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1.1 Background 

 

Dynamics of organic matter in soils 

The decomposition of organic matter in soils plays a fundamental role for the functioning 

of ecosystems. It controls (1) the mineralization of carbon and other essential nutrients 

making them re-available for plants and (2) the quantity and quality of organic matter 

stored in soils, which affect important chemical, physical and biological soil properties 

(Swift et al. 1979). Decomposition also controls the carbon (C) balance of terrestrial 

ecosystems and thus plays an important role for research on global climate change. The 

amounts of organic C stored in mineral soils globally were estimated to be ~1500 Pg, which 

is larger than the amounts of C stored in vegetation (~560 Pg) and the atmosphere (~750 

Pg) (Schlesinger and Andrews 2000). Any changes in decomposition processes might 

therefore significantly affect the atmospheric CO2 level and thus accelerate or retard global 

warming.  

The primary resources for organic matter decomposition are plant-derived and include 

leaves, needles, fruits, woody parts and roots; secondary resources include tissues of 

microorganisms and animals, whereas later are quantitatively of minor importance (Zech 

and Guggenberger 1996). Decomposition alters the composition and properties of the 

organic materials as individual compounds differ in stability and due to transformations 

into often more stable organic matter (Berg and McClaugherty 2008).  

In general, C storage in soils depends on organic matter input and turnover times. A global 

average turnover time of 32 years for organic C stored in the top 1 m of soils was estimated 

by Raich and Schlesinger (1992). The average turnover times can vary largely between 
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regions and ecosystems and are controlled by basic soil forming factors like climate, 

vegetation, parent material, topography, and time (Jenny 1941; Trumbore 1997). 

Furthermore the turnover times of organic C stored within a soil differ largely from less 

than a day to millennia. The share of stable organic C with turnover times of >100 years 

was thereby proposed to make 10-50% of the organic C in mineral soils (Trumbore 1997). 

The reasons for the formation of stable organic matter in soils are still not fully understood. 

The most widely discussed stabilization mechanisms include (1) preservation of recalcitrant 

compounds (i.e. organic compounds that resist decomposition because of their material 

properties), (2) interaction with surfaces (minerals, other organic matter) and metal ions and 

(3) spatial inaccessibility of organic matter for microbes and enzymes (Sollins et al. 1996; 

von Lützow et al. 2006). In particular the concept of selective preservation of recalcitrant 

compounds will play an important role for this thesis because lignin is often proposed as an 

example for a recalcitrant compound. 

 

Lignin degradation and its significance for research on soil organic matter  

Lignin is a major organic component of plant cell walls of vascular plants, ferns and club 

mosses (Kögel-Knabner 2002). Structurally lignin is a heterogeneous phenolic 

macromolecule synthesized by polymerization from the three primary sources coumaryl 

alcohol, coniferyl alcohol and sinapyl alcohol (monolignons) (Ralph et al. 2004). They give 

in the lignin macromolecule so-called syringyl units (derived from sinapyl alcohol), 

guaiacyl (or vanillyl) units (derived from coniferyl alcohol) and p-hydroxyphenyl units 

(derived from coumaryl alcohol). The phenolic monomers are linked by a variety of ether 

and C-C bonds (Kögel-Knabner 2002). The macromolecular structure of lignin can largely 
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vary between plant species and parts of a plant (i.e. abundance of different monomeric units 

and types of bonds) and can therefore be used as biomarker for the botanical origin of 

organic matter (e.g. Otto and Simpson 2006).  

It is generally thought that fungi (wood rotting basidiomycetes and ascomycetes) play the 

major role for lignin degradation (Kirk and Farrell 1987; Osono 2007). They produce the 

extracellular enzymes necessary for depolymerization and solubilization of lignin derived 

organic matter, which is thought to be prerequisite for further decomposition processes like 

uptake by microbial cells to produce biomass or CO2 (Kirk and Farrell 1987). It is further 

assumed that lignin degradation occurs mainly in oxic environments, although some studies 

also report of lignin degradation under anoxic conditions (Thevenot et al. 2010). Lignin 

degradation was also found to be a co-metabolic process, i.e. wood rotting fungi require the 

supply of another easily degradable growth substrate (e.g. cellulose, glucose) for lignin 

degradation (Kirk et al. 1976). This can be understood that lignin itself does not yield 

sufficient energy to maintain its own degradation (Osono 2007).  

The fate of lignin in soils is of great importance for research on the dynamics of soil 

organic matter. Lignin is among the most abundant biopolymers on earth, making about 

20% of the plant litter input to soils (Thevenot et al. 2010). Therefore, any changes in rates 

or pathways of lignin degradation might directly influence quantities and properties of 

organic matter stored in soils. Furthermore lignin degradation is thought to control the 

degradation of other litter components. Lignin physically protects most of the cellulose and 

hemicellulose of plant cell wall from enzymatic hydrolysis (Kirk and Farrell 1987, Osono 

2007). This important C and energy source for microorganisms can thus only be accessed 

upon lignin degradation. It is also believed that lignin degradation controls the access to 
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other essential nutrients like N and P (Sinsabaugh and Schah 2011). Lignin itself is 

traditionally assumed to be among the recalcitrant components of plant litter (Berg 2000; 

Derenne and Largeau 2000; Ruiz-Dueñas and Martínez 2009). The long-term stabilization 

of lignin in soils is however uncertain (Thevenot et al. 2010). Research of recent years 

suggested that lignin does not contribute to stable organic matter in mineral soils (Kiem and 

Kögel-Knabner 2003; Dignac et al. 2005; Heim and Schmidt 2007). It was thus proposed 

that a selective preservation of lignin is only important during early litter decomposition 

phases but not during later phases when rates of lignin degradation might be same or even 

higher than rates of overall litter decomposition (von Lützow et al. 2006; Marschner et al. 

2008).  

 

1.2 Research questions and outline of the thesis 

 

General outline 

The overarching objective of this thesis is to improve knowledge on controls of lignin 

degradation in the forest floor and mineral soils of temperate forests. In a first part (chapters 

2 and 3) lignin degradation and related processes are studied in decomposing leave and 

needle litters. In a second part (chapters 4 and 5) the effects of altered litter inputs on lignin 

degradation and related processes are studied. Chapter 6 synthesizes the major findings of 

the research presented in this thesis. In the following main research questions are 

introduced and the experimental approach is shortly outlined. More specific questions and 

hypotheses are introduced and presented in the individual chapters.  
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1.2.1 Lignin degradation in decomposing leave and needle litters (chapters 2 and 3) 

 

How stable is lignin during different phases of litter decomposition?  

In studies on litter decomposition ‘lignin’ was traditionally determined as acid 

unhydrolyzable residue (AUR; e.g. Klason lignin, van Soest method). The use of nuclear 

magnetic resonance spectroscopy however revealed that the AUR contains besides the 

lignin macromolecule also compounds originating from cutin, waxes, condensed tannins 

and transformation products formed during litter decomposition (Zech et al., 1987; Preston 

et al., 2009). Hence, the feasibility of using AUR contents to evaluate the stability of the 

lignin macromolecule in litter residues is largely uncertain.  

In this thesis alternative analytical methods which are specific for the lignin macromolecule 

are used (CuO oxidation method, Hedges and Ertel 1982; 13C-TMAH thermochemolysis, 

Filley et al. 1999). An overall aim of the first part of the thesis is to test with the 13C-TMAH 

and CuO method widely used standard concepts on lignin degradation, which base on 

lignin concentrations estimated by AUR analysis. In particular a model originally proposed 

by Berg and Staaf (1980) is questioned (chapter 3). It predicts (1) preservation of lignin 

during early phases of litter decomposition because more easily degradable compounds get 

used over lignin, whereas (2) enhanced lignin degradation occurs in later decomposition 

phases when only lignin and lignified compounds (i.e. cell wall carbohydrates protected by 

lignin) are present in the litter. The model seems to be in conflict with other studies 

suggesting that lignin degradation by fungi is a co-metabolic process (Kirk et al. 1976). 

According to the concept of co-metabolism one would expect that lignin degradation is 
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large upon sufficient supply of easily degradable compounds, but hampered during later 

phases of litter decomposition when easily degradable compounds decline.  

 

Which relationships occur between lignin degradation, dissolved organic matter and CO2 

production during leave and needle decomposition?  

Dissolved organic matter (DOM) is a small but important fraction of the organic matter in 

forest floors or mineral soils. For example, DOM is a main path for the transport of 

carbon/energy sources and essential nutrients within soil profiles (Zech et al. 1996; Kalbitz 

et al. 2000). Knowledge on the controls of DOM fluxes and properties thus can help to 

understand the patterns in which microbial processes occur in soils.  

The relationship between DOM and CO2 production in the forest floor and mineral soils is 

poorly understood. As microorganisms live in aquatic environments, DOM is potentially 

the most bioavailable organic matter in soils (Marschner and Kalbitz 2003). Several studies 

found correlations between amounts of DOM and CO2 evolution from mineral soils 

suggesting DOM might be used as a measure for easily degradable C (Burford and Bremner 

1975; Rees and Parker 2005; Zhao et al. 2008). However such correlations are not generally 

found in mineral soils (Lundquist et al. 1999). Laboratory incubations have shown that 

DOM of different origin (i.e. litter, forest floor, agricultural soils, peat) can vary largely in 

resistance against biodegradation (Kalbitz et al. 2003a), suggesting DOM is to varying 

extent rather refractory by-product of decomposition than C and energy source for 

micoorganisms (Kalbitz et al. 2003; Marschner and Kalbitz 2003a; Kalbitz and Kaiser 

2008).  
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Decomposition processes in the forest floor are a major source for DOM in soils (Kalbitz et 

al. 2000), but little is known about the relationship between DOM production and CO2 

evolution during the decomposition of needle and leave litters (Hansson et al. 2010). 

Herein, the relationship between DOM production and CO2 evolution during different 

phases of needle and leave decomposition are studied. Furthermore, patterns for DOM 

production and CO2 evolution are related to lignin degradation. This offered the opportunity 

to examine the role of easily degradable organic compounds for lignin degradation.  

 

Outline and approach 

Chapter 2 reports of a litter decomposition experiment (leaves or needles of ash, beech, 

maple, pine, spruce) conducted for 27 months in a German spruce forest (litterbag method). 

For the first time the 13C-TMAH thermochemolysis method is used to follow lignin 

degradation in a range of different litter types. The results are compared to those of the CuO 

oxidation and van-Soest method, an approach to determine the acid unhydrolzable residue 

(AUR) of plant litter. It will be shown that molecular lignin degradation patterns (13C-

TMAH thermochemolysis, CuO oxidation method) reveal a different picture on lignin 

degradation during leave and needle decomposition than the traditional approach of AUR 

analysis.  

Chapter 3 reports of a two-years laboratory incubation experiment using litter of different 

decomposition degree derived from the litterbag experiment (i.e. field exposure for 0, 3, 12 

and 27 months before laboratory incubation). Laboratory incubation allows to extend the 

field experiment and to examine under controlled conditions if/how patterns of lignin 

degradation (CuO method) differ between early and later phases of the decomposition 
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process. Furthermore, laboratory incubation enables to study relationships between lignin 

degradation, production of DOM and evolution of CO2 during litter decomposition. 

 

1.2.2 Litter input effects on lignin degradation in forest soils (chapters 4 and 5) 

 

An important challenge for research on soil organic matter is to evaluate the response of 

decomposition processes to climate change. Increasing atmospheric CO2 levels and heat 

contents will likely result in enhanced plant productivity in many temperate and boreal 

regions (Norby et al. 2005; Heimann and Reichstein 2008). When organic C storage in soils 

increases with plant productivity, it could help to slow down the current increase in 

atmospheric CO2 levels. There is however evidence that altered plant litter fluxes change 

decomposition processes in soils (Fontaine et al. 2004; Sulzman et al. 2005; Sayer 2006; 

Kalbitz et al. 2007; Crow et al. 2009 a,b). The effects of litter input on organic matter 

decomposition are however poorly understood in detail. The main goal of the second part of 

this thesis is to improve knowledge on the effects of litter inputs on lignin degradation in 

the forest floor and mineral topsoils (i.e. 0- 20 cm depth) of temperate forests. Thereby it 

will be discussed whether litter inputs affect lignin degradation by changing the fluxes of 

easily degradable co-substrates and/or by changing the properties of the soil microbial 

community. 

 

Outline and approach 

Samples from long-term litter manipulation experiments (i.e. doubling/exclusion of litter 

fall and/or exclusion of root litter for several years) conducted in different temperate forests 



General Introduction 

 16 

are used. In chapter 4 the effects of 6 years litter manipulation on the fluxes and properties 

of DOM in forest floor leachates at a spruce site in Germany (‘Coulissenhieb’) are shown. 

Possible changes in lignin degradation processes in the forest floor are examined by 

following the contribution of lignin-derived compounds to DOM. In chapter 5 the effects of 

litter manipulation on lignin degradation in mineral soils (0-20 cm depth) of 2 deciduous 

temperate sites are assessed: the Steinkreuz site in Germany (beech/oak) and the Bousson 

site in Pennsylvania (maple/cherry). For these sites, data on soil C contents and distribution 

over density fractions, traits of the microbial community, and fluxes of dissolved organic 

matter (DOM) can be used to unravel whether changes in lignin properties (CuO method) 

are caused by altered input of recent lignin or lignin degradation.  
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Abstract 

We studied the degradation of lignin in leaf and needle litter of ash, beech, maple, pine and 

spruce using 13C-TMAH thermochemolysis. Litter samples were exposed to decomposition 

for 27 months in litterbags at a German spruce forest site, resulting in a litter mass loss of 

26% (beech) to 58% (ash) of initial mass. In contrast to conventional unlabelled TMAH 

thermochemolysis, 13C-labelling allows for distinguishing thermochemolysis products 

deriving from intact lignin, demethylated lignin and other polyphenolic litter compounds 

(e.g. tannins). Proxies for lignin degradation (phenol yield; acid-to-aldehyde ratios of 

products) changed considerably for leaf samples upon correction for the contribution of 

non-lignin sources to the thermochemolysis products. Using the corrected values, we found 

increasing acid-to-aldehyde ratios as well as decreasing or constant yields of lignin-derived 

phenols normalized to litter-carbon during litterbag incubation of leaves and needles, 

suggesting pronounced lignin degradation by wood-rotting fungi. No indications for accrual 

of demethylated lignin through action of brown rot fungi on ring methoxyl were found. The 

results were compared with those of other analytical techniques applied in previous studies 

on the samples. Similar to 13C-TMAH thermochemolysis, the CuO oxidation method 

showed increasing lignin oxidation (acid-to-aldehyde ratios) and no/little enrichment of 

lignin derived phenols in the litter. Molecular lignin degradation patterns did not match 

those deriving from analysis of total acid-unhydrolysable residues (AUR). In particular, the 

long assumed selective preservation of lignin during the first months of litter 

decomposition, which was based on AUR analyses, is not supported by results obtained by 

the CuO and 13C-TMAH method. 
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2.1 Introduction 

 

The decomposition of plant litter regulates the cycling of nutrients and is therefore critical 

for the fertility and productivity of many terrestrial ecosystems (Swift et al. 1979). 

Furthermore, litter decomposition regulates the C balance of ecosystems by affecting the 

amounts of carbon (C) stored in soils or returned as CO2 to the atmosphere (Coûteaux et al. 

1995). Litter decomposition in forest floors is in general controlled by climate, litter quality 

and decomposing organisms (Couteaux et al. 1995). The degradation of lignin is thereby 

assumed to be among the key biological process controlling the rates of plant litter 

decomposition (e.g. Couteaux et al. 1995; Berg and Mc Claugherty, 2008).  

Lignin is a major organic component of plant cell walls representing 5–10% of the dry 

weight of needles and leaves and up to 30% of the dry weight of woods (Derenne and 

Largeau, 2001). The lignin macromolecule forms a protecting shield around the cellulose of 

plant cell walls (Kirk and Farrell 1987; Osono 2007). The access to this important C and 

energy source for microorganisms is thus controlled by lignin degradation processes. It was 

long assumed that lignin is among the most recalcitrant components of plant litter. Early 

studies found that lignin is selectively preserved during litter decomposition (Meentemeyer, 

1978; Berg and Staaf, 1980; Melillo et al., 1982). However, lignin has been traditionally 

analysed as acid unhydrolysable residue (AUR) (e.g., Klason lignin, van Soest method). 

