertilized litters. Mass loss of bilberry and spruce litter

in the incubation experiment did not differ between treatments which was unexpected.

However, I still found fertilization effect on N release. More interestingly, bilberry with

twice as much as initial N decomposed faster than spruce. Mass loss percentage for

bilberry and spruce litter in the incubation experiment did not have a significant difference

in two treatments which implies that the litter mass loss was not affected by the treatment

which was unexpected. The reason for this might be the use of foreign soil in incubation

experiment. There are indications that litter decomposition is accelerated in home soil

than in foreign soil due to specialized soil biotic community and adapted microclimate

Ayres et al. (2009b).
21



4. DISCUSSION

Several scientific works on decomposition showed a strong association between decom-

position rate and litter N concentration and C:N ratio (Krishna and Mohan, 2017). A

large proportion of literature supports the fact that high quality (nutrient-enriched) lit-

ters show an accelerated decomposition rate than low quality (nutrient-deficient) litters

(Pichon et al., 2020; Liu and Sun, 2013). N concentration in boreal forest litter increases

as a result of N fertilization which reduces the C:N ratio in them (Maaroufi et al., 2017).

This increased N and decreased C:N has increased decomposition of litter under fertilized

conditions (Knorr et al., 2005). Similarly, increased decomposition rate as a result of high

N concentration under fertilized condition was observed in Scots pine and Norway spruce

needles (Xu et al., 2020). However, results from my study showed no effect of added

N on the decomposition of the litter. Although, N fertilization was able to change the

litter quality in terms of decreased C:N ratio (Table 1), the difference was not significant

enough to affect the decomposition of the litter indicating that higher N content in the

litter does not necessarily mean a rapid decomposition rate of those litters.

In a study with herbaceous species, to test whether species growing in nutrient rich

soils produced fast decomposing litters, it was found that N fertilization changed some

leaf and litter traits, but those changes were not significant to alter the decomposition

(Kazakou et al., 2009) which was exactly the similar result as in this study. Another

study on effect of litter quality and climate on decomposition showed that litters from

fertilized plots with five times higher N content decomposed at the same rate as litters

from control plots. This decomposition was more derived by lignin content than initial

nitrogen suggesting that litter decomposition is more dependent on carbon substrates

(Murphy et al., 1998).

Both spruce and bilberry litters taken from fertilized plots released nitrogen whereas

litters from control plots gained N (Fig. 3.2) by the end of the 3 months incubation

experiment. This can be explained by higher initial N concentration in both litter types

from fertilized plots than in control plots (Table 1). Treatment and initial litter N content
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showed a significant effect on N release (Table 3) for both litter types. Increase in N during

the early stages of decomposition process was first described by (Tenney and Waksman,

1929) and have been reported repeatedly (Melillo et al., 1982). When organic material

with a lower N concentration enter the soil, the decomposers in the soil need to overcome

the lacking N from the surrounding. This occurs through either one or more of these

mechanisms: immobilization, fixation, absorption of atmospheric ammonia, insect frass,

green litter, fungal translocation through fall and/or dust (Melillo et al., 1982).

My results showed increased N concentration in fertilized litters (Table 1) which is

consistent with several other studies (van Diepen et al., 2015; Nybakken et al., 2018;

Sjöberg et al., 2004) and therefore, release N during decomposition. Significant effect of

fertilization on N release despite of unresponsive mass loss is an indication of increased N

mineralization which in turn could accelerate fertilization effect.

4.3 Factors that might have influenced my results

A substantial amount of literature support that climatic factors play a determining role

when it comes to litter decomposition rate on a larger spatial scale. However, on a smaller

spatial scale or a similar site, like the one in this study for tea bag decomposition, the

climatic conditions are similar and therefore do not significantly influence litter decompo-

sition rate. Also, the soil for the incubation experiment was collected for another spruce

forest so that the sol fauna do not vary significantly.

Another important factor in decomposition experiment is the mesh size of the litter

bags. Tea bags with mesh size 0.25 mm do not allow the macrofauna to access the litter.