Later, nuclear magnetic resonance analysis (NMR) indicated that the AUR contains in 

addition to lignin other compounds originating from cutin, waxes, condensed tannins and 

transformation products formed during litter decomposition (Zech et al., 1987; Preston et 

al., 2009). The use of AUR contents to study lignin degradation in leaf and needle litter is 



Lignin degradation in leaves and needles studied with the 13C-TMAH method 

 20 

thus questionable. More recent studies using the CuO oxidation method suggested 

pronounced lignin degradation already in early phases of the decomposition of leave and 

needle litter (Klotzbücher et al., 2011) and that only a small part of the lignin input is 

stabilized in soils, possibly due to interaction with mineral components and not due to the 

long proposed recalcitrant nature of lignin (reviewed by Thevenot et al., 2010).  

Generally it is assumed that wood rot fungi, i.e. basidiomycetes and ascomycetes, play the 

major role in lignin biodegradation (Osono 2007). Thereby it needs to be distinguished 

between brown-rotting, soft-rotting, and white-rotting fungi. The fate of lignin in litter 

residues should strongly depend on occurrence and importance of different decay 

processes. Brown-rot decay typically removes the cellulose and hemicellulose of cell walls 

and concentrates a mildly altered lignin showing demethylated ring hydroxyl groups (Kirk 

and Highley, 1973; Filley et al., 2000). In contrast, white-rot fungi were found to degrade 

the cellulose, hemicellulose and lignin of plant cell walls simultaneously (Kirk and 

Highley, 1973). Lignin degradation by white-rot fungi typically involves aromatic ring 

cleavage and extensive oxidation/cleavage of propyl side chains (Kirk and Farrell 1987). 

Soft-rot fungi selectively degrade cellulose over lignin (Osono 2007). Lignin degradation 

by soft-rot fungi also involves oxidation/cleavage of propyl side chains (Shary et al. 2007).  

A promising method to study lignin degradation is 13C-labelled tetramethylammonium 

hydroxide (13C-TMAH) thermochemolysis (Filley et al. 1999), an advancement of the 

conventional TMAH thermochemolysis (e.g. Challinor 1995). The 13C-TMAH method was 

applied to study lignin degradation in woods (Filley et al., 2000; Filley et al., 2002; Geib et 

al., 2008), in oak litter materials (Filley et al., 2006) and in soil profiles (Nierop and Filley, 

2007; Mason et al., 2009). The procedure depolymerizes lignin primarily by cleaving β-O-4 



Chapter 2 

 21 

bonds, the most important type of bonding within the lignin structure (Challinor 1995). 

Lignin derived monomers are subsequently assessed by gas chromatography. During 13C-

TMAH thermochemolysis hydroxyl and carboxyl groups are methylated. Using 13C 

labelling allows for distinguishing methoxyl groups at the aromatic ring of the phenols 

originally present in the lignin macromolecule from those added during analysis. In result, 

one can distinguish phenols yielded from intact lignin, fungal demethylated lignin and other 

polyphenolic sources (e.g., tannins) (Filley et al., 2006). Since non-lignin polyphenols can 

be present in high quantities in some litter materials (Filley et al. 2006; Nierop and Filley 

2007), correcting the lignin proxies using the 13C labelling seems necessary to assess lignin 

degradation in foliar litter.  

The 13C-TMAH method offers information about the nature of lignin degradation. The 

importance of brown-rot decay resulting in demethylation of ring hydroxyl groups can be 

assessed by studying the 13C uptake of lignin derived phenols (Filley et al. 2000). 

Furthermore, total yield of the released phenolic monomers and acid-to-aldehydes ratios of 

products are used as proxies for lignin degradation (e.g., Chefetz et al., 2000; Vane et al., 

2001). Increasing acid-to-aldehydes ratios are thereby indicative for oxidation/cleavage of 

propyl side chains by wood decay fungi, which can only be accurately assessed with 

TMAH thermochemolysis when using the 13C labelling (Filley et al. 2000).  

Here, we used 13C-TMAH thermochemolysis to study lignin degradation in different needle 

(spruce, pine) and leaf (ash, beech, maple) litters. Litter samples were exposed to 

decomposition in litter bags for 27 months at a spruce stand in South Germany. We were 

interested in temporal patterns and the nature of lignin degradation (side chain oxidation; 

demethylation by brown-rot decay) as assessed by 13C-TMAH thermochemolysis. The litter 
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samples were previously analysed using other analytical approaches (van Soest method, 

CuO method) (Kalbitz et al., 2006). This offers the opportunity to compare patterns for 

lignin degradation obtained by 13C-TMAH thermochemolysis with those obtained by these 

methods.  

 

2.2 Material and Methods 

 

Litterbag exposure in the field and sample properties 

Details on the litterbag study the test samples derived from are given in Don and Kalbitz 

(2005) and Kalbitz et al. (2006). In short, litter of sycamore maple (Acer pseudoplatanus 

L.), European beech (Fagus sylvatica L.), Mountain ash (Sorbus aucuparia L.), Norway 

spruce (Picea abies L. Karst.) and Scots pine (Pinus sylvestris L.) were exposed in a 160-

year old Norway spruce forest and at a nearby two-year old clear-cut site, both located in 

the Fichtelgebirge in North-East Bavaria, Germany (775 m a.s.l., 50°08’35’’ N, 11°52’10’’ 

E). Annual precipitation in the area is 1100 mm and the annual mean temperature is 5°C. 

Soils are Podzols developed on granite parent material. The organic layer is mor-type and 

about 9 cm thick. The experiment started in June 2001. 

We used samples of freshly fallen litter and litter retrieved from the litterbags after 3, 12 

and 27 months of exposure. Litterbag incubation over 27 months resulted in a mass loss of 

26% (beech leaves), 44% (maple leaves), 54% (spruce needles), 56% (pine needles) and 

58% (ash leaves) of the initial litter mass (mean values of all spatially replicated litterbags; 

Kalbitz et al. 2006). For the study reported here litter material from all litterbags (forest and 

clear-cut site) was bulked into one composite sample per litter type and sampling date (0, 3, 
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12, 27 months). For Scots pine, not enough fresh litter material (0 months) was available 

for analysis. In the laboratory, water-extractable organic matter (WEOM) was removed 

from the composited samples for another examination not reported about herein. To do so, 

10 grams (dry weight) of the litter was equilibrated in PE bottles with 200 ml ultrapure 

water for 24 h at 4 °C. After water extraction, the litter material was freeze dried and 

ground in a rotor mill (ZM 200, Retsch, Haan, Germany) to <0.2 mm for 13C-TMAH 

thermochemolysis analysis. The water extraction step might remove partially degraded, 

water-soluble lignin fragments. This caveat needs to be reminded when the results of the 

13C-TMAH thermochemolysis are directly compared to those of the CuO and van Soest 

method applied on the samples by Kalbitz et al (2006) before the water extraction step.  

 

13C-TMAH thermochemolysis procedure 

Ground litter samples were weighted into 3 mm × 3 mm platinum buckets (typically 150–

300 µg), containing eicosane as internal standard. Then, 3.5 µl of 13C-TMAH solution (25% 

in water, prepared according to Filley et al., 1999) were added. Sample buckets were placed 

in the sample holder on top of the pyrolysis unit (Pyr-4a, Shimadzu Corp. Kyoto, Japan), 

and kept there for 15 minutes at room temperature and under a He stream, allowing the 13C-

TMAH solution to soak into the sample. Then, the bucket was dropped into the heated zone 

of the pyrolysator, maintained isothermal at 350 °C. The injector base was maintained at 

320 °C and a split ratio of 10:1 was used. Products were analysed with a Shimadzu 

GC17A–QP5050A gas chromatograph–quadrupole mass spectrometer system, collecting 

ions of an m/z ratio between 40 and 550. Sample components were separated on a fused 

silica column (SPB-1, Supelco, Bellefonte, PA, USA: 30 m length, 0.25 mm i.d., 0.25 µm 
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film thickness). Initial oven temperature was set to 60 °C (1 minute hold time), then 

increased to 140 °C at 10 °C min–1 and from 140 °C to 300 °C at 6 °C min–1, and then held 

at 300 °C for 20 minutes. Two analytical replicates were run for each litter sample.  

 

Determination of mass yield, hydroxyl content of monomers and lignin proxies 

Chromatograms were analysed for the phenolic products given in Table 2.1. For needle 

litter only guaiacyl and cinnamyl-type products were assessed quantitatively because 

syringyl-type products were not present or only S6 was found in some samples in small 

quantities. Mass yields of individual products were determined upon relative response of 

their ion currents to the internal standard eicosane and an average response factor of 

commercially available standard compounds (G4, G6, S4, S6), which was determined daily.  

Methylated products of 13C-thermochemolysis were analysed for the number of 13C-labeled 

methyl groups added during the procedure, using mass spectral methods outlined in Filley 

et al. (1999, 2006). This allows for determining the number of hydroxyl vs. methoxyl 

groups originally present at the aromatic ring. Thereby one can account for contribution of 

intact lignin to the overall mass yield (i.e., not demethylated by fungal activity, Filley et al., 

2002). For example, the mass yield of S6 can be divided into mass yields of 3,5-dimethoxy-

4-hydroxy (derived from intact lignin), 3-methoxy-4,5-dihydroxy (demethylated lignin), 

and 3,4,5-trihydroxy compounds (probably deriving from tannins). We calculated the 

contribution of intact lignin to each of the individual phenolic products (Table 2.1) in order 

to correct the proxies used herein to describe lignin degradation (Filley et al. 2006).  
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Table 2.1 List of phenolic products of TMAH thermochemolysis analysed 

Peak Label Compound 
Guaiacyl compounds 
G4 3,4-dimethoxybenzaldehyde 
G6 3,4-dimethoxybenzoic acid methyl ester 
G7 cis-1-(3,4-dimethoxyphenyl)-2-methoxyethylene 
G8 trans-1-(3,4-dimethoxyphenyl)-2-methoxyethylene 
G14 threo/erythro-1-(3,4-dimethoxyphenyl)-1,2,3-trimethoxypropane 
G15 threo/erythro-1-(3,4-dimethoxyphenyl)-1,2,3-trimethoxypropane 

Syringyl compounds 
S4 3,4,5-trimethoxybenzaldehyde 
S6 3,4,5-trimethoxybenzoic acid methyl ester 
S7 cis-1-(3,4,5-trimethoxyphenyl)-2-methoxyethylene 
S8 trans-1-(3,4,5-trimethoxyphenyl)-2-methoxyethylene 
S14 threo/erythro-1-(3,4,5-trimethoxyphenyl)-1,2,3-trimethoxybenzene 
S15 threo/erythro-1-(3,4,5-trimethoxyphenyl)-1,2,3-trimethoxybenzene 
Cinnamyl compounds 
P18 trans-3-(4-methoxyphenyl)-3-propenoic acid methyl ester 
G18 trans-3-(3,4-dimethoxyphenyl)-3-propenoic acid methyl ester 

 

 

Lignin proxies used herein are (1) the sum of the mass yields of individual phenolic 

compounds (given in Table 2.1) normalized to organic carbon content of the litter, referred 

to as λ (in mg/ 100 mg litter-C), and (2) acid-to-aldehyde ratios of mass yields of phenolic 

products (G6 to G4 and S6 to S4 ratios). The phenol yield λ is commonly calculated as 

indicator for the relative lignin yield from the sample. It depends on lignin contents of the 

litter and on the occurrence of β-O-4 bonds that have hydroxyls in an adjacent position on 

the side chain in the lignin macromolecule. The reason for this is that the 13C-TMAH 

thermochemolysis procedure primarily cleaves such types of bonds (Filley et al. 1999). 

Carbon contents of litter samples for calculation of λ were determined using a CHN-O 
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Rapid Analyser (Elementar, Hanau, Germany). Acid-to-aldehyde ratios are commonly 

calculated in studies using the TMAH method or the CuO method as indicator for the 

oxidation state of the lignin macromolecule.  

 

2.3 Results and Discussion 

 

Correction of lignin proxies for the contribution of non-lignin sources 

Individual phenolic products of 13C-TMAH thermochemolysis differed largely in the 

number of hydroxyl groups originally attached to the aromatic ring (Table 2.2, 2.3). The 

contribution of products originally containing one hydroxyl group at the aromatic ring 

(mono-hydroxylated products) to the total mass yield for G(S) 14 and G(S) 15 were >93% 

in all tested litter samples, suggesting that G(S) 14(15) derive almost completely from 

‘intact’ lignin, i.e. non-demethylated lignin (Filley et al., 2006). The other products might 

derive to a larger portion from other polyphenolic sources than lignin (e.g., tannins). This is 

particularly true for the acids G(S) 6. For example, the contribution of mono-hydroxylated 

S6 products to the overall mass yield of S6 in fresh maple litter was 3%, whereas portions 

of tri-hydroxylated products were 97% (Table 2.3). Tannic acid is a likely source for tri-

hydroxylated S6 compounds (Filley et al., 2006). Similarly, portions of mono-hydoxylated 

G18 ranged from 27 to 87%. These numbers give the contribution of the lignin-derived 

ferrulic acid (3-methoxyl, 4-hydroxyl-substituted) and caffeic acid (3, 4- dihydroxyl-

substituted) to G18. Overall, the patterns of the hydroxyl contents of individual 

thermochemolysis products are comparable to those found in earlier work on oak litter 

materials (Filley et al., 2006; Nierop and Filley, 2007). 
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The contribution of phenols deriving from intact lignin to the sum of the methylated 

syringyl, guaiacyl, and cinnamyl products of 13C-TMAH thermochemolysis (λ; given in 

mg/ mg litter-C) ranged from 47% for fresh maple leaves and 86% for decomposed pine 

needles (not shown). The temporal trends for λ and of values corrected for mass yield of 

phenols deriving from intact lignin (λ  corr.) were similar during decomposition of the 

tested litter types (Figure 2.1). Mass ratios of acids to aldehydes of guaiacyl (G6/G4) and 

syringyl phenols (S6/S4), which are indicators for the oxidation state of lignin (Clifford et 

al. 1995), decreased after the correction for contribution of compounds derived from intact 

lignin (Figures 2.2 and 2.3) because of high contributions of polyhvdroxylated acids to G6 

and S6 (Tables 2.2 and 2.3). The decrease upon after correction of the values depends much 

on litter type but also on incubation time (Figures 2.2 and 2.3). The temporal trends for the 

lignin oxidation proxies changed upon correction in case of the leaf litters. It follows that 

the correction using the 13C labelling is necessary to study lignin oxidation in these litters. 
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Table 2.2 Proportion (%) of guaiacyl and cinnamyl (G18) 13C-TMAH thermochemolysis 
products containing only one 13C methyl group after 0, 3, 12 and 27 months field exposure 
of leaves and needles in litterbags. Monohydroxylated aromatics are indicative of intact 
lignin (i.e. non-demethylated lignin) as source of the phenols. Shown are mean values of 
n=2 analytical replicates. Standard errors were in average ±0.9 %. 
 

 

Months of 
field 
exposure G4 G6 G7 G8 G14 G15 

 
 

G18 
Ash 0 74 18 85 83 100 100 27 
leaves 3 66 11 80 76 99 99 29 
 12 66 17 78 74 99 99 32 
 27 63 19 73 68 99 99 32 

Beech 0 63 27 65 58 99 99 42 
leaves 3 63 23 65 56 98 99 47 
 12 62 25 68 60 99 98 54 
 27 64 31 62 57 100 99 59 

Maple 0 72 26 66 61 99 99 41 
leaves 3 72 25 71 67 99 98 54 
 12 72 30 70 65 98 99 63 
 27 73 33 68 63 99 100 68 

Spruce 0 76 34 64 59 99 99 74 
needles 3 76 45 71 65 99 99 78 
 12 79 62 74 70 99 99 78 
 27 79 65 73 69 99 99 78 

Pine 3 85 54 81 78 99 99 87 
needles 12 86 64 83 81 99 99 89 
 27 86 71 80 78 99 99 86 

 

 
 



 

 

Table 2.3 Proportion (%) of syringyl type 13C- TMAH thermochemolysis products containing one (derived from intact lignin, noted 
as 1%), two (derived from demethylated lignin, noted as 2%) and three (derived from non-lignin source like tannins, noted as 3%) 13C 
methyl groups after 0, 3, 12 and 27 months field exposure of leaves in litterbags. Shown are mean values of n=2 analytical replicates. 
Standard errors were in average ±0.6%. 
 

 

Field 

exposure 

[Months] 

 S4 S6 S7 S8 S14 S15 

  % 1 % 2 % 3 % 1 % 2 % 3 % 1 % 2 % 3 % 1 % 2 % 3 % 1 % 2 % 3 % 1 % 2 % 3 

Ash 0  90 8 1 78 12 9 92 6 2 92 6 2 98 1 1 96 3 1 

leaves 3  90 10 1 74 14 12 90 8 2 90 8 2 97 2 1 95 3 1 

 12  92 7 1 73 14 13 90 8 3 87 11 3 97 2 1 95 3 2 

 27 
 89 7 3 71 16 13 86 11 3 83 14 3 97 2 1 94 4 2 

Beech 0  87 12 1 43 11 46 90 9 2 89 9 2 96 2 1 95 1 2 

leaves 3  89 9 2 61 15 25 90 8 2 89 9 2 96 3 1 94 2 2 

 12  89 10 2 65 15 20 91 7 2 90 8 2 96 3 1 94 2 2 

 27  87 10 3 63 17 19 90 8 2 89 9 2 95 3 1 94 2 2 

Maple 0  88 9 3 3 0 97 89 8 2 88 9 3 96 2 2 96 3 2 

leaves 3  88 10 2 4 2 94 88 10 2 87 10 3 96 3 2 94 4 2 

 12  86 10 4 5 2 93 86 12 2 85 13 2 95 3 2 94 5 2 

 27  85 12 3 6 1 93 85 12 4 85 11 4 94 4 2 93 5 1 
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Patterns of lignin degradation assessed with 13C-TMAH thermochemolysis 

Increasing acid-to-aldehyde ratios of guaiacyl and syringyl compounds (G6/G4; S6/S4) are 

indicative for progressive oxidation of propyl side chains due to lignin degradation by wood 

rot fungi (Filley et al. 2000; Vane et al. 2001). Upon correction of G6/G4 for contribution 

of intact lignin (G6/G4 corr.), fresh litter samples (0 months of incubation) showed values 

between 0.4 (maple) and 1.0 (beech) (Figure 2.2). The G6/G4 corr. values increased during 

the 27 months of litterbag incubation in average by 0.1 (beech)- 1.3 (spruce). In case of ash, 

maple and spruce the increase was primarily found in the first 12 months of litterbag 

incubation (Figure 2.2). Thereafter the values remained constant. The increase in G6/G4 

corr. values was larger for needle litter than for leaves of beech and ash. These results 

might be due to larger oxidation of the guaiacyl-type lignin in needle than in leave litter. 

However, it needs to be considered that lignin of gymnosperms is more cross-linked than 

lignin of angiosperms (Boerjan et al., 2003). Hence partially decayed lignin fragments 

might to remain in the macromolecular structure of gymnosperm lignin but leached to a 

larger extent from the litterbags in the case of angiosperms. This would cause stronger 

increases in the acid-to-aldehyde ratios in needle than in leaf residues. For the leaf litter 

also acid-to-aldehyde ratios for syringyl compounds are available (Figure 2.3). Upon 

correction for the contribution of intact lignin (S6/S4 corr.), average values of 0.8 were 

found for fresh leaves of all 3 tested species. During the 27 months of litterbag incubation 

S6/S4 corr. increased in average by 0.3 in maple and beech leaves or by 1.9 in ash leaves. 

The temporal trends for the corrected acid-to-aldehyde ratios might also be affected by 

demethylation. If demethylation is coincident with side chain oxidation the product would 

be the polyhydroxyl precursors to G6 and S6. Brown-rot decay typically produces a highly 
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demethylated lignin residues, whereas the lignin residues upon white-rot decay show little 

demethylation of 13C-TMAH thermochemolysis products (Filley et al. 2000). If 

demethylation without ring cleavage by brown-rot fungi would be have been an important 

component of the lignin degradation process during litterbag incubation, we would expect 

that G(S)14 and G(S)15, which are proxies for the unaltered lignin macromolecule, show 

progressing demethylation (Filley et al. 2002, 2006). This was however not the case (Table 

2.2 and 2.3).  

Also the temporal patterns for the sum of the phenol yield upon 13C-TMAH 

thermochemolysis (λ) can offer information on lignin degradation. The corrected values for 

the contribution of intact lignin as source for the phenols (λ corr.; in mg/100 mg llitter-C) 

decreased in the first 12 incubation months in case of the leaf litters (Figure 2.1), suggesting 

large ‘losses’ of intact lignin. These losses might be due to (1) production and leaching of 

water-soluble lignin fragments, (2) transformation into structures not identifiable as lignin-

derived anymore, and (3) mineralization of lignin structures. The decrease of λ corr. in the 

first 12 incubation months is paralleled by the pronounced increases in acid-to-aldehyde 

ratios during that period (Figures 2.2 and 2.3). Some genera of white-rot fungi are known to 

degrade lignin even faster than other carbohydrates of plant cell walls (Osono, 2007). 

Furthermore, white-rot fungi extensively oxidize propyl side-chains within the lignin 

macromolecule (Filley et al. 2000; Vane et al., 2001). Hence, white-rot decay might explain 

the decreasing λ corr as well as the increasing acid-to-aldehyde ratios in the first year of 

litterbag incubation.  

In the period of 12 to 27 incubation months, λ corr. increased in the residues of all three 

tested leaf litters (Figure 2.1). One reason for this might be that other carbohydates were 
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degraded over lignin during this period. However, calculations showed that even the 

absolute amounts of lignin-derived phenols in the litterbags increased for maple and beech 

litter (calculated using λ corr. and the measured litter mass loss during litterbag incubation). 

These results point at uncertainties associated with λ corr. as proxy for loss of lignin 

structures from litter. It is well established that depolymerisation of lignin by 13C-TMAH 

thermochemolysis is incomplete. Primarily β-O-4 bonds between phenolic monomers are 

cleaved (Filley et al., 1999; Filley et al., 2000). Thus, the yield of lignin-derived phenols 

not only depends on lignin concentrations but also on the stability of certain bonds within 

the lignin structure. In particular, yields of lignin-derived phenols could increase if C–C 

bonds within the lignin, which are not cleaved by 13C-TMAH thermochemolysis, become 

increasingly degraded in the field. Thereby, a larger part of the lignin could become 

accessible for 13C-TMAH thermochemolysis. Hence, altered pathways of lignin degradation 

after 12 incubation months might explain the increasing λ corr. in leaf litter.  
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Figure 2.1 Mass yields of the analysed phenolic products of 13C-TMAH thermochemolysis (total 
yields corrected values for the contribution of non-demethylated lignin as phenol source) during 
decomposition of needle and leave litters in litterbags (left). Sum of the mass yields of lignin derived 
phenols of the CuO oxidation method (middle) and contents of acid-detergent lignin (ADL) 
determined with the van-Soest method (right). Data of the CuO and van-Soest method are taken from 
the study of Kalbitz et al. (2006). Error bars indicate standard errors of n=6 litter samples derived 
from spatially repeated litterbags (data for CuO and van-Soest method) or standard errors of 2 
analytical replicates on pooled litter samples from all litterbags (data for 13C-TMAH method).
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Figure 2.2 Acid (G6) to aldehyde (G4) ratio of guaiacyl type products of 13C-TMAH 
thermochemolysis calculated for total mass yield of G6 and G4 (black circles) and for the mass yield 
of compounds derived from intact lignin, i.e. non-demethylated lignin, as source of G6 and G4 (left). 
The analogue acid-to-aldehyde ratio obtained with the CuO method (vanillic acid to vanillin ratio, 
refereed to as [Ac/Al]v) is given on the right. Data of the CuO method are taken from the study of 
Kalbitz et al. (2006). Error bars indicate standard errors of n=6 litter samples derived from spatially 
repeated litterbags (CuO method) or standard errors of 2 analytical replicates on pooled litter samples 
from all litterbags (13C-TMAH method). 



Chapter 2 

 35 

0 10 20 30
0

10

20

30

40

Months of litterbag incubation

Maple leaves

0

1

2

3

calculated for total mass yields of S6 and S4
corrected for contribution of non-demethylated
lignin as source for S6 and S4

Ash leaves

0

1

2

3 Beech leaves

0.0

0.1

0.2

0.3

0.4
Ash leaves

S6
/S

4

0.0

0.1

0.2

0.3

0.4
Beech leaves

[A
c/

Al
] s

0 10 20 30
0.0

0.1

0.2

0.3

0.4

13C-TMAH thermochemolysis CuO oxidation method

Maple leaves

Legend for 13C-TMAH results:

 
 
Figure 2.3 Acid (S6) to aldehyde (S4) ratio of guaiacyl type products of 13C-TMAH 
thermochemolysis calculated for total mass yield of S6 and S4 (black circles) and for the mass yield 
of compounds derived from intact lignin, i.e. non-demethylated lignin, as source of S6 and S4 (left). 
The analogue acid-to-aldehyde ratio obtained with the CuO method (syringic acid to syrinaldehyde 
ratio, referred to as [Ac/Al]s) is given on the right side. Data of the CuO oxidation method are taken 
from the study of Kalbitz et al. (2006). Error bars indicate standard errors of n=6 litter samples 
derived from spatially repeated litterbags (CuO method) or standard errors of 2 analytical replicates 
on pooled litter samples from all litterbags (13C-TMAH method). 
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Comparison of results of 13C-thermochemolysis, CuO oxidation and van-Soest method  

The yield of lignin-derived phenols by the CuO method (in mg/ 100 mg litter-C) was in 

average 2.3 times larger than yields of phenols derived from non-demethylated lignin upon 

13C-TMAH thermochemolysis (λ corr.). This is in line with previous studies (Filley et al., 

2000; Wysocki et al., 2008) and suggests that CuO oxidation depolymerizes the lignin more 

completely than 13C-TMAH thermochemolysis. The likely reason is that 13C-TMAH 

thermochemolysis cleaves only β-O-4 bonds while CuO oxidation is capable to cleave β-O-

4 bonds as well as part of the C–C bonds of the lignin molecule (Filley et al., 2000). 

Similarly, the reason for the lower values for the acid to aldehyde ratios of CuO oxidation 

products when compared to analogue ratios of 13C-TMAH thermochemolsis products is 

probably that the CuO oxidation method assesses to a larger part the unaltered lignin 

macromolecule (see Figures 2.2 and 2.3). Furthermore, temporal patterns for lignin proxies 

as assessed by 13C-TMAH thermochemolysis should be more sensitive to changes in the 

relative stability of different types of bonds (Filley et al. 2000). This can explain some 

differences in temporal patterns of lignin proxies of the 13C-TMAH thermochemolysis and 

CuO oxidation. For example, in case of the leaf litters the carbon-normalized yields of 

lignin-derived phenols upon 13C-TMAH thermochemolysis decreased, whereas the carbon-

normalized yields of lignin-derived phenols upon CuO oxidation remained constant during 

the first 3 incubation months (Figure 2.1). The results suggest relative large losses of β-O-4 

bonds (and relative enrichment of C-C bonds) due to side-chain oxidation (and further 

degradation or leaching of depolymerised lignin fragments) in this period.  

In general, the patterns for lignin degradation as obtained by the CuO method are 

comparable to those obtained by 13C-TMAH thermochemolysis. The results of both 
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methods suggest progressive side-chain oxidation (increasing acid-to-aldehyde ratios), and 

no/little accumulation of the lignin macromolecular structure in litter residues (carbon-

normalized yields of lignin-derived phenols) over the course of the 27 months of litterbag 

incubation. In contrast, concentrations of acid detergent lignin (ADL, in mg / 100 mg litter-

C) as determined using the van Soest procedure largely increased in the litter residues 

(Figure 2.1). The increase in ADL contents was between +33% for beech leaves to +119% 

for pine needles during the 27 incubation months. Proximate lignin analyses based on acid 

unhydrolyzable residues (AUR; van Soest method or Klason lignin) was traditionally used 

to study lignin degradation in litter samples (Osono, 2007; Berg and McClaugherty, 2008). 

The method comparison presented here suggests that the long assumed preservation of the 

lignin macromolecule in leaves and needles during early decomposition phases (e.g., Berg, 

2000) is not confirmed by data of the CuO and 13C-TMAH method.  

 

2.4 Conclusions 

 

We demonstrated that 13C-TMAH is a suitable method to study the fate of lignin in 

decomposing leaves and needles. It offers important information on the type of lignin decay 

(e.g., absence or presence of brown rot) which might be helpful to explain differences in 

litter decomposition processes between ecosystems. The use of molecular analytical 

methods such as 13C-TMAH thermochemolysis and CuO oxidation is changing our view to 

the fate of lignin during decomposition of plant litter. In particular, direct method 

comparison showed that the long assumed preservation of lignin during the first months of 

litter decomposition based on AUR analysis is not supported by data of the CuO and 13C-
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TMAH method. The loss of lignin structures from the litterbags and the chemical 

alterations of the lignin macromolecule, which are typical for white-rot decay, suggested 

pronounced lignin degradation during the first months of leave and needle decomposition in 

the studied spruce forest.  
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Abstract  

Lignin is a main component of plant litter. Its degradation is thought to be critical for litter 

decomposition rates and the build-up of soil organic matter. We studied the relationships 

between lignin degradation and the production of dissolved organic carbon (DOC) and of 

CO2 during litter decomposition. Needle or leaf litter of 5 species (Norway spruce, Scots 

pine, Mountain ash, European beech, Sycamore maple) and of different decomposition 

stage (freshly fallen and up to 27 months of field exposure) was incubated in the laboratory 

for two years. Lignin degradation was followed with the CuO method.  

Strong lignin degradation occurred during the first 200 incubation days, as revealed by 

decreasing yields of lignin-derived phenols. Thereafter lignin degradation levelled off. This 

pattern was similar for fresh and decomposed litter, and contrasts the common view of 

limited lignin degradation in fresh litter. Dissolved organic carbon and CO2 also peaked in 

the first period of the incubation but were not interrelated. In the later phase of incubation, 

CO2 production was positively correlated with DOC amounts, suggesting that bioavailable, 

soluble compounds became a limiting factor for CO2 production. Lignin degradation 

occurred only when CO2 production was high, and not limited by bioavailable carbon. Thus 

carbon availability was the most important control on lignin degradation. In turn, lignin 

degradation could not explain differences in DOC and CO2 production over the study 

period.  

Our results challenge the traditional view regarding the fate and role of lignin during litter 

decomposition. Lignin degradation is controlled by the availability of easily decomposable 

carbon sources. Consequently, it occurs particularly in the initial phase of litter 

decomposition and is hampered at later stages if easily decomposable resources decline. 
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3.1 Introduction 

 

Decomposition of plant litter is a key process in ecosystems. It releases nutrients for plant 

growth, affects the built-up of soil organic matter, and controls fluxes of CO2 from soils 

(Prescott 2005). Lignin is a major component of plant litter, and is considered to be 

relatively resistant against degradation (Kögel-Knabner, 2002). Lignin forms a protective 

shield around cellulose in plant cell walls. Lignified cellulose probably represents the 

largest part of cellulose in litter and can only be utilized when lignin is removed first 

(Osono 2007). Degradation of lignin is thus assumed to regulate litter decomposition. Berg 

and Staaf (1980) proposed a two phase model for the fate of lignin during litter 

decomposition. In the initial phase, litter mass loss is thought to be controlled by easily 

degradable compounds, such as water-soluble constituents and non-protected cellulose. 

Lignin is preserved and accumulates in the litter. In later decomposition phases, when litter 

is assumed to consist foremost of lignified structures (Couteaux et al. 1995), lignin 

degradation is enhanced and thought to be the major control on litter mass loss. 

The described model is still referred to in textbooks (Berg and McClaugherty 2008) as well 

as in recent modelling studies on litter decomposition (Moorhead and Sinsabaugh 2006, 

Adair et al. 2008). To our knowledge, no alternative concepts for biotic lignin degradation 

in plant litter have been proposed. The model is based on data for pine litter decomposition 

(Berg and Staaf 1980; Berg and McClaugherty 2008). Its applicability to litter of other 

species is unclear (Berg and McClaugherty 2008). Uncertainties also arise as lignin was 

traditionally determined as acid unhydrolysable residue, which is known to contain lignin 

but also cutin constituents, surface waxes, condensed tannins and secondary compounds 
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produced during litter decomposition (Johansson et al. 1986, Zech et al. 1987, Preston et al. 

1997). Therefore, the general applicability of the Berg and Staaf (1980) model, since being 

based on such unspecific methods, seems questionable and needs to be tested using 

alternative approaches to study lignin such as the CuO oxidation method.  

Recent research suggested that significant photodegradation of lignin can occur in early 

decomposition phases, which might be an important pathway for lignin loss in ecosystems 

where plant litter is exposed to high solar radiation, e.g., in arid and semi-arid regions (Day 

et al. 2007, Austin and Ballaré 2010). In many other ecosystems like forests, biotic 

processes should be the dominant drivers for lignin degradation. The study presented here 

addresses biotic lignin degradation in the absence of photodegradation.  