Soil organisms can control the litter decomposition rate to a large extent and smaller mesh

size allows only microfauna, fungi and microbes to decompose the litter. A larger mesh

size will allow other decomposing organisms, but also can cause loss of litter resulting to

an overestimation of the degraded material. However, exclusion of soil meso and macro

fauna does not have a significant effect on decomposition when it comes to high altitude
23
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systems Wall et al. (2008) and therefore may not have affected my results.
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5 Conclusion

Since boreal forest is a large sink for global carbon sequestration, small changes in decom-

position rate could have a significant impact on global carbon budget. The purpose of

this study was to investigate the effect of long-term N deposition on litter decomposition

on boreal forest soil. Based on the results, N fertilization increased litter decomposition

which can release more carbon in the atmosphere. Moreover, litters with different quali-

ties did not show any variation in decomposition rate. My results, although contrasting to

majority of the existing literature, is an indication that decomposition study is a complex

phenomenon and therefore several factors should be embedded in a study to draw a clear

conclusion. Since many studies are concentrated to C:N ratio as a major determinant for

litter decomposition, future research may want to focus on other factors in litter qual-

ity. Furthermore, none of the studies accounted for the changes in PSMs such as tannin

concentrations on soil especially mineral layer, which can affect decomposition process

through effect on soil microorganisms.

25



REFERENCES

References

Aerts, R. (1997). Climate, leaf litter chemistry and leaf litter decomposition in terrestrial

ecosystems: a triangular relationship. Oikos, pages 439–449.

Ågren, G. I., Bosatta, E., and Magill, A. H. (2001). Combining theory and experiment to

understand effects of inorganic nitrogen on litter decomposition. Oecologia, 128(1):94–

98.

Asplund, J. and Wardle, D. A. (2013). The impact of secondary compounds and func-

tional characteristics on lichen palatability and decomposition. Journal of Ecology,

101(3):689–700.

Austin, A. T., Yahdjian, L., Stark, J. M., Belnap, J., Porporato, A., Norton, U., Ravetta,

D. A., and Schaeffer, S. M. (2004). Water pulses and biogeochemical cycles in arid and

semiarid ecosystems. Oecologia, 141(2):221–235.

Ayres, E., Steltzer, H., Berg, S., and Wall, D. H. (2009a). Soil biota accelerate decompo-

sition in high-elevation forests by specializing in the breakdown of litter produced by

the plant species above them. Journal of Ecology, 97(5):901–912.

Ayres, E., Steltzer, H., Simmons, B. L., Simpson, R. T., Steinweg, J. M., Wallenstein,

M. D., Mellor, N., Parton, W. J., Moore, J. C., and Wall, D. H. (2009b). Home-field

advantage accelerates leaf litter decomposition in forests. Soil Biology and Biochemistry,

41(3):606–610.

Berg, B. (2000). Initial rates and limit values for decomposition of scots pine and norway

spruce needle litter: a synthesis for n-fertilized forest stands. Canadian Journal of

Forest Research, 30(1):122–135.

Berglund, S. L. and Ågren, G. I. (2012). When will litter mixtures decompose faster or

slower than individual litters? a model for two litters. Oikos, 121(7):1112–1120.
26



REFERENCES

Bonanomi, G., Cesarano, G., Gaglione, S. A., Ippolito, F., Sarker, T., and Rao, M. A.

(2017). Soil fertility promotes decomposition rate of nutrient poor, but not nutrient

rich litter through nitrogen transfer. Plant and Soil, 412(1-2):397–411.

Bonanomi, G., Incerti, G., Antignani, V., Capodilupo, M., and Mazzoleni, S. (2010).

Decomposition and nutrient dynamics in mixed litter of mediterranean species. Plant

and Soil, 331(1):481–496.

Brust, G. E. (2019). Management strategies for organic vegetable fertility. In Safety and

practice for organic food, pages 193–212. Elsevier.

Buchkowski, R. W., Schmitz, O. J., and Bradford, M. A. (2015). Microbial stoichiometry

overrides biomass as a regulator of soil carbon and nitrogen cycling. Ecology, 96(4):1139–

1149.