Carbon turnover during litter decomposition proceeds via production of dissolved organic 

matter (DOM) and CO2. Both processes might be closely related. Production of CO2 

requires biologically accessible carbon sources. As microorganisms require an aqueous 

environment, these sources should comprise soluble compounds (Marschner and Kalbitz 

2003, Bengtson and Bengtsson 2007). Indeed, positive relationships between amounts of 

DOM and microbial biomass or respiration in mineral soils have been found (see review in 

introduction of Zhao et al. 2008). Whether production of DOM is crucial to CO2 evolution 

during litter decomposition has not been addressed yet. To the best of our knowledge, the 

role of lignin degradation in both DOM and CO2 production during litter decomposition has 

also not been studied. Data by Kalbitz et al. (2006) suggested that lignin degradation is the 

main control, and correlates positively with DOM production when litter mass loss exceeds 

10–20%. In accordance with the model by Couteaux et al. (1995), it therefore seems 
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reasonable to assume that lignin degradation controls DOM and CO2 production in later 

phases of litter decomposition. 

Our study aimed at elucidating the interrelationship between lignin degradation, the 

production of DOM, and the production of CO2 during litter decomposition. We conducted 

laboratory incubations over two years, using needle and leaf litter of five different species. 

The litter we used was pre-exposed for varying periods of time (0, 3, 12, 27 months) to 

decomposition in litterbags in the field (Kalbitz et al. 2006). This unique experimental 

setup, combining field and laboratory experiments, allowed for studying degradation of 

litter at different stages of decomposition covering up to 51 months. An advantage of the 

laboratory over the litterbag incubation is the possibility to simultaneously record DOM 

and CO2 production. Production of DOM was assessed as concentrations of dissolved 

organic carbon (DOC) in water extracts. Lignin degradation was followed by using the 

CuO oxidation method (Hedges and Ertel 1982).  

We tested the following hypotheses: (1) CO2 production decreases with decomposition 

stage of the litter; (2) DOM is a measure for bioavailable carbon, thus, CO2 production is 

positively related to DOM production during litter decomposition; (3) lignin degradation is 

stronger in decomposed than in fresh litter (according to the model by Berg and Staaf 

1980); (4) lignin degradation is the primary control on DOM production when decomposed 

litter decays (it will relate positively to DOM and CO2 production).  
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3.2 Materials and Methods 

 

Litter samples 

Air-dried litter samples of Sycamore maple (Acer pseudoplatanus L.), European beech 

(Fagus sylvatica L.), Mountain ash (Sorbus aucuparia L.), Norway spruce (Picea abies (L.) 

Karst.) and Scots pine (Pinus sylvestris L.) were used for the laboratory incubation. The 

samples were derived from a preceding litterbag experiment. Details on the origin of fresh 

litter samples and field conditions of the litterbag study are given in Don and Kalbitz (2005) 

and Kalbitz et al. (2006). Briefly, the litterbags were incubated in a 160 year old Norway 

spruce forest or at a nearby two-year old clear-cut site, both located in the Fichtelgebirge in 

North-East Bavaria, Germany (775 m a.s.l., 50°08’35’’N, 11°52’10’’E). Annual 

precipitation in the area is 1100 mm and the annual mean temperature is 5°C. Podzolic soils 

developed on granite parent material. The organic layer is mor-type and about 9 cm thick.  

For the laboratory incubation presented herein, we used fresh litter and litter exposed in the 

litterbags for 3, 12 and 27 months. At each sampling date (3, 12, 27 months), 12 spatial 

replicates for each species were collected at both the spruce and the clear-cut site. All 

spatial replicates from the two sites were combined and homogenized before laboratory 

incubation. Prior to laboratory incubation, the litter was cut into pieces of 0.5–1 cm 

diameter, except for spruce samples. Carbon concentrations, the C/N ratio, and the mass 

loss of samples during the litterbag study are given in Table 3.1. 
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Procedure of the laboratory incubations 

Samples for the laboratory incubation experiments were prepared by mixing 1 g of litter 

with 40 g of pure quartz sand (dry mass). In total, 20 sets of samples were prepared, 

according to five plant species and four stages of exposure in the field (0, 3, 12, 27 months). 

Samples were re-wetted with ultrapure water to 60% maximum water holding capacity 

(approximately 8 mL per sample) and incubated in closed 200-mL plastic containers at 

20ºC in the dark. Throughout the experiment, the containers were opened regularly for 

about 30 minutes to aerate the samples. Intervals of aeration ranged from a 2–3 days at the 

beginning of the incubation when respiration rates were high to two weeks in later periods, 

according to decreasing respiration rates. During aeration, the water content was re-adjusted 

gravimetrically. We stirred the samples carefully with a spatula to prevent anoxic zones at 

the bottom of the containers; this was done weekly in the first month, biweekly during 

month 2 to 5 of incubation, and thereafter monthly. 

The laboratory incubations were run for 716 days. We sampled five times, after 0, 33, 82, 

176, 390, 716 days. Half of a sample was used to determine production of DOM, which 

was extracted with 100 mL of ultrapure water at 5°C for 24 hours. Water extracts were 

passed through 0.2-µm cellulose-acetate filters (OE 66; Whatman plc, Maidstone, UK), and 

then analyzed for concentrations of DOC. The other half of the sample was freeze dried and 

ground with a ball mill for carbon and lignin analysis. The sampling was destructive, hence 

a whole set of samples had to be prepared for each sampling date (60 samples: 5 species, 4 

stages of pre-incubation in the field, 3 replicates). Not enough sample material of fresh pine 

litter was available, thus only two sets were prepared, which were sampled after 0 and 6 

months.  
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Analytical methods 

Evolution of CO2 was recorded by placing the incubation containers with samples (n = 3 

per sample type: 5 species, 4 stages of pre-incubation in the field) into a Respicond 

apparatus (Nordgren Innovations, Bygdeå, Sweden). The CO2 analysis is based on hourly 

measurements of the electrical conductivity in 10 mL of 0.6 mol KOH solution placed 

inside the Respicond vessels (Nordgren 1988). Measurement periods lasted for at least 6 

days, and at least 18 measurement periods per sample type were conducted over the 716 

days of incubation. Incubation inside the Respicond vessels was at 20º C and in the dark, 

thus under the same conditions as for samples not used for CO2 measurements. Cumulative 

CO2 production over the incubation period was calculated on the basis of hourly CO2 

production rates. Rates during periods between measurements were calculated by averaging 

the production rates of the measurement periods before and after. 

Concentrations of DOC were determined by near-infrared detection after high-temperature 

combustion (High-TOC, Elementar Analysensysteme GmbH, Hanau, Germany). Carbon 

content of solid samples was determined with a Vario EL CNS analyzer (Elementar 

Analysensysteme GmbH, Hanau, Germany). 

Lignin-derived phenols were determined using alkaline CuO oxidation at 170°C for two 

hours (Hedges and Ertel 1982), followed by solid-phase extraction with C-18 columns 

(Mallinckrodt Baker Corp., Phillipsburg, NJ, USA). Phenols were eluted with ethyl acetate, 

dried under N2, and derivatized with a 1:1 mixture of pyridine and N,O-bis(trimethysilyl) 

trifluoroacetamide. The trimethylsilyl derivatives were separated and quantified using a gas 

chromatograph equipped with a mass-sensitive detector (GC/QP-2100, Shimadzu Corp., 

Kyoto, Japan) and an SPB-5 fused silica capillary column (30 m length, 0.25 mm inner 
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diameter, 0.25-mm film; Supelco, Bellefonte, PA, USA). Lignin phenols were identified by 

target ions and quantified according to response factors of external phenol standards. 

Ethylvanillin was added as an internal recovery standard prior to the CuO oxidation and 

phenylacetic acid before derivatization. CuO oxidation yields phenolic products (vanillyl, 

syringyl and cinnamyl units) that derive from lignin. Vanillyl (V) and syringyl (S) units 

may be present as aldehydes, carboxylic acids and ketones, cinnamyl (C) units include p-

coumaric acid and ferulic acid. The sum of these phenolic compounds (V+S+C) is 

indicative of the lignin content, while the ratio between vanillic acid and vanillin ([Ac/Al]v) 

can be used as an indicator for the degradation state of the lignin in the litter (e.g., Otto and 

Simpson 2006).  

 

Statistics 

Reported results from statistical tests were obtained with Statistica 97 (StatSoft, Hamburg, 

Germany), including one-way ANOVA, followed by post-hoc analysis (Tukeys HSD test, 

results reported in text), paired t-tests (Table 3.2) and correlation analysis (Figure 3.5).   



 

 

 
 
Table 3.1 Concentrations of carbon, C/N (mass ratios) and mass loss (% of initial mass) during the previous litterbag study of the 
samples used for the laboratory incubation study presented in this paper (5 tree species and 4 different periods of pre-exposure in the 
field: 0, 3, 12, 27 months). Data are drawn from Kalbitz et al. (2006). 
 

 Mountain ash European beech Sycamore maple Norway spruce Scots pine 

Field 
exposure 
(months) 

0 3 12 27 0 3 12 27 0 3 12 27 0 3 12 27 0 3 12 27 

 

C conc. [%] 

 

40 

 

40 

 

45 

 

44 

 

45 

 

44 

 

43 

 

42 

 

40 

 

39 

 

44 

 

39 

 

41 

 

48 

 

44 

 

45 

 

52 

 

44 

 

44 

 

46 

C/N ratio 28 23 19 16 31 28 24 21 23 20 18 16 23 23 18 17 43 39 32 27 

Mass loss [%] 0 28 41 58 0 4 8 26 0 14 29 44 0 12 26 54 0 11 27 56 
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3.3 Results 

 

CO2 production 

During the 716 days of incubation, carbon loss in the form of CO2-C cumulated to 20–84% 

of the initial litter carbon (Figure 3.1). Production of CO2 was generally highest in the first 

weeks of the incubation (Figures 3.1 and 3.2). Between 44 and 82% of the overall CO2-C 

production (over 716 days) occurred during the first 200 days (28% of the incubation time). 

After the initial respiration peaks, which were found for all samples, rates of CO2-C 

production remained at low and comparably constant levels beyond 200 days of incubation 

(Figure 3.2).  

We found no consistent effect of the preceding field exposure on CO2 production during the 

laboratory incubation. In the case of Mountain ash and spruce litter, cumulative CO2 

production over the entire incubation period of 716 days decreased with the length of the 

preceding field exposure, hence, with increasing decomposition stage of the litter at the 

beginning of the laboratory incubation. Contrarily, beech and maple litter exposed in the 

field for three months showed the highest carbon mineralization over the incubation period, 

and for pine it was litter exposed in the field for 12 months (Figure 3.1). We also found 

increasing mineralization of pine carbon during the first 200 days with longer field 

exposure.   

 

Dissolved organic matter (DOM) 

Concentrations of DOC in water extracts showed high variations between the samples at t = 

0 days, ranging between 6 (Mountain ash litter exposed in the field for 27 months) and 103 
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mg DOC/g C (fresh maple litter) (Figure 3.2). No consistent effect of the preceding field 

exposure on DOC concentrations at t=0 days of the laboratory incubation was found. In the 

case of Mountain ash, maple and pine, DOC concentrations were higher for fresh than for 

field-exposed samples, while for spruce litter differences were little and insignificant 

between fresh and pre-decomposed samples (one-way ANOVA). During the first 100–200 

days of incubation, largely different temporal trends of DOC concentrations were found 

between samples. While DOC concentrations decreased consistently over time for most leaf 

litter samples, they were highest after 33 or 82 days of incubation for needle litter samples. 

Beyond 200 incubation days, temporal trends of DOC concentrations were similar for all 

samples; they slightly decreased or remained constant, mostly ranging at <20 mg DOC/g C. 

The largest DOC concentrations were then found for fresh Mountain ash litter, which 

released about 50 mg DOC/g C over the entire laboratory incubation period. 

 

Lignin 

The yield of VSC phenols is used as an indicator for lignin content in a sample. We present 

here VSC yield normalized to sample mass (mg VSC/g sample) to illustrate changes in 

absolute amounts of lignin in the samples. Patterns were similar for most samples (Figure 

3.3). During the first 100–200 incubation days, VSC yields decreased, while after 82 days 

the decrease was on average 22% compared to t = 0, ranging from 1 to 50% decrease 

(Table 3.2). The decrease was found for fresh as well as for field-exposed litter, and no 

clear effect of the time of field exposure on extent of VSC decrease could be detected. After 

100–200 days, VSC yields remained constant for most samples. For some leaf litter 

samples, however, the VSC yields increased towards the end of the incubation, which was 
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most pronounced for beech and Mountain ash litter exposed in the field for 12 or 27 months 

(Figure 3.3).  

Ratios of vanillic acid to vanillin ([Ac/Al]v) were between 0.2 and 0.4 (Figure 3.3). No 

significant differences in [Ac/Al]v ratios between fresh and field-exposed litter were 

detected at the beginning of the experiment, except for spruce litter, for which the [Ac/Al]v 

increased from 0.3 by about 0.1 after 27 months of field exposure. The ratio was 

significantly higher for litter exposed in the field for 12 and 27 months than for fresh litter 

and litter exposed to decomposition in the field for three months (one-way ANOVA, 

Tukeys HSD test). The [Ac/Al]v ratios determined herein were larger than those found 

during the preceding litterbag study (Kalbitz et al. 2006). There, they were between 0.1 and 

0.2, and increased slightly by about 0.1 for all litter species during the 27 months of field 

exposure. Values determined here, however, are well within the range found for fresh litter 

and partially decomposed material of Oe horizons (Rumpel et al. 2002, Otto and Simpson 

2006). During incubation, [Ac/Al]v remained at constant levels, showing no distinct 

temporal trends.   
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Figure 3.1 Loss of CO2-C per initially added carbon during 0–50, 50–200, 200–716 or 0–
716 days of laboratory incubation of litter from five tree species. Shown are effects of 
exposure of the litter in litterbags prior laboratory incubation at a spruce stand in South 
Germany for 0, 3, 12, or 27 months (average of n = 3, ± standard deviation). Note that for 
fresh pine litter (0 months field exposure) CO2-C production was not followed the whole 
period and only data for the 0–50 day period can be reported. 
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Figure 3.2 Temporal trends of (●) CO2 production rates and (○) dissolved organic carbon (DOC) 
concentrations in water extracts during laboratory incubation of litter from five tree species, exposed 
in litterbags at a spruce stand in South Germany for 0, 3, 12, or 27 months (average of n = 3, ± 
standard deviation). For fresh pine litter, the data set is incomplete as not enough sample material was 
available. 



New model for the fate of lignin in decomposing litter 

54 

0,0
0,2
0,4
0,6
0,8
1,0
1,2

Fresh litter
3 months exposure 

in the field

12 months 
exposure 
in the field

27 months 
exposure 
in the field

0,0
0,2
0,4
0,6
0,8
1,0
1,2
0,0
0,2
0,4
0,6
0,8
1,0
1,2

0,0
0,2
0,4
0,6
0,8
1,0
1,2

0 200 400 600 800
0,0
0,2
0,4
0,6
0,8
1,0
1,2

0 200 400 600 800 0 200 400 600 800 0 200 400 600 800

Days of laboratory incubation

VSC [mg/g sample]
Ac/Alv

M
ou

nt
ai

n 
as

h
Eu

ro
pe

an
 b

ee
ch

Sy
ca

m
or

e 
m

ap
le

Sc
ot

s 
pi

ne
N

or
w

ay
 s

pr
uc

e

 
Figure 3.3 Lignin degradation: temporal change of (●) absolute contents of VSC phenols in sample 
(mg g sample–1) and (○) [Ac/Al]v during laboratory incubation of litter from 5 tree species, exposed 
in litterbags at a spruce stand in South Germany for 0, 3, 12, or 27 months (average of n = 2 or 3, ± 
standard deviation). For fresh pine litter, the data set is incomplete as not enough sample material was 
available.



 

 

 
Table 3.2 Decrease in VSC content within the first 82 days of laboratory incubation (% change compared to day 0). Only in the first 
period of laboratory incubation VSC contents decreased (see Figure 3).  
 

 Mountain ash European beech Sycamore maple Norway spruce Scots pine 

Field 
exposure 
(months) 

0 3 12 27 0 3 12 27 0 3 12 27 0 3 12 27 0 3 12 27 

Decrease in VSC content 0–82 days [%] 

 –27 –51 –31 –34 –20 –28 –29 –21 –29 –12 –20 nd † –17 –10 –30 –12 nd –14 –14 –1 

p for change in VSC content 0-82 days (t-test) 

 .02 .08 .06 .13 .02 .01 .09 .09 .06 .84 .03 nd .16 .05 .04 .10 nd .34 .27 .77 

Means of n = 2 or 3, statistical significance for the difference of means after 0 and 82 days of incubation was tested with a paired t-
test. 
† nd = not determined due to missing values 
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3.4 Discussion 

 

Carbon mineralization: comparison with decomposition during field exposure  

During the preceding litterbag study the test samples were derived from, litter mass loss 

rates decreased with exposure time (Kalbitz et al. 2006), a trend typically found in litter 

decomposition studies. This was explained by rapid consumption of readily available 

carbon sources by microorganisms during the early phases of decomposition (Berg 2000). 

Thus, we hypothesized decreasing CO2 production with advanced decomposition stage of 

the litter. However, we found no clear effect of field exposure on cumulative CO2 

production during the first 200 days of incubation (Figure 3.1). Also, litter exposed in the 

field for 12 or 27 months showed distinct peaks for CO2 production during the first 

incubation weeks. The change in environmental conditions, when transferring litter from 

the field to the laboratory, seemed to amplify decomposition of pre-decomposed litter. One 

reason for this may be drying and re-wetting of the litter, which typically results in a release 

of easily available carbon sources, and thus can boost CO2 production (Borken and Matzner 

2009).  

For pine litter, CO2 production even increased with decomposition stage in the first 200 

days of incubation. Couteaux et al. (1998) found similarly that pine needles exposed in the 

field for one year showed a higher CO2 production than fresh needles during laboratory 

incubation. They suggested processes, such as the breakdown of intact cell walls by larger 

animals, possibly to be excluded during laboratory incubation of fresh pine litter. These 

processes were probably less relevant for the already pre-decomposed pine needles as 
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compared to fresh ones. To account for such effects, we compared mass loss during field 

exposure (Kalbitz et al. 2006) with CO2 production from fresh litter in the laboratory (data 

not shown). The CO2-C loss in the laboratory was, on average, 4% of initial carbon after six 

months for fresh pine litter, while mass loss in the field within five months represented 21% 

of initial mass. In contrast, for other litters, mass loss and CO2-C loss were quantitatively 

comparable, or, in the case of fresh Mountain ash litter, CO2-C loss in the laboratory made 

up on average 49% of initial carbon after six months, and was higher than mass loss in the 

field (36% of initial mass after 5 months). The meaning of comparing CO2-C and mass loss 

is limited because carbon loss via leaching may contribute by 10–30% to mass loss of 

decomposing fresh litter (Hagedorn and Machwitz 2007). These comparisons, however, 

clearly show that differences in carbon mineralization from fresh litter as determined in the 

laboratory do not reflect the decomposability of litter in the field.  

 

Dissolved organic matter (DOM): Relationship to carbon mineralization  

It has been proposed that water soluble organic compounds can be among the most 

bioavailable forms of carbon in soils, as microorganisms take up dissolved compounds only 

(Marschner and Kalbitz 2003, Bengtson and Bengtsson 2007). Thus, DOM could be a 

major source for CO2 production during litter decomposition. Positive relationships 

between DOM and microbial activity in mineral soils have been reported (Burford and 

Bremner 1975, Fang and Moncrieff 2005, Marschner and Bredow 2002, Zhao et al. 2009). 

However, such a relationship was not always found (Lundquist et al. 1999).   

In our study, DOM production was assessed as concentrations of DOC in water extracts. 

Production of DOM was highly variable between samples during the first weeks of the 
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incubation (Figure 3.2). For many beech and maple litter samples, production was highest 

at the beginning of the experiment and thereafter strongly decreased. In contrast, the needle 

samples showed increasing DOM production during the first incubation weeks. At later 

stages of the incubation (>100 days), differences in time trends of DOM production 

diminished. Production was then generally small and decreased slightly over time (Figure 

3.2). We found a positive relationship between DOC concentrations and rates of CO2 

production during the later stages of incubation (when combining data from all samples) 

(Figure 3.4). Such a relationship was not found for the first 100 days of incubation. This 

suggests that soluble carbon was not limiting CO2 production in the first incubation period. 

Large amounts of soluble compounds were initially present in litter samples or formed in 

the first weeks, most likely due to drying–rewetting effects and excessive degradation 

(Figure 3.2). So, factors other than carbon availability were stronger regulators of CO2 

production. Under such conditions, DOM may be to a large part by-products or waste 

products of microbial activity, comprising organic components which are not utilized by 

microorganisms to produce biomass or CO2. Thus, DOM may accumulate despite high 

respiration rates, resulting in increasing DOM production as found for many needle litter 

samples (Figure 3.2). Then, after 100–200 days, decomposition became carbon-limited as 

no further fresh organic matter was added during incubation, and a positive relationship 

between DOC concentrations and CO2 production was found. Thus, under carbon-limited 

conditions water-soluble organic matter seems to directly drive CO2 production, and it can 

be regarded as a measure of bioavailable carbon. 
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Figure 3.4 Correlation between amounts of dissolved organic carbon (DOC) in water 
extracts and CO2 production in the first incubation period (data after 0, 33, 82 days) and 
later period of incubation (data after 176, 390 and 716 days). Data for all analyzed samples: 
five tree species, exposed in litterbags at a spruce stand in South Germany for 0, 3, 12, or 
27 months. Carbon mineralization rates are averages of 10 days before and after the dates 
water extracts were prepared, while for t=0 the first 10 days, and for t=716 the final 10 days 
of incubation were used for calculation. 
 

 

Lignin degradation: relationship to DOM and CO2 production 

Yields of VSC phenols upon CuO oxidation are correlated with the lignin content of a 

sample. Decreasing yields of VSC phenols are generally explained by progressing lignin 

degradation (Kögel 1986, Hedges et al. 1988). In our study, VSC yields normalized to 

sample mass showed similar temporal patterns for most samples (Figure 3.3). They 

decreased during the first incubation weeks, indicating loss of lignin. In a closed system, 

such as in our incubation study, the decrease of VSC can be due to transformation of lignin 

constituents into other compounds or ultimately mineralization. We cannot discriminate 

between these processes. In contrast to the first incubation weeks, VSC yields remained 

constant or even increased in some samples during the period >100–200 days. Constant 

VSC yield per sample mass suggests lignin degradation not exceeding mass loss. Increasing 
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VSC yields over time, a trend also reported by Sjöberg et al. (2004) for a laboratory 

incubation study with needle litter, indicate that other litter constituents degrade more 

rapidly than lignin. It is thought that lignin cleavage upon CuO oxidation is incomplete 

(Kögel 1986, Dignac et al. 2009) and that possibly only the outer parts of the lignin 

macromolecule are accessible with the method (Otto and Simpson 2006). Processes 

increasing the accessible surface may result in release of more VSC phenols. This could be 

due to, e.g., progressing depolymerisation. Therefore, incompletely degraded lignin 

possibly accumulated over time may also contribute to increasing VSC yields.  

Acid-to-aldehyde ratios of CuO products are commonly used as indicators of lignin 

degradation. Increasing ratios are assumed to point at progressing oxidation of the lignin 

molecule (Kögel 1986). During our incubation study, Ac/Al ratios of vanillin units 

([Ac/Al]v) showed no distinct temporal trends (Figure 3.3), thus gave no indications of 

changes in lignin degradation, at least not of side-chain oxidation.  

Incubation time seemed to be more important for temporal trends in VSC yields than 

differences in the decomposition stage of the litter. No correlations between time of field 

exposure of litter and decrease in VSC yields during the first weeks of incubation were 

found (see Figure 3.3; Table 3.2). Our hypothesis that lignin degradation is stronger in 

decomposed than in fresh litter was not confirmed. Our results, thus, contradict the standard 

model for the fate of lignin during litter decomposition (Berg and Staaf 1980, Couteaux et 

al. 1995, Berg and McClaugherty 2008). Also, our results question the idea, deduced from 

the model, that easily available and decomposable energy-rich compounds in fresh litter 

hamper lignin degradation (e.g., Moorhead and Sinsabaugh 2006, Herman et al. 2008). The 

contradicting results might result from differences in analytical approaches used. The 
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model by Berg and Staaf (1980) is based on lignin determined as acid unhydrolysable 

residue (AUR). The typical accumulation of AUR during early litter decomposition phases 

might be due to accumulation of unhydrolysable compounds produced during litter 

decomposition (Johansson et al. 1986, Preston et al. 2009). Also, other field and laboratory 

incubation studies using the CuO method showed pronounced degradation of lignin in fresh 

litter already during the first months of decomposition (Johansson et al. 1986, Miltner and 

Zech 1997, Kalbitz et al. 2006). Hence, we assume that the stability of lignin during early 

decomposition phases has been overestimated due to the use of the unspecific AUR 

method. 

The first weeks of incubation were characterized by high CO2 production, thus high 

availability of carbon for microorganisms, as illustrated by the lack of a relationship 

between DOC concentrations and CO2 (see discussion above). In the same period, VSC 

yields decreased, indicating strong lignin degradation. These results suggest that 

microorganisms produced lignin-degrading enzymes only when energy gain via respiration 

was high and enough carbon was available for metabolite production. This is not surprising, 

as production of extracellular enzymes for lignin degradation is highly energy- as well as 

carbon-demanding. Studies with pure fungi cultures showed that lignin degradation only 

occurred when other easily available carbon sources were present (Kirk and Farrell 1987). 

So far, the co-metabolic character of lignin degradation was not tested directly in more 

complex study systems such as litter decomposition experiments. After 100–200 days of 

incubation, the low energy production apparently limited lignin degradation in our 

experiment. Also in laboratory incubation studies on soils, with no easily available carbon 

sources present, hardly any lignin degradation was found (Bahri et al. 2008). According to 
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energy considerations, it is questionable if under conditions of limited availability of 

carbon, biotic degradation of any recalcitrant components can occur (Fontaine et al. 2004, 

Kemmitt et al. 2008).  

Originally, we hypothesized lignin degradation to be the bottleneck for DOM and CO2 

production, at least from decomposed litter material. During the period after 100–200 

incubation days, for which there are no indications of strong lignin degradation, it 

obviously cannot explain differences in DOM and CO2 production between samples. 

Possibly the controls for rates of CO2 production were mainly abiotic in this period. 

Recently, Kemmitt et al. (2008) also pointed out that when mineral soils are incubated 

without addition of fresh carbon sources, respiration remains constant over considerable 

periods. Since soil organic matter mineralization did not depend on microbial biomass or 

specific activity, they hypothesized that processes releasing bioavailable carbon in carbon-

limited systems are abiotic. Such processes may, e.g., be diffusion or desorption (Kemmitt 

et al. 2008). Desorption should not have been of importance in our study system, as no 

sorptive minerals were present. Rather, regarding our original hypothesis, the causal 

relationship between lignin degradation, DOM and CO2 production works the other way 

around: readily available carbon controls litter mass loss and lignin degradation. The 

relationship between DOC concentrations and CO2 may, thus, be used as an indicator of 

lignin degradation.  
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3.5 Conclusions 

 

We presented a framework describing the complex relationships between production of 

DOM, production of CO2, and lignin degradation during decomposition of leaf and needle 

litter. The main conclusions drawn are the following (see also Figure 3.5): 

� Dissolved organic matter directly influences CO2 production when other sources 

of easily available carbon become limited. Then, DOM seems to represent 

bioavailable carbon, and processes yielding soluble organic carbon will control 

CO2 production during litter decomposition. In contrast, no direct relationship 

between DOM and CO2 occurs if bioavailable carbon is not limited, e.g., as a 

result of drying–rewetting effects or the input of fresh litter. Possibly, the DOM 

produced then is to a large part a by-product of litter decomposition, comprising 

incompletely degraded organic matter.   

� Lignin degradation is mainly controlled by the availability of carbon sources. It 

will be hampered when bioavailable carbon becomes limited, e.g., at later 

decomposition stages, because energy and carbon are not sufficient to produce 

lignin degrading enzymes. In consequence, lignin degradation cannot be the 

regulator for DOM and CO2 production under such conditions. 

These conclusions further imply that lignin degradation in soils depends strongly on a 

continuous input of easily available energy and carbon sources. 
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Figure 3.5 Revised conceptual model for the fate of lignin during litter decomposition 
based on data presented herein. The traditional model was proposed in Berg and Staaf 
(1980) and based on data from the decomposition of Scots pine needles. In our model, 
lignin will be degraded if easily degradable OM is available.  
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Abstract 

Climate change likely affects the plant productivity of many temperate forests. Altered litter 

fall amounts in turn can affect the cycling of organic matter in the forest floor. We show 

how the production and properties of dissolved organic matter (DOM) and dissolved 

inorganic nitrogen (DIN) in forest floor leachates responded to 6 years doubling and 

exclusion of litter fall during the snow-free season at a temperate spruce site.  

Litter exclusion did not change fluxes of dissolved organic C (DOC) and N (DON), thus 

20% of the annual litter fall during winter was sufficient to maintain fluxes. Doubling litter 

inputs increased DOM fluxes already in the 2nd year. Cumulated fluxes of DOC over 6 

years doubling litter input increased in average by 75% (Oi), 52% (Oe) and 25% (Oa 

leachate). UV and fluorescence spectroscopy indicated enhanced DOM leaching from fresh 

litter in Oa leachates starting after 3 years of doubling litter input, which potentially triggers 

energy-limited organic matter degradation in the mineral soil. Contrary to other studies, no 

indications for priming effects in the forest floor were found upon litter addition (i.e. 

enhanced DOM production from lignin degradation in the Oa horizon) probably because of 

the high C availability in the forest floor. Fluxes of DIN (NO3
- -N and NH4

+-N) did not 

change upon litter manipulation indicating the unexpected high C availability in the forest 

floor of this site. Generally, we assume C availability in the forest floor determines the kind 

of changes in DOM properties and DIN fluxes upon the expected increasing litter fall due 

to climate change.  
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4.1 Introduction 

 

The decomposition of organic matter in forest floor and soils plays an fundamental role in 

the cycling of C and other essential nutrients in ecosystems. In temperate regions, plant 

productivity increases widely due to increasing temperature and atmospheric CO2 levels 

(Norby, 2005; Heimann and Reichstein 2008). The response of organic matter 

decomposition in soils to altered plant litter inputs will largely affect soil properties and the 

future C balance of temperate forests (Fontaine et al. 2004; Crow et al. 2009a). 

Dissolved organic matter (DOM) is thought to be involved in numerous biogeochemical 

soil processes, e.g., DOM might be an important C and energy source for microbial activity 

(Marschner and Kalbitz 2003) or control the mobility of metals in soils (Kalbitz et al. 

2000). The effect of altered litter inputs on DOM in forest floor leachates differed between 

study sites. At a fir/hemlock forest in Northwest USA doubling the needle input for 4 years 

did not change the concentrations of dissolved organic C (DOC) in forest floor leachates 

(Lajtha et al. 2005), whereas at a beech/oak site in South Germany, a similar treatment of 

doubling aboveground litter increased DOC concentrations in the first treatment years (Park 

and Matzner 2003; Kalbitz et al. 2007).  

Reasons for the different response of DOM to altered litter inputs are not yet understood. 

Following changes in DOM quality might help to understand the links between litter input 

and DOM fluxes. Kalbitz et al. (2007) showed that litter addition at the beech/oak site 

resulted in enhanced contribution of lignin derived compounds to DOM in forest floor 

leachates. The authors assumed that degradation of lignin stored in lower parts of the forest 
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floor was enhanced upon litter addition, which produced refractory lignin-derived DOM 

and thus was a main reason for the enhanced DOM fluxes to the mineral soil.  

Organic matter dynamics in the forest floor might also be closely linked to fluxes of 

dissolved inorganic nitrogen (DIN= NO3
- -N and NH4

+-N). At a beech/oak site in South 

Germany (Steinkreuz site), Park and Matzner (2006) found that concentrations of DIN in 

forest floor leachates were negatively related to litter inputs. The authors suggested that 

DIN was immobilized due to an increase in C availability for microorganisms upon litter 

addition. An inverse relationship between concentrations of dissolved organic C (DOC), 

which might measure bioavailable C, and concentrations of nitrate was recently shown for a 

wide range of fresh and marine waters (Taylor and Townsend, 2010). 

Spruce forests are prevalent in temperate regions. Typically they develop thick, mor-type 

forest floors (Ponge 2003). Despite the slow rates of organic matter decomposition, DOM 

production in the forest floor is relatively large in such systems and an important input path 

of organic matter to the mineral soil (Currie and Aber 1997; Kalbitz et al. 2000). To the 

best of our knowledge, we report here of the only long-term litter manipulation treatment 

conducted in a temperate spruce forest. We report how DOM (amounts and properties) and 

DIN in forest floor leachates responded to doubling and exclusion of litter fall for 6 years. 