Chen, H., Dong, S., Liu, L., Ma, C., Zhang, T., Zhu, X., and Mo, J. (2013). Effects

of experimental nitrogen and phosphorus addition on litter decomposition in an old-

growth tropical forest. PLoS One, 8(12):e84101.

Conn, C. E. and Day, F. P. (1996). Response of root and cotton strip decay to nitrogen

amendment along a barrier island dune chronosequence. Canadian Journal of Botany,

74(2):276–284.

Cornwell, W. K., Cornelissen, J. H., Amatangelo, K., Dorrepaal, E., Eviner, V. T., Godoy,

O., Hobbie, S. E., Hoorens, B., Kurokawa, H., Pérez-Harguindeguy, N., et al. (2008).

Plant species traits are the predominant control on litter decomposition rates within

biomes worldwide. Ecology letters, 11(10):1065–1071.

Davey, M. L., Skogen, M. J., Heegaard, E., Halvorsen, R., Kauserud, H., and Ohlson, M.

(2017). Host and tissue variations overshadow the response of boreal moss-associated

fungal communities to increased nitrogen load. Molecular ecology, 26(2):571–588.
27



REFERENCES

De Long, J. R., Sundqvist, M. K., Gundale, M. J., Giesler, R., and Wardle, D. A. (2016).

Effects of elevation and nitrogen and phosphorus fertilization on plant defence com-

pounds in subarctic tundra heath vegetation. Functional ecology, 30(2):314–325.

de Vries, W., Solberg, S., Dobbertin, M., Sterba, H., Laubhann, D., Van Oijen, M.,

Evans, C., Gundersen, P., Kros, J., Wamelink, G., et al. (2009). The impact of nitrogen

deposition on carbon sequestration by european forests and heathlands. Forest Ecology

and Management, 258(8):1814–1823.

Delgado-Baquerizo, M., García-Palacios, P., Milla, R., Gallardo, A., and Maestre, F. T.

(2015). Soil characteristics determine soil carbon and nitrogen availability during leaf

litter decomposition regardless of litter quality. Soil Biology and Biochemistry, 81:134–

142.

Fang, Y., Xun, F., Bai, W., Zhang, W., and Li, L. (2012). Long-term nitrogen addition

leads to loss of species richness due to litter accumulation and soil acidification in a

temperate steppe. PLoS One, 7(10):e47369.

Fernandez, C. W. and Kennedy, P. G. (2016). Revisiting the ‘gadgil effect’: do interguild

fungal interactions control carbon cycling in forest soils? New phytologist, 209(4):1382–

1394.

Franklin, O., Högberg, P., Ekblad, A., and Ågren, G. I. (2003). Pine forest floor carbon

accumulation in response to n and pk additions: bomb 14 c modelling and respiration

studies. Ecosystems, 6(7):644–658.

Frey, S., Elliott, E., Paustian, K., and Peterson, G. (2000). Fungal translocation as

a mechanism for soil nitrogen inputs to surface residue decomposition in a no-tillage

agroecosystem. Soil Biology and Biochemistry, 32(5):689–698.

Galloway, J. N., Townsend, A. R., Erisman, J. W., Bekunda, M., Cai, Z., Freney, J. R.,
28



REFERENCES

Martinelli, L. A., Seitzinger, S. P., and Sutton, M. A. (2008). Transformation of the ni-

trogen cycle: recent trends, questions, and potential solutions. Science, 320(5878):889–

892.

Gauslaa, Y., Marit, L., and Ohlson, M. (2008). Epiphytic lichen biomass in a boreal

norway spruce forest. The Lichenologist, 40(3):257.

Gholz, H. L., Wedin, D. A., Smitherman, S. M., Harmon, M. E., and Parton, W. J.

(2000). Long-term dynamics of pine and hardwood litter in contrasting environments:

toward a global model of decomposition. Global Change Biology, 6(7):751–765.