Following hypothesis are discussed: (1) Concentrations and fluxes of DIN in forest floor 

solutions decrease upon increasing litter input due to enhanced C availability and microbial 

N immobilization; (2) concentrations and fluxes of DOM increase with litter input because 

of additional DOM leached from fresh litter or enhanced lignin degradation in the forest 

floor. We followed changes in DOM properties with UV and fluorescence spectroscopy to 
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distinguish these processes. We further assessed changes in stocks of organic matter in the 

forest floor and mineral topsoil (0-10 cm depth) and compare them to DOM fluxes.  

 

4.2 Materials and Methods 

 

Study site 

The litter manipulation experiment was conducted at the “Coulissenhieb” research site in 

the “Fichtelgebirge” area, Bavaria, Germany (58°08 N, 11°52 E). Detailed descriptions of 

the study area were provided by Michalzik and Matzner (1999) and Gerstberger et al. 

(2004). The forest stand is composed of 150-years old Norway spruce trees (Picea abies). 

Mean annual temperature is 5°C and annual precipitation is 1100 mm. The parent material 

at the site is granite. The soils are loamy and were classified as Albic Rustic Podzols 

(Kögel-Knabner et al. 2008). The forest floor is a mor-type of about 8.5 cm thickness and 

stratified into Oi, Oe and Oa horizons.  

 

Design of litter manipulation experiment 

All the necessary equipment for the litter manipulation experiment including plate 

lysimeters to collect soil solution was installed in august 2001. At the same site, fluxes of 

dissolved organic matter were measured and published by Michalzik and Matzner (1999) 

for the period 1995-1997 and Kalbitz et al. (2004) for the period 1999-2001. Hence we can 

use a long-term record of pre-treatment data. The manipulation started in spring 2002. 

Twelve research plots with an area of 2×2 m and a space of about 1 m in between the plots 
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were established. Spatial replicates (n=4) of Control plots, Litter Exclusion plots and 

Double Litter plots were randomly assigned. The Controls received the normal input of 

aboveground litter. At the Litter Exclusion plots aboveground litter fall was excluded. To 

this end, litter traps consisting of nylon grids (mesh size ~0.5 mm) were installed 

horizontally in 1 m above the ground. The traps covered the whole plot area. On the sides 

of the trap a nylon grid was installed vertically to prevent loss of collected litter due to 

wind. Litter material was manually collected from the litter traps in intervals of 6 weeks. 

The litter traps were only installed in the snow-free period, which made in average 80% of 

the year. Thus during the winter time the Litter Exclusion plots also received litter inputs. 

We used seasonal litterfall data by Berg and Gerstberger (2004) to calculate litter input at 

the Litter Exclusion plots during winter time. Averages for litter fall amounts during winter 

did not differ from values for the whole year. Accordingly, litter input at the Litter 

Exclusion plots was 20% of the annual litter input. 

Litter collected at the Litter Exclusion plots was transferred to the Double Litter plots. 

Litter material consisted of needles, small branches and cones. Large branches were 

excluded. The litter was evenly applied to the whole area of the Double Litter plots. 

 

Sampling and laboratory analysis of throughfall and forest floor leachates  

Throughfall is a source of dissolved organic matter and dissolved inorganic N in the forest 

floor. We collected throughfall with 10 circular collectors (area of 314 cm2) placed nearby 

the research plots. They were sampled biweekly to determine the volume for calculation of 

water fluxes (see below). Then two composite samples from 5 collectors each were used for 

chemical analysis (DOC, total dissolved nitrogen, NH4
+, NO3

-, Cl-). 
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In August 2001, tension lysimeter plates (polyethylene) with a surface area of 176 cm2 were 

installed underneath the Oi, Oe and Oa horizons of each plot (Kalbitz et al. 2004). Tension 

was applied each 3 min for 1 min, and the leachates were collected continuously in 

polypropylene bottles buried in a pit next to the plots. We collected leachates for chemical 

analysis starting in spring 2002, when the litter manipulation started and the litter traps 

were installed. From spring 2002 to the end of 2004 the forest floor leachates were sampled 

biweekly, thereafter monthly for laboratory analysis. In 2006 and 2007 we had technical 

problems with the lysimeters at one of the Double Litter plots. For this period the chemical 

data are available for 3 spatially replicated plots.  

Sample solutions were filtered through a cellulose-acetate membrane filter with 0.45 μm 

pore size (Whatman, Kent, UK) and stored at either 2°C for a few days for analysis of 

dissolved organic carbon (DOC), total dissolved nitrogen, NH4
+, NO3

-, Cl- or -20°C for 

later UV absorbance and fluorescence spectroscopic analysis.  

Dissolved organic carbon and total nitrogen were analyzed using high-temperature 

combustion and subsequent determination of CO2 and NOx (High-TOC, Elementar 

Analysensysteme, Hanau, Germany). NH4
+ was analyzed by colorimetric flow injection 

analysis (FIA-LAB, Medizin and Labortechnik Engineering, Bellevue, USA), NO3
- and Cl- 

were analyzed by ion chromatography (IC 25, Dionex Corporation, Sunnyvale, USA). 

Specific absorbance of UV at 280 nm (UVIKON 930, BIO-TEK Instruments, Winooski, 

USA) was analyzed to estimate the aromaticity of the DOM (Chin et al. 1994). Emission 

fluorescence spectra (SFM 25, BIO-TEK Instruments, Winooski, USA) were recorded to 

deduce a humification index (HIX; Zsolnay et al. 1999), a measure for the “complexity” of 

the dissolved organic matter. The HIX increases with increasing degree of condensation 
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and/or conjugation, and with increasing C/H ratios of the organic molecules (Zsolnay 

2003). For the UV and fluorescence measurements the samples were adjusted to 10 mg C l-

1 to ensure comparability of the values (Kalbitz et al. 2003a). 

 

Sampling and laboratory analysis of forest floor and mineral soil samples 

Forest floor and mineral soil was sampled in autumn 2008. Forest floor samples were taken 

with a 20×20 cm quadratic metal frame (n=12 per treatment; n=3 per plot). Samples were 

divided into Oi+Oe and Oa samples in the field. We decided to combine the Oi and Oe 

horizon because it was very hard to differentiate them in the field at the litter exclusion 

plots. Larger living roots were excluded already in the field. After removing the forest 

floor, the mineral soil was sampled with a cylindrical driller (diameter of 8 cm). We 

sampled in total n=16 cores per treatment (n=4 per plot). We separated samples from 0-5 

and from 5-10 cm depth already in the field. For the 5-10 cm depth increment we could 

further use only n=12-14 cores per treatment, as in some cases large stones prevented 

sampling in 5-10 cm depth. In the laboratory all samples were dried at 40°C. Thereafter, 

Oi+Oe samples were homogenized by hand; they consisted of freshly fallen and fermented 

needles, small fruit structures and woody debris. The Oa samples consisted of humified 

organic material. The Oa and mineral soil samples were sieved to <2 mm for 

homogenization. Subsamples of the forest floor material were dried at 60°C to a constant 

weight, while subsamples of the mineral soil material were dried at 105°C over night to 

determine the water content of the samples for calculation of the stocks of C and N. 

Subsequently, subsamples were milled with a ball-mill and analyzed for C- and N-contents 

with a CNS analyzer (VarioEL, Elementar Analysensysteme, Hanau, Germany).  
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Calculations and Statistical analyses 

Dissolved organic nitrogen (DON) was calculated as the difference between total N and 

inorganic N (NH4
+ -N plus NO3

- -N).  

Annual throughfall fluxes of DOC, DON, NH4
+ -N and NO3

- -N were calculated from 

volumes and concentrations of throughfall collected biweekly. Annual fluxes of DOC, 

DON, NH4
+ -N and NO3

- -N were calculated from measured concentrations in forest floor 

leachates and volumes of throughfall water. Thereby, water fluxes from the Oi, Oe and Oa 

horizon were calculated as 80%, 80% and 72% of the water fluxes with throughfall. These 

data derived from measured mean ratios of the period 1999-2001 at the same site (Kalbitz 

et al. 2004). When concentration data were missing because not enough solution was 

obtained for analysis, concentrations were estimated by linear interpolation from data of 

samples collected at the dates before and after  

The annual means of the Cl- concentration (2002-2007) were not significantly different 

between the litter manipulation treatments (p<0.05; one-way ANOVA; tested for each 

year). Chloride is widely used as tracer for soil water movement (White and Broadley 

2001); under the assumption that the studied forest floor does not act as a sink or source of 

Cl-, our data suggest that litter manipulation did not influence water fluxes in the forest 

floor.  

We tested the litter manipulation effects using the general linear model (GLM), considering 

treatment years as repeated measurements. In particular the treatment effects on mean 

annual DOC, DON and DIN concentrations and fluxes as well as mean annual UV280 and 

HIX values were evaluated with the repeated measurements model. One-way ANOVA was 

used to evaluate treatment effects on cumulated fluxes of DIN, DOC and DON as well as 
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the stocks of C and N and the C/N ratio in the forest floor and top 10 cm of the mineral soil. 

Statistical analysis was conducted on within plot means, which were calculated from values 

of multiple cores per plot. In the text we report effects as being significant if p was <0.05. 

To check for significant differences between individual treatments, post-hoc analysis was 

performed using Tukeys HSD. We used the Statistica ’97 software (Statsoft, Hamburg, 

Germany) to conduct the statistical analyses. 

 

4.3 Results 

 

Inputs of C and N upon litter manipulation 

The amounts of litter transferred from Litter Exclusion to the Double Litter plots from 

spring 2002 to end of 2008 were 14.4 Mg dry matter ha-1 (2.1 Mg ha-1 year -1), equaling 6.7 

Mg C ha-1 (0.98 Mg C ha-1 year-1) and 0.19 Mg N ha-1 (0.03 Mg N ha-1 year-1) (calculation 

based on C and N contents of fresh needle litter as determined by Berg and Gerstberger 

2004). As the litter traps were installed for only 80% of the time (snow-free period), we 

calculated an annual input of 1.23 Mg litter-C ha-1 year-1 and 0.04 Mg litter-N ha-1 year-1 at 

the control plots from the amounts of litter transferred (Table 4.1), given that the average 

daily litter input during winter does not differ from average values of the whole year (see 

Methods section).  
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Table 4.1 Inputs of C and N [Mg ha-1 year-1] with litter fall. 

Treatment Litterfall input
C N

Control 1.23 0.04
Litter exclusion 0.25 0.01
Double litter 2.21 0.07
Amounts transferred from litter 
exclusion to double litter plots 0.98 0.03

Inputs of C and N with throughfall solution 

Annual input of DOC with throughfall was in average 0.14 Mg C ha-1 year-1 (period 2003-

2007, Table 2), making 11 % of the C input via litter fall at the controls (Table 4.1). In 

comparison, the N input with throughfall made 86% of the N input via litter fall. Most of 

the N in throughfall (86%) was in form of dissolved inorganic N (DIN; sum of NH4
+-N and 

NO3
--N), while DON formed only 14% of total N inputs with throughfall.

Concentrations and fluxes of dissolved inorganic nitrogen (DIN) upon litter manipulation 

At the Litter Exclusion and Double Litter plots the concentrations of DIN (NO3
--N plus 

NH4
+-N) were increased in Oi leachates when compared to Controls (Figure 4.1). The 

cumulative fluxes of DIN over the study period were increased by 40% (SE �21%) at the 

Litter Exclusion plots and 48% (SE �11%) at the Double Litter plots (Figure 4.2; Table 

4.2). These increases were however not statistically significant. Also in leachates of the Oe 

and Oa horizon, cumulative fluxes of DIN were increased at the Litter Exclusion and 

Double Litter plots (Figure 4.2); these increases of mean values by 6-11% compared to the 

Controls were smaller than in Oi leachates and also not statistically significant.  
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Concentrations and fluxes of dissolved organic C (DOC) and N (DON)  

Average DOC concentrations of all measured samples increased at the Controls with depth 

from leachates of the Oi (39 �� 2 mg C l-1; SE� n=4 plots) to leachates of the Oa horizon 

(57� 3 mg C l-1). These values are in the range of those determined by Michalzik and 

Matzner (1999) in the period of autumn 1995 to autumn 1997 (Oi: 36 mg C l-1; Oa: 39 mg 

C l-1) and Kalbitz et al. (2004) in the period of summer 1999 to winter 2001 (Oi: 46 mg C 

l-1; Oa: 53 mg C l-1) at the same study site. 

In leachates of the Oi and Oe horizon, DOC concentrations were significantly higher at the 

Double Litter than at the Control and Litter Exclusion plots (Figure 4.1). In the Oa horizon 

DOC concentrations were significantly increased at the Double Litter when compared to 

the Litter Exclusion plots. Cumulative fluxes of DOC during the study period (spring 2002 

to end of 2007) increased upon doubling litter inputs by 75% (SE � 8%) in the Oi, 52% (SE 

� 16%) in the Oe and 25% (SE � 3%) in the Oa horizon when compared to the Controls 

(Figure 4.2). These increases were significant for the Oi and Oe horizon. 

Litter exclusion did not affect DOC concentrations when compared to the Controls (Figure 

4.1). Also cumulative fluxes of DOC during the study period (spring 2002 to end of 2007) 

were not significantly affected by litter exclusion (Figure 4.2). 

Effects of litter manipulation on concentrations and fluxes of DON were comparable to 

those for DOC (Figure 4.1, Figure 4.2, Table 4.2): Cumulative fluxes were significantly 

increased in the Oi and Oe horizons upon doubling litter inputs compared to Controls; litter 

exclusion showed no significant treatment effects on DON concentrations and fluxes. 
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Spectroscopic properties of DOM

Both, the specific UV absorbance at 280 nm (UV280) and the humification index deduced 

from fluorescence spectra (HIX) of DOM increased with forest floor depth at the control 

plots (Figure 4.3). We found no significant treatment effects of litter manipulation on the 

UV280 or HIX of DOM in forest floor leachates (Figure 4.3). However, in the period of 

2004 to 2007, we found the trend that the UV280 and HIX values were increased in Oi 

leachates and decreased in the Oa leachates at the Double Litter plots. Also in the period 

2004 to 2007, the UV280 values were decreased at the Litter Exclusion plots (Figure 4.3). 

Table 4.2 Annual fluxes of dissolved organic C (DOC) and N (DON) and dissolved 
inorganic N (DIN) in the forest floor upon litter manipulation for the years 2003-2007. 
Shown are means of spatial replicates (n=4 or n=3 for Double Litter in 2006 and 2007 due 
to technical problems with one lysimeter). Note that data for 2002 is not given because the 
manipulation started in spring 2002, thus we do not have data for the whole year. Shown 
are p values of repeated measures ANOVA (GLM) (Tr.= Effects between litter treatments; 
Time= effects of time with treatment year regarded as repeated measurement).

2003 2004 2005 2006 2007 Mean of 
5 years

p values

DOC Oi [kg C ha-1]
Control 168 219 232 235 229 216 Tr.: <0.001

Time:<0.001
Tr.×Time: 
0.004

Litter excl. 173 201 222 239 208 209
2× Litter 246 364 336 422 574 389

DON Oi [kg N ha-1]
Control 5.4 7.7 6.0 5.5 4.9 5.9 Tr.:  0.001

Time: 0.005
Tr.×Time: 
0.001

Litter excl. 5.6 7.5 5.6 6.9 4.7 6.0
2× Litter 8.7 11.4 7.0 8.9 14.3 10.1

DIN Oi [kg N ha-1]
Control 30.3 25.8 34.3 27.7 20.2 27.7 Tr.:  0.054

Time: <0.001
Tr.×Time: 
0.679

Litter excl. 46.5 34.2 51.0 42.5 23.2 39.5
2× Litter 41.7 43.1 46.4 51.7 24.1 41.4



Litter input effects on C and N in forest floor solutions 

78 

Table 4.2 continued 
 
DOC Oe [kg C ha-1] 
Control 228 305 245 261 334 275 Tr.: 0.009 

Time: <0.001 
Tr.×Time: 
0.003 

Litter excl. 229 297 197 250 259 246 
2× Litter 263 325 372 421 755 427 

DON Oe[kg N ha-1] 
Control 5.9 8.8 6.5 7.5 7.2 7.2 Tr.: 0.011 

Time: 0.005 
Tr.×Time: 
0.017 

Litter excl. 6.4 11.1 5.6 9.5 5.8 7.7 
2× Litter 9.6 10.1 10.9 10.0 16.7 11.5 

DIN Oe [kg N ha-1] 
Control 32.2 26.2 38.6 32.3 26.6 31.2 Tr.: 0.952 

Time: 0.144 
Tr.×Time: 
0.234 

Litter excl. 42.7 36.2 32.1 30.7 25.8 33.5 
2× Litter 32.6 39.7 33.9 34.3 28.3 33.8 

DOC Oa[kg C ha-1] 
Control 250 334 248 297 580 342 Tr.: 0.059 

Time: <0.001 
Tr.×Time: 
0.002 

Litter excl. 219 323 336 284 421 317 
2× Litter 240 403 476 416 562 419 

DON Oa [kg N ha-1] 
Control 5.5 9.4 6.1 7.2 9.9 7.6 Tr.: 0.240 

Time: 0.001 
Tr.×Time: 
0.029 

Litter excl. 6.3 10.6 9.1 7.6 8.4 8.4 
2× Litter 5.7 11.6 14.2 10.4 10.2 10.4 

DIN Oa [kg N ha-1] 
Control 29.6 27.2 32.0 38.4 30.7 31.6 Tr.: 0.827 

Time: 0.052 
Tr.×Time: 
0.850 

Litter excl. 33.7 34.0 32.6 38.3 29.5 33.6 
2× Litter 38.7 35.7 30.5 41.6 29.2 35.1 
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Figure 4.1 Concentrations of dissolved inorganic nitrogen (DIN=NO3
--N+NH4

+-N), 
dissolved organic carbon (DOC) and nitrogen (DON) in forest floor leachates upon litter 
manipulation (annual mean values). Error bars indicate standard error of spatial replicates 
(n=4, or only n=3 for the Double Litter treatments in 2006 and 2007 due to technical 
problems). Significant effects of time, treatment or interactions of time and treatment are 
indicated on the upper left of the boxes (p<0.05, GLM). Between which treatments 
significant effects (p<0.05, Tukey HSD) were found is indicated on the upper right side 
(K=controls, OL= litter exclusion, 2L= Double Litter). Legend: ( ) Controls; ( ) Litter 
exclusion; ( ) Doubled Litter Input.
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Figure 4.3 Specific absorbance at 280 nm and humification index deduced from 
fluorescence spectra of forest floor leachates upon litter manipulation (annual means 2002-
2007). Error bars indicate standard error of spatial replicates (n=4, or only n=3 for the 
Double Litter treatments in 2006 and 2007 due to technical problems). Significant effects of 
time, treatment or interactions of time and treatment are indicated on the upper left of the 
boxes (p<0.05, GLM). Between which treatments significant effects were found is 
indicated on the upper right side (p<0.05, Tukey HSD). Legend: ( ) Controls; ( ) Litter 
exclusion; ( ) Doubled Litter Input. 
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C and N stocks in the soil 

The C and N stocks in the Oi+Oe and Oa horizon were not significantly changed at the 

Double Litter and Litter Exclusion plots compared to the Controls (Table 4.3). For the 

Oi+Oe horizon, the average values for C stocks increased by 20% upon doubling litter 

inputs and decreased by 19 % upon litter exclusion, whereas the N stocks 

increased/decreased by 10% and 8%, respectively. The C/N ratio was significantly lower in 

the Oi+Oe horizon at the Litter Exclusion plots in comparison to the Controls and Double 

Litter plots.  

In the mineral topsoil (0-5 and 5-10 cm depth increments), stocks of C and N tended to be 

lower at the Double Litter plots in comparison to Controls and Litter Exclusion plots. 

However, these differences in C and N stocks as well as C/N mass ratios were not 

significant between the treatments and Controls  
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4.4 Discussion 

 

Changes in DIN fluxes upon litter manipulation 

We hypothesized that concentrations and fluxes of dissolved inorganic N (DIN) decrease 

with increasing litter input. This pattern was found at a similar litter manipulation 

experiment in a beech/oak forest in South Germany (Park and Matzner 2006; Kalbitz et al. 

2007). The proposed rationale was that enhanced C availability upon litter addition 

triggered DIN immobilization by microbial uptake (Park and Matzner 2006). Fresh litter 

has relatively wide C/N ratios and releases high amounts of soluble and readily available C 

sources (Don and Kalbitz 2005). Also at the site studied here, the amounts of available C 

should have increased by litter addition; we found significantly increased concentrations of 

DOC in leachates of the Oi and Oe horizon (Figure 1). However, concentrations and fluxes 

of DIN were hardly affected and even tended to increase upon litter addition, suggesting C 

availability was not a limiting factor for N immobilization. In line, the C:N mass ratios of 

the forest floors were wider at the spruce site studied here (22.6-24.1, see Table 3) than at 

the beech/oak site (18.6, Park and Matzner 2006).  

 

Effects of litter addition on fluxes of DOC and DON in the forest floor 

Doubling litter inputs significantly increased the concentrations and fluxes of dissolved 

organic C (DOC) and N (DON) in Oi and Oe leachates (Figures 1 and 2). No significant 

increase in C and N stocks of the Oi+Oe horizon were found after 6 years doubling litter 

inputs (Table 3), suggesting DOC and DON fluxes increased faster than the stocks of 

overall C and N in the Oi+Oe horizon. Similar patterns were found at other sites: At a 
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Norway spruce forest in Sweden the addition of litter corresponding to 4 times of the 

annual litterfall increased DOC fluxes into the mineral soil by 35%, although the stocks of 

organic matter in the forest floor were not measurably affected (Fröberg et al. 2005); at the 

beech/oak site in South Germany, DOC fluxes significantly increased already in the second 

year upon doubling litter inputs (Kalbitz et al. 2007). In contrast, at a fir/hemlock forest in 

Northwest USA, DOC export into the mineral soil did however not significantly change 

after 3-4 years of doubling aboveground litter inputs (Lajtha et al. 2005).  

Reasons for the different response of DOM to increasing litter inputs are not well 

understood. Kalbitz et al (2007) showed that litter addition led to enhanced contribution of 

lignin derived compounds to DOM leaving the forest floor at the studied beech/oak site. 

They assumed that enhanced lignin degradation might have been an important reason for 

the increase in DOM fluxes upon litter addition. We examined the UV280 and the HIX of 

the DOM in forest floor leachates as indicators for changes in source of DOM. The 

parameters increased when DOM was extracted from spruce litter of increasing 

decomposition stage, presumably due to increasing contribution of lignin-derived 

components to DOM (Don and Kalbitz 2005). We found a time trend of increasing UV280 

and HIX ratios over the course of the experiment, which might in part be explained by an 

increasing decomposition stage of the organic material on top of the lysimeters (Figure 3). 

Doubling litter inputs showed no significant treatment effects on the parameters yet. 

However, we found that differences developed with time and might become more 

pronounced upon longer manipulation. Starting in the 3rd year of doubling litter inputs, the 

UV280 in Oi leachates increased (Figure 3). We assume this indicates decreased 

contribution of DOM from throughfall to Oi leachates due to increasing depth and C stocks 
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of the Oi horizon upon litter addition. The UV280 of throughfall at the site was in average 

0.011 L mg C-1 cm-1 during the study period (unpublished data), thus lower than values for 

Oi leachates. Starting in the 3rd year of litter addition, the UV280 and HIX values in Oe and 

Oa leachates decreased, suggesting DOM composition shifted towards higher contribution 

of recent litter as DOM source. Hence, we found no indications for enhanced lignin 

degradation in the lower parts of the forest floor upon litter addition. In line, the effect of 

increasing DOM fluxes upon litter addition decreased with forest floor depth (Figure 3). 

The reasons for the enhanced DOM fluxes in the forest floor upon doubling litter inputs 

thus probably differed between study sites. As discussed above, C availability was 

presumably not a limiting factor in the forest floor at the spruce site. Hence, DOM leached 

from the added recent litter might not been used by microorganisms and contributed 

additionally to DOM in Oa leachates. On the other side, enhanced lignin degradation in the 

forest floor might only be important upon litter addition in C limited systems; lignin 

degradation was found to be a co-metabolic process requiring inputs of easily available and 

labile organic compounds (Kirk and Farrell 1987; Klotzbücher et al., 2011) as typically 

released by recent litter (Don and Kalbitz 2005). 

 

Effects of litter exclusion on fluxes of DOC and DON in the forest floor 

The exclusion of aboveground litter in the snow-free period for almost 6 years did not 

significantly affect the concentrations and fluxes of DOC and DON in the forest floor 

(Figure 1, Figure 2). The small litter input during the winter time, making 20 % (0.25 Mg C 

ha-1 y-1) of the annual litter input (1.23 Mg C ha-1 y-1), was thus sufficient to maintain DOC 

and DON fluxes even from the small Oi horizon, storing 3-4 Mg C ha-1 (Kalbitz et al. 
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2004). Similarly, at other sites litter exclusion had to sum up to 20% (spruce site; Fröberg et 

al. 2005) - 40% (beech/oak site; Kalbitz et al. 2007) of the C stored in the forest floor to 

result in decreasing DOC fluxes. At our site, this number appeared to be much higher, as C 

excluded was almost twice the amounts of C stored in the Oi horizon. Obviously much 

larger amounts of litter have to be excluded than added to affect DOM fluxes. Hence, 

overall fluxes of DOM do not linearly relate to litter input or to changes in C stocks upon 

litter manipulation. Composition of the forest floor (younger vs. older organic matter) 

and/or altered decomposition processes apparently are more important controls for DOM 

fluxes.  

One reason that DOM fluxes to the mineral soil remain stable upon litter exclusion might 

be that DOM in forest floor leachates derives mainly from decomposed organic matter 

stored in the forest floor, and only to a small portion from fresh litter (Hagedorn et al. 2004; 

Fröberg et al. 2005; Kalbitz et al. 2007; Müller et al. 2009). This is supported by the result 

that the UV280 and HIX of the DOM in forest floor leachates were not significantly 

affected when fresh litter was excluded (Figure 3). Note however that we found a trend of 

decreasing values in Oa leachates beginning in the 4th year of manipulation. These 

differences might become more pronounced with ongoing manipulation. Possibly, the 

microbial removal of DOM derived from the Oi and Oe horizon was reduced, resulting in a 

larger contribution of the Oi and Oe horizons for DOM in the Oa horizon. This would 

further explain why DOC and DON fluxes remained constant upon litter exclusion.  
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Changes in stocks of organic matter in the forest floor and mineral soil  

The forest floor at the studied site is mor type, typically showing slow rates of organic 

matter decomposition. Mean turnover times of 4, 9 and 133 years for organic matter of the 

Oi, Oe and Oa horizons were calculated on basis of radiocarbon data by Schulze et al. 

(2009). Accordingly, we found that the differences in C stocks in the Oi+Oe horizon (mean 

values) between the manipulation treatments and the Controls did about resemble the 

amounts of carbon transferred with the litter in that period (6.7 Mg C ha-1). Overall, our 

data suggest the increasing litter fall due to climate change will lead to accumulation of 

organic matter in the forest floor accompanied with increasing DOM export to the mineral 

soil. In the mineral soil, mean values for C and N stocks decreased at the Double Litter 

plots, but the difference to the other treatments was not significant (Table 3). The decrease 

might be due to enhanced degradation of soil organic matter upon enhanced inputs of DOM 

from the forest floor as energy source (Fontaine et al. 2004). However, longer manipulation 

times are necessary to verify these trends and speculated mechanisms.  

 

4.5 Conclusions 

 

We presented the first long-term data on effects of altered litter fall inputs on the dynamics 

of organic matter and nitrogen in temperate coniferous forests with a typical mor-type 

forest floor. Our data suggest the expected increasing litter fall due to climate change will 

increase DOM fluxes in the forest floor, whereas DIN fluxes will hardly change. Patterns 

differ from those found at other temperate forests sites and we assume the status of C 

availability in the forest floor is a critical factor for the response of DOM properties and 
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DIN to increasing litter fall (Figure 4.4). In case C availability is not a limiting factor, DOM 

leached from additional recent litter is not used by microorganisms and contributes to 

enhanced DOM export from the forest floor. In case of C limitation, DOM leached from 

additional recent litter will be used by microorganisms already in the forest floor; this can 

lead to enhanced lignin degradation in the forest floor, which increases leaching of 

refractory lignin-derived DOM. 

Dissolved OM is a main pathway of organic matter input to the mineral soil at sites with 

mor type forest floors. Hences changes in DOM fluxes and properties might have 

significant effects on organic matter dynamics and related soil processes, For example, 

enhanced inputs of DOM derived from recent litter, which contains many labile compounds 

(Don and Kalbitz 2005), might accelerate the energy-limited decomposition of older 

organic matter stored in the mineral soil.  
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Figure 4.4 Effect of C availability in the forest floor on the response of dissolved organic 
matter (DOM) and dissolved inorganic nitrogen (DIN) in forest floor leachates to the 
expected increasing litter fall due to climate change. Results of measurements are 
summarized in boxes (results presented herein for a spruce site and by Kalbitz et al. 2007 
for a beech oak forest in South Germany), while processes described outside the boxes is 
our interpretation of the data. 
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Abstract  

Global change scenarios predict increasing productivity of temperate forests. The response 

of soil organic matter (SOM), with lignin being an important component, is critical for 

future carbon (C) balances of these ecosystems.  

Lignin composition was analyzed with the CuO method in mineral topsoils (0–20 cm 

depth) of two temperate forest sites with manipulated litter inputs (doubling/ exclusion of 

litter and/or roots) for either 8 or 16 years. Data on soil C contents, C distribution over 

density fractions, traits of the microbial community, and fluxes of dissolved organic matter 

(DOM), was used to unravel effects on lignin caused by changed input of recent lignin 

and/or lignin degradation.  

It seems that type of forest floor determines the relationship between litter input and lignin 

turnover. For moder-type forest floors, litter exclusion changed the major pathway of 

organic matter input into A horizons from DOM to forest floor-derived organic particles. 

This resulted in increasing fungi-to-bacteria ratios and lignin degradation (higher acid-to-

aldehyde ratios of lignin phenols) in A horizons. Increased DOM input by doubling litter 

input did not affect lignin properties and fungi-to-bacteria ratios. Thus, the form of organic 

matter input and the microbial community seemed to control lignin degradation in A 

horizons. Both factors were closely linked and determine the share of energy-rich organic 

matter fuelling lignin degradation. The general input patterns did not change upon litter 

exclusion for A horizons under thin mull-type forest floor. Fungi-to-bacteria ratios were not 

affected and the decreased input of organic particles resulted in lignin being more oxidized. 

For A horizons under mull-type forest floors, doubling litter input may result in increased 

input of organic particles, which degrade rapidly, without effects on lignin. Overall, our 
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results suggest that increasing litter production due to global change will hardly affect the 

degradation of lignin stored in the mineral soils.  

 

5.1 Introduction 

 

Soil organic matter (SOM) is one of Earth’s major carbon (C) reservoirs. Formation and 

degradation of SOM plays a key role for the C balance of ecosystems. Rising atmospheric 

temperatures and CO2 levels likely increase the plant productivity of many temperate 

forests (Heimann and Reichstein, 2008). It might, however, decline regionally if water 

becomes limiting. Effects of altered litter input (leaves and roots) on the stability of SOM 

are not well known, thus, it is difficult to predict how the C balance of temperate forest 

responds to altered plant productivity (Nadelhoffer et al., 2004; Crow et al., 2009a).  

Few field experiments addressed effects of litter input on the stability of SOM. Soil 

respiration measurements in a coniferous forest in Oregon (USA) suggested accelerated 

CO2 losses from older SOM upon litter addition (Sulzman et al., 2005; Crow et al., 2009b). 

Sources and mechanisms for the additional CO2 production at this site are however 

uncertain (Crow et al., 2009b). Consequences on long-term SOM storage can be expected if 

litter input affects the degradation rates of recalcitrant SOM components. Lignin is thought 

to be among the recalcitrant components of plant litter (e.g. Derenne and Largeau 2000). 

Lignin degradation processes are assumed to be critical for degradation rates of plant 

residues (e.g. Berg 2000). Lignin is a major organic component of plant cell walls and 

forms about 20% of the plant biomass input to soils (Thevenot et al., 2010). Furthermore 
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lignin physically protects the cellulose of plant cell walls, which can only be accessed upon 

lignin degradation (Kirk and Farrell 1987). Consequently, changes in lignin degradation 

processes might affect the amounts of plant residues stored in forest floors and mineral 

topsoils.  