Gosz, J. R., Likens, G. E., and Bormann, F. H. (1973). Nutrient release from decom-

posing leaf and branch litter in the hubbard brook forest, new hampshire. Ecological

monographs, 43(2):173–191.

Gundale, M. J., From, F., Bach, L. H., and Nordin, A. (2014). Anthropogenic nitrogen

deposition in boreal forests has a minor impact on the global carbon cycle. Global

change biology, 20(1):276–286.

Gundale, M. J., Sverker, J., Albrectsen, B. R., Nilsson, M.-C., and Wardle, D. A. (2010).

Variation in protein complexation capacity among and within six plant species across

a boreal forest chronosequence. Plant Ecology, 211(2):253–266.

Hagerman, A. E. (2002). Tannin handbook. miami university. Oxford OH, 45056:78.

Hauken, K. N. (2020). Effects of boreal forest fertilization on carbon storage and ecto-

mycorrhizal fungi. Master’s thesis, Norwegian University of Life Sciences, Ås.

He, K., Qi, Y., Huang, Y., Chen, H., Sheng, Z., Xu, X., and Duan, L. (2016). Response

of aboveground biomass and diversity to nitrogen addition–a five-year experiment in

semi-arid grassland of inner mongolia, china. Scientific reports, 6(1):1–9.
29



REFERENCES

Hobbie, S. E. (2005). Contrasting effects of substrate and fertilizer nitrogen on the early

stages of litter decomposition. Ecosystems, 8(6):644–656.

Hobbie, S. E. (2008). Nitrogen effects on decomposition: A five-year experiment in eight

temperate sites. Ecology, 89(9):2633–2644.

Hobbie, S. E. and Vitousek, P. M. (2000). Nutrient limitation of decomposition in hawaiian

forests. Ecology, 81(7):1867–1877.

Hunt, H., Ingham, E., Coleman, D., Elliott, E., and Reid, C. (1988). Nitrogen limitation

of production and decomposition in prairie, mountain meadow, and pine forest. Ecology,

69(4):1009–1016.

Janssens, I., Dieleman, W., Luyssaert, S., Subke, J.-A., Reichstein, M., Ceulemans, R.,

Ciais, P., Dolman, A. J., Grace, J., Matteucci, G., et al. (2010). Reduction of forest

soil respiration in response to nitrogen deposition. Nature geoscience, 3(5):315–322.

Kazakou, E., Violle, C., Roumet, C., Pintor, C., Gimenez, O., and Garnier, E. (2009).

Litter quality and decomposability of species from a mediterranean succession depend

on leaf traits but not on nitrogen supply. Annals of Botany, 104(6):1151–1161.

Keiser, A. D., Knoepp, J. D., and Bradford, M. A. (2013). Microbial communities may

modify how litter quality affects potential decomposition rates as tree species migrate.

Plant and Soil, 372(1):167–176.

Keuskamp, J. A., Dingemans, B. J., Lehtinen, T., Sarneel, J. M., and Hefting, M. M.

(2013). Tea bag index: a novel approach to collect uniform decomposition data across

ecosystems. Methods in Ecology and Evolution, 4(11):1070–1075.

Khan, S., Mulvaney, R., Ellsworth, T., and Boast, C. (2007). The myth of nitrogen fer-

tilization for soil carbon sequestration. Journal of Environmental Quality, 36(6):1821–

1832.
30



REFERENCES

Knorr, M., Frey, S., and Curtis, P. (2005). Nitrogen additions and litter decomposition:

A meta-analysis. Ecology, 86(12):3252–3257.

Koceja, M. (2019). Consequences of long-term fertilization on wetland microbial function.

Kraus, T., Zasoski, R., and Dahlgren, R. (2004). Fertility and ph effects on polyphenol and

condensed tannin concentrations in foliage and roots. Plant and Soil, 262(1):95–109.

Kraus, T. E., Dahlgren, R. A., and Zasoski, R. J. (2003). Tannins in nutrient dynamics

of forest ecosystems-a review. Plant and soil, 256(1):41–66.

Krishna, M. and Mohan, M. (2017). Litter decomposition in forest ecosystems: a review.

Energy, Ecology and Environment, 2(4):236–249.

Li, H.-C., Hu, Y.-L., Mao, R., Zhao, Q., and Zeng, D.-H. (2015). Effects of nitrogen

addition on litter decomposition and co2 release: considering changes in litter quantity.

Plos one, 10(12):e0144665.

Liu, C. and Sun, X. (2013). A review of ecological stoichiometry: Basic knowledge and

advances.

Lummer, D., Scheu, S., and Butenschoen, O. (2012). Connecting litter quality, microbial

community and nitrogen transfer mechanisms in decomposing litter mixtures. Oikos,

121(10):1649–1655.

Maaroufi, N. I., Nordin, A., Hasselquist, N. J., Bach, L. H., Palmqvist, K., and Gundale,

M. J. (2015). Anthropogenic nitrogen deposition enhances carbon sequestration in

boreal soils. Global change biology, 21(8):3169–3180.

Maaroufi, N. I., Nordin, A., Palmqvist, K., and Gundale, M. J. (2016). Chronic nitrogen

deposition has a minor effect on the quantity and quality of aboveground litter in a

boreal forest. PloS one, 11(8):e0162086.
31



REFERENCES

Maaroufi, N. I., Nordin, A., Palmqvist, K., and Gundale, M. J. (2017). Nitrogen enrich-

ment impacts on boreal litter decomposition are driven by changes in soil microbiota

rather than litter quality. Scientific reports, 7(1):1–7.

Mack, M. C., Schuur, E. A., Bret-Harte, M. S., Shaver, G. R., and Chapin, F. S. (2004).

Ecosystem carbon storage in arctic tundra reduced by long-term nutrient fertilization.

Nature, 431(7007):440–443.

Magill, A. H. and Aber, J. D. (1998). Long-term effects of experimental nitrogen addi-

tions on foliar litter decay and humus formation in forest ecosystems. Plant and Soil,

203(2):301–311.

Mahmood, R., Pielke Sr, R., and Hubbard, K. G. (2007). Effect of human activities on

the atmosphere. detecting the atmospheric response to the changing face of the earth:

A focus on human-caused regional climate forcings, land-cover/land-use change, and

data monitoring; boulder, colorado, 27–29 august 2007.

Manzoni, S., Jackson, R. B., Trofymow, J. A., and Porporato, A. (2008). The global

stoichiometry of litter nitrogen mineralization. Science, 321(5889):684–686.

Marinari, S., Masciandaro, G., Ceccanti, B., and Grego, S. (2000). Influence of organic

and mineral fertilisers on soil biological and physical properties. Bioresource technology,

72(1):9–17.

Melillo, J. M., Aber, J. D., and Muratore, J. F. (1982). Nitrogen and lignin control of

hardwood leaf litter decomposition dynamics. Ecology, 63(3):621–626.

Meunier, C. L., Gundale, M. J., Sánchez, I. S., and Liess, A. (2016). Impact of nitrogen

deposition on forest and lake food webs in nitrogen-limited environments. Global Change

Biology, 22(1):164–179.
32



REFERENCES

Mikola, P. (1960). Comparative experiment on decomposition rates of forest litter in

southern and northern finland. Oikos, 11(1):161–166.

Murphy, K. L., Klopatek, J. M., and Klopatek, C. C. (1998). The effects of litter quality

and climate on decomposition along an elevational gradient. Ecological Applications,

8(4):1061–1071.

Norris, M. D., Avis, P. G., Reich, P. B., and Hobbie, S. E. (2013). Positive feedbacks

between decomposition and soil nitrogen availability along fertility gradients. Plant

and soil, 367(1):347–361.

Nybakken, L., Lie, M. H., Julkunen-Tiitto, R., Asplund, J., and Ohlson, M. (2018).

Fertilization changes chemical defense in needles of mature norway spruce (picea abies).

Frontiers in plant science, 9:770.

Olsson, P., Linder, S., Giesler, R., and Högberg, P. (2005). Fertilization of boreal forest

reduces both autotrophic and heterotrophic soil respiration. Global change biology,

11(10):1745–1753.

Pan, Y., Cassman, N., de Hollander, M., Mendes, L. W., Korevaar, H., Geerts, R. H.,

van Veen, J. A., and Kuramae, E. E. (2014). Impact of long-term n, p, k, and npk

fertilization on the composition and potential functions of the bacterial community in

grassland soil. FEMS microbiology ecology, 90(1):195–205.

Petraglia, A., Cacciatori, C., Chelli, S., Fenu, G., Calderisi, G., Gargano, D., Abeli, T.,

Orsenigo, S., and Carbognani, M. (2019). Litter decomposition: effects of temperature

driven by soil moisture and vegetation type. Plant and Soil, 435(1):187–200.

Pichon, N. A., Cappelli, S. L., Soliveres, S., Hölzel, N., Klaus, V. H., Kleinebecker, T., and

Allan, E. (2020). Decomposition disentangled: a test of the multiple mechanisms by

which nitrogen enrichment alters litter decomposition. Functional Ecology, 34(7):1485–

1496.
33



REFERENCES

Prescott, C. (1995). Does nitrogen availability control rates of litter decomposition in

forests? In Nutrient uptake and cycling in forest ecosystems, pages 83–88. Springer.

Prescott, C. E. (2010). Litter decomposition: what controls it and how can we alter it to

sequester more carbon in forest soils? Biogeochemistry, 101(1):133–149.

Pukkala, T. (2017). Optimal nitrogen fertilization of boreal conifer forest. Forest Ecosys-

tems, 4(1):1–10.

Ramirez, K. S., Craine, J. M., and Fierer, N. (2010). Nitrogen fertilization inhibits

soil microbial respiration regardless of the form of nitrogen applied. Soil Biology and

Biochemistry, 42(12):2336–2338.

Reay, D. S., Dentener, F., Smith, P., Grace, J., and Feely, R. A. (2008). Global nitrogen

deposition and carbon sinks. Nature Geoscience, 1(7):430–437.

Schimel, J. P. and Bennett, J. (2004). Nitrogen mineralization: challenges of a changing

paradigm. Ecology, 85(3):591–602.

Schimel, J. P. and Hättenschwiler, S. (2007). Nitrogen transfer between decomposing

leaves of different n status. Soil Biology and Biochemistry, 39(7):1428–1436.

Setälä, H., Marshall, V. G., and Trofymow, J. (1996). Influence of body size of soil fauna

on litter decomposition and 15n uptake by poplar in a pot trial. Soil Biology and

Biochemistry, 28(12):1661–1675.

Sjöberg, G., Knicker, H., Nilsson, S., and Berggren, D. (2004). Impact of long-term n

fertilization on the structural composition of spruce litter and mor humus. Soil Biology

and Biochemistry, 36(4):609–618.

Song, X., Zhou, G., Gu, H., and Qi, L. (2015). Management practices amplify the effects

of n deposition on leaf litter decomposition of the moso bamboo forest. Plant and Soil,

395(1):391–400.
34



REFERENCES

Stevens, C. J., Duprè, C., Dorland, E., Gaudnik, C., Gowing, D. J., Bleeker, A., Diek-

mann, M., Alard, D., Bobbink, R., Fowler, D., et al. (2010). Nitrogen deposition threat-

ens species richness of grasslands across europe. Environmental pollution, 158(9):2940–

2945.

Strickland, M. S., Osburn, E., Lauber, C., Fierer, N., and Bradford, M. A. (2009). Lit-

ter quality is in the eye of the beholder: initial decomposition rates as a function of

inoculum characteristics. Functional Ecology, 23(3):627–636.

Sundqvist, M. K., Wardle, D. A., Olofsson, E., Giesler, R., and Gundale, M. J. (2012).

Chemical properties of plant litter in response to elevation: subarctic vegetation chal-

lenges phenolic allocation theories. Functional Ecology, 26(5):1090–1099.

Swangjang, K. et al. (2015). Soil carbon and nitrogen ratio in different land use. In

International Conference on Advances in Environment Research, volume 87, pages 36–

40.

Swift, M. J., Heal, O. W., Anderson, J. M., and Anderson, J. (1979). Decomposition in

terrestrial ecosystems.

Tenney, F. G. and Waksman, S. A. (1929). Composition of natural organic materials and

their decomposition in the soil: Iv. the nature and rapidity of decomposition of the

various organic complexes in different plant materials, under aerobic conditions. Soil

Science, 28(1):55.

Treseder, K. K. (2008). Nitrogen additions and microbial biomass: A meta-analysis of

ecosystem studies. Ecology letters, 11(10):1111–1120.

van Diepen, L. T., Frey, S. D., Sthultz, C. M., Morrison, E. W., Minocha, R., and Pringle,

A. (2015). Changes in litter quality caused by simulated nitrogen deposition reinforce

the n-induced suppression of litter decay. Ecosphere, 6(10):1–16.
35



REFERENCES

Van Vuuren, M. and Van der Eerden, L. (1992). Effects of three rates of atmospheric

nitrogen deposition enriched with 15n on litter decomposition in a heathland. Soil

Biology and Biochemistry, 24(6):527–532.

van Zuijlen, K., Roos, R. E., Klanderud, K., Lang, S. I., Wardle, D. A., and Asplund, J.

(2020). Decomposability of lichens and bryophytes from across an elevational gradient

under standardized conditions. Oikos, 129(9):1358–1368.

Vitousek, P. M. and Howarth, R. W. (1991). Nitrogen limitation on land and in the sea:

how can it occur? Biogeochemistry, 13(2):87–115.

Wall, D. H., Bradford, M. A., ST. JOHN, M. G., Trofymow, J. A., Behan-Pelletier,

V., Bignell, D. E., Dangerfield, J. M., Parton, W. J., Rusek, J., Voigt, W., et al.

(2008). Global decomposition experiment shows soil animal impacts on decomposition

are climate-dependent. Global Change Biology, 14(11):2661–2677.

Wardle, D., Barker, G., Bonner, K., and Nicholson, K. (1998). Can comparative ap-

proaches based on plant ecophysiological traits predict the nature of biotic interactions

and individual plant species effects in ecosystems? Journal of ecology, 86(3):405–420.

Xu, S., Sardans, J., Zhang, J., and Peñuelas, J. (2020). Variations in foliar carbon:

nitrogen and nitrogen: phosphorus ratios under global change: a meta-analysis of ex-

perimental field studies. Scientific reports, 10(1):1–11.

Yan, G., Xing, Y., Xu, L., Wang, J., Meng, W., Wang, Q., Yu, J., Zhang, Z., Wang, Z.,

Jiang, S., et al. (2016). Nitrogen deposition may enhance soil carbon storage via change

of soil respiration dynamic during a spring freeze-thaw cycle period. Scientific reports,

6(1):1–9.

Zhang, D., Hui, D., Luo, Y., and Zhou, G. (2008). Rates of litter decomposition in

terrestrial ecosystems: global patterns and controlling factors. Journal of Plant Ecology,

1(2):85–93.
36



REFERENCES

Zhang, L., Zhang, S., Ye, G., Shao, H., Lin, G., and Brestic, M. (2013). Changes of tannin

and nutrients during decomposition of branchlets of casuarina equisetifolia plantation

in subtropical coastal areas of china. Plant, Soil and Environment, 59(2):74–79.

Zheng, Y., Hu, Z., Pan, X., Chen, X., Derrien, D., Hu, F., Liu, M., and Hättenschwiler,

S. (2021). Carbon and nitrogen transfer from litter to soil is higher in slow than

rapid decomposing plant litter: A synthesis of stable isotope studies. Soil Biology and

Biochemistry, 156:108196.

Zhou, G., Zhang, J., Qiu, X., Wei, F., and Xu, X. (2018). Decomposing litter and

associated microbial activity responses to nitrogen deposition in two subtropical forests

containing nitrogen-fixing or non-nitrogen-fixing tree species. Scientific reports, 8(1):1–

11.

37



  