Microbial lignin degradation is thought to be a co-metabolic process, i.e. it requires the 

supply of other easily degradable organic matter (co-substrates) as C and energy source 

(Kirk and Farrell, 1987; Klotzbücher et al. 2011). Hence, altered litter inputs might affect 

lignin degradation processes in soils by changing the fluxes of easily degradable co-

substrates. For example, root litter might be an important source for easily degradable 

compounds in mineral topsoils, whereas altered litter fall can affect the fluxes of dissolved 

organic matter from the forest floor to the mineral topsoils (Lajtha et al. 2005; Kalbitz et al. 

2007), which might be a major source of easily degradable compounds in mineral topsoils 

(Marschner and Kalbitz 2003). Furthermore, lignin can only be degraded by specialized 

microorganisms, whereas fungi are thought to be the main degraders (Kirk and Farrell, 

1987; Osono, 2007). Hence litter inputs might affect lignin degradation in soils by changing 

the abundance and activity of fungi (Brant et al., 2006 a, b; Sayer, 2006). 

We investigated the lignin signature with the CuO oxidation method in mineral topsoils of 

two long-term litter input manipulation experiments (exclusion of litter fall and/or roots; 

doubling litter fall) at deciduous forests sites in Germany (‘Steinkreuz’) and Pennsylvania 

(‘Bousson’). The lignin signature is affected by inputs of lignin and degradation processes. 

We attempt to distinguish between these two processes using data on soil C contents and 

distribution over density fractions and fluxes of dissolved organic matter (DOM). Two 

hypotheses for controls on lignin degradation upon litter manipulation are discussed: (1) 
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Lignin degradation increases with input of energy-rich organic compounds contained in 

recent organic matter; (2) lignin degradation changes with properties of the microbial 

community. Emphasis was thereby placed on changes in fungi-to-bacteria ratios (assessed 

by analysis of soil amino sugars) and in the ability of the decomposer community to use 

energy-rich organic substrates for co-metabolic SOM degradation (assessed in short 

laboratory incubations). 

5.2 Material and Methods 

Study sites 

The Steinkreuz site is located in Bavaria, Germany (49º52’N, 10º27’E; elevation 400–460 

m a.s.l.), in a 140-year-old hardwood stand composed to about 75% of European beech 

(Fagus sylvatica L.) and to 25% of sessile oak (Quercus petraea (Matt.) Liebl.). 

(Gerstberger et al. 2004). Mean annual temperature is 7.5 ºC, annual precipitation averages 

750 mm. Litterfall is 1456 kg C ha-1 year-1 (Berg and Gerstberger, 2004). Soils are sandy to 

loamy Inceptisols (USDA Soil Taxonomy), developed on sandstones. The forest floor is 

about 4 cm thick and is moder-type.

The Bousson site is located in the Pennsylvania, USA (41º36’N, 80º3’W; elevation 381 m 

a.s.l.), in an 80-year-old hardwood stand. It is dominated by black cherry (Prunus seròtina

Ehrh.) which comprises 60 % and sugar maple (Acer saccharum Marsh.) which comprises 

28 % of aboveground biomass (Bowden et al. 2000). In the understory American beech 

(Fagus grandifolia Ehrh.) and oak (Quercus rubra L.) occur as secondary species. Litterfall 

is 2100 kg C ha–1 year–1 (Crow et al., 2009a). Mean annual temperature is 8.3 ºC, annual 
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precipitation averages 1050 mm. Soils are coarse loamy Alfisols derived from glacial till 

overlying shale and sandstone. The mull-type forest floor is 2–4 cm thick. This forest exists 

in what had been a predominantly agricultural landscape in the early 1900s. However, pit 

and mound topography and lack of an Ap horizon indicate it was never plowed.  

 

Litter manipulation experiments, sample collection and treatment 

The treatment plots were established in 1999 at Steinkreuz, and in 1991 at Bousson. 

Treatments at both sites include controls with the normal litter inputs, exclusion of 

aboveground litterfall (“No Litter”) and doubling aboveground litterfall (“Double Litter”) 

(Table 5.1). Additional treatments at Bousson include exclusion of roots (“No Roots”) and 

exclusion of both aboveground litter and roots (“No Inputs”). At Steinkreuz, for each 

treatment four spatially replicated plots (2 × 2 m; 1 m distance between plots) were 

established. Aboveground litter was excluded at Steinkreuz by placing a roof-shaped litter 

trap composed of a wooden frame, cover net and side nets (2 × 2 m) over the plot area 

during the period of main litterfall. All excluded litter was transferred to the Double Litter 

plots, except for woody debris of a diameter of >1 cm. At Bousson, three spatially 

replicated plots (2 × 2 m) per treatment were established. Aboveground litterfall was 

excluded using screens during autumnal senescence; during the rest of the year, litterfall 

was removed by hand from the plots. Litter from the No-Litter plots was added to either the 

Double Litter plots, or was removed from the site. To exclude roots, soil was trenched to a 

depth of 1.3 m, and plastic root barriers were installed.  
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Table 5.1 Overview to litter manipulation treatments. No Roots and No Inputs treatments 
were established only at the Bousson site. 

Treatment Steinkreuz Bousson Method 
Control X X Normal litter inputs 
Double Litter X X Doubled inputs of aboveground litter fall 
No Litter X X Aboveground litter fall excluded by nets 
No Roots  X Root litter input excluded by trenching and 

installation of vertical plates 
No Inputs  X Combined exclusion of aboveground litter fall 

and root litter 
 

 

 

Samples were collected in April 2007 at Steinkreuz. Mineral soil was sampled with metal 

corer (8.5 cm diameter). Three samples were taken per plot and divided in the field into 

three depth increments: A horizon (top 3–8 cm of mineral soil), B horizon to a depth of 10 

cm, B horizon 10–20 cm depth. Samples were homogenized by sieving (<2 mm), dried (40 

ºC), and then pooled (same soil mass for each column) into one composite sample per depth 

per plot (n=4 per treatment) for analysis of C/N, lignin and amino sugars, or one composite 

sample per treatment for laboratory incubation experiments (see below). At Bousson, 

samples were taken with a corer (1.8 cm diameter). Four separate samples per plot were 

taken, divided into 0–5, 5–10 cm (A horizon) and 10–20 cm (primarily B horizon) depth 

increments and then pooled to obtain one composite sample per depth per plot (n=3 per 

treatment). Samples were sieved (<2 mm) and dried (40 ºC). Also fresh leave and needle 

litter of the dominant species and a mixed root sample (<1 cm diameter) were sampled at 

both sites and dried (40 ºC). Litter and soil samples were ball-milled to a fine powder for 

analysis of C/N, lignin and amino sugars.  
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Density fractionation 

We determined the distribution of carbon among density fractions in order to estimate the 

potential impact of plant debris on lignin composition in the test mineral soils. Density 

fractionation data for the Bousson site (0–5 cm depth) is presented in Crow et al. (2009a). 

The applied density fractionation scheme separates three fractions of organic matter (OM) 

according to degree of interaction with minerals: no interaction, i.e., OM floating in the 

density solution without disruption of aggregates (free light fraction, F-LF); physically 

protected within aggregates, i.e., OM floating only after dispersion (occluded light fraction, 

O-LF); organic–mineral association, i.e., OM not floating and remaining in the sediment 

(heavy fraction, HF).  

Density fractionation of mineral soil material of the Steinkreuz site (<2 mm) was carried 

out using C and N-free Na polytungstate (NaPT; Tungsten Compounds, Grub am Forst, 

Germany) solutions of a density of 1.6 g cm–3 (Christensen, 1992; Wander, 2004; Crow et 

al., 2007). The procedure included ultrasonic dispersion to break down aggregates and to 

release occluded OM (O-LF). To separate predominantly organic O-LF, the intensity of 

dispersion was adapted to the type of soil, by testing two samples at different of sonication 

levels (100, 200, 300, 400 J ml–1; output of energy calibrated calorimetrically according to 

Schmidt et al., 1999). The C and N content of the obtained fractions was used to assess the 

energy input (here 200 J ml–1) suitable to achieve complete release of O-LF without mineral 

“contamination”. Thereafter, all samples were fractionated using the following procedure: 

125 ml of the NaPT solution were added to 25 g soil. The suspension was shaken gently 

and then allowed to stand for one hour. After centrifugation at 5600 g for 20 minutes, the 

floating free light fraction (F-LF) was separated by filtering the supernatant through glass 
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fiber filters (GF 6, Whatman GmbH, Dassel, Germany). The settled soil material was 

ultrasonically dispersed in NaPT solution (density: 1.6 g cm–3; soil-to-solution ratio: 1:5) by 

applying 200 J ml–1, then allowed to stand for one hour, centrifuged at 6800 g for 20 

minutes and, similar as for the F-LF, the occluded light fraction (O-LF) was separated by 

removal and filtration (GF 6 filters, Whatman GmbH, Dassel, Germany) of the supernatant. 

F-LF and O-LF fractions were washed with deionized water until the electrical conductivity 

was <50 μS cm–1, then oven dried at 40°C to constant weight. The remaining soil material 

of a density >1.6 g cm–3 (heavy fraction, HF), containing mineral-associated OM, was also 

washed with deionized water until the electrical conductivity was <50 μS cm–1, then freeze 

dried. Density fractionation was done twice per sample, and all fractions were analyzed for 

C and N contents.  

 

Lignin analysis with CuO oxidation method 

Lignin-derived phenols were determined using alkaline CuO oxidation at 170 °C for two 

hours (Hedges and Ertel, 1982), followed by solid-phase extraction with C-18 columns 

(Mallinckrodt Baker Corp., Phillipsburg, NJ, USA). Phenols were eluted with ethyl acetate, 

dried under N2, and derivatized with a 1:1 mixture of pyridine and N,O-bis(trimethysilyl) 

trifluoroacetamide. The trimethylsilyl derivatives were separated and quantified using a gas 

chromatograph equipped with a mass-sensitive detector (GC/QP-2100, Shimadzu Corp., 

Kyoto, Japan) and an SPB-5 fused silica capillary column (30 m length, 0.25 mm inner 

diameter, 0.25-mm film; Supelco, Bellefonte, PA, USA). Lignin phenols were identified by 

target ions and quantified according to response factors of external phenol standards. 

Ethylvanillin was added as an internal recovery standard prior to the CuO oxidation and 
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phenylacetic acid before derivatization. CuO oxidation of lignin yields a suit of phenolic 

products (vanillyl, syringyl and cinnamyl units). Vanillyl (V) and syringyl (S) units may be 

present as aldehydes, carboxylic acids and ketones, cinnamyl (C) compounds are p-

coumaric acid and ferulic acid. The sum of these phenolic compounds (VSC) is indicative 

of the lignin content. The concentrations of VSC normalized to soil C content should 

indicate whether lignin is particularly preserved or degraded in relation to the bulk of the 

other components of SOM. The ratio between vanillic acid and vanillin ([Ac/Al]V) or 

syringic acid and syringaldehyde ([Ac/Al]S) can be used as indicator for degradation state 

of the lignin in a sample and the S/V or C/V ratios are used as indicators of lignin source 

(e.g., Otto and Simpson, 2006).  

 

Amino sugar analysis 

Amino sugar analysis was used to assess the fungi-to-bacteria ratio in the soil (Glaser et al., 

2004). Amino sugars are cell wall components of microorganisms, with contents of 

individual amino sugars differ between fungal and bacterial cell walls. Ratios of 

glucosamine (GlcN) or galactosamine (GalN) to muramic acid (MurAc) as well as of GlcN 

to GalN are indicative for the fungi-to-bacteria ratio (Glaser et al., 2004; Joergensen and 

Wichern, 2008). Since litter manipulation had little effects on lignin at 10–20 cm depth, we 

decided to use only samples to 10 cm depth.  

The amino sugars GlcN, ManN, GalN and MurAc were analyzed with minor modifications 

according to Zhang and Amelung (1996). Soil samples (mass equivalent to 0.5 mg N) were 

hydrolyzed for 8 hours in 6 M HCl at 105 ºC. After cooling, the hydrolyzate was filtered 

through a glass fiber filter (GF 6, Whatman GmbH, Dassel, Germany) and the filtrate was 
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dried by rotary evaporation. The residue was re-dissolved in 20 ml ultrapure water and the 

pH adjusted to 6.6–6.8. Precipitates were removed by centrifugation (6800 g, 15 minutes, 

room temperature), and then the supernatant was freeze-dried. The residue was re-dissolved 

in 5 ml methanol and centrifuged (5600 g, 15 minutes, room temperature) to remove salts. 

The solution with the amino sugar fraction was transferred to a 5-ml reaction vial and 

methyl-glucosamine was added as internal standard. Methanol was evaporated by air. 

Samples were re-dissolved in 1 ml ultrapure water and freeze-dried over night.  

The amino sugars were transformed into aldonitrile derivates according to Guerrant and 

Moss (1984) and analyzed using a Shimadzu 2010 gas chromatograph equipped with a 

flame ionization detector. A fused silica capillary column (Equity 5, Supelco: 60 m length, 

0.25 mm inner diameter, 0.25-mm film) was used for separation. Amino sugars were 

identified and quantified according to response of external standards. 

 

Carbon contents 

A CNS analyzer (Vario EL, Elementar Analysensysteme, Hanau, Germany) was used to 

determine the C and N contents of vegetation and soil samples.  

 

Laboratory incubations to determine metabolic capabilities of the microbial community 

Composite samples (<2 mm) from the litter manipulation treatments at Steinkreuz were 

used for short-term laboratory incubation experiments. Three replicates of each composite 

sample were incubated.  

A short-term incubation was conducted to determine the effects of litter manipulation at the 

Steinkreuz site on CO2 evolution from the soil. About 20 grams of soil were re-wetted 
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(50%, 65% and 43% of maximum water holding capacity for samples from A horizon, B 

horizon to 10 cm depth, B horizon 10–20 cm depth, respectively) and incubated for 26 days 

at 20 ºC in the dark in a Respicond apparatus (Nordgren Innovations, Bygdeå, Sweden). 

Analysis of CO2 is based on hourly measurements of the electrical conductivity in 10 ml of 

0.6 M KOH solution placed inside the Respicond vessels. For detailed description of the 

Respicond method, see Nordgren (1988).  

A second laboratory experiment was conducted to test for priming effects upon addition of 

fructose and catechol, as well as mineralization of those substrates. The first incubation 

experiment revealed pronounced differences among the litter manipulation treatments in the 

A horizon and in the 10–20 cm B horizon depth. We, thus, incubated only these two depth 

increments. Soils were re-wetted and pre-incubated at 20 °C for two weeks. Then 1 ml of 

either ultrapure water or substrate solutions containing a mixture of unlabeled and 

uniformly 14C-labeled fructose or catechol in ultrapure water was added. The added 

substrate equaled 13.3 μg C g–1 soil C. Added radioactivity was 6300–7500 Bq per beaker. 

Water content of the soil was 60% of maximum water-holding capacity. Samples were 

incubated for 7 days at 20 °C in a Respicond apparatus to measure CO2 evolution. To 

distinguish between CO2 evolved by respiration of added substrates and of SOM, we 

determined 14C-labelled CO2 trapped in the KOH solution after 2, 4, and 7 days by liquid 

scintillation counting (LS 6000 TA, Beckman, Inc., Brea, CA, USA). Details on the 

methodology are given in Hamer and Marschner (2002).  

Priming effects after 7 days of incubation were calculated by following equation (Hamer 

and Marschner, 2002): 
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Priming effect [%]=((CO2-C Substrate added – CO2-C Control)/ CO2-C Control) 

 

In this equation CO2-C Substrate added and CO2-C Control are the cumulative evolution of CO2 

from SOM when fructose/catechol were added or no substrates were added (control).  

 

Statistics 

For all parameters presented, one-way ANOVA followed by Tukey HSD post-hoc analysis 

was used to test for significance of differences between the litter manipulation treatments 

and controls. We report differences as significant if p<0.05. The Statistica 99 software 

(Statsoft, Hamburg, Germany) was used for all statistical calculations. 

 
 

5.3 Results 

 

Carbon concentrations and distribution over density fractions 

At the Steinkreuz site, soil C concentrations significantly differed among treatments in the 

B horizon in 10–20 cm depth only. There they were larger for samples from the Double 

Litter plots than for Control (p=0.01) and No Litter plots (p=0.01) (Table 5.2). At Bousson, 

significant differences in C concentrations were found in 0–5 cm depth of the A horizon. 

They were smaller for samples from the No Litter plots than those of Controls (p=0.02) and 

Double Litter plots (p=0.02) (Table 5.2). 

Mass of individual density fraction (Table 5.3) did not vary significantly among treatments 

in A horizons and B horizons to 10 cm depth at the Steinkreuz site. At 10–20 cm depth, the 
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mass of the heavy fraction of the Double Litter treatment was significantly smaller than of 

the Controls (p=0.03). For A horizons, the portion of C with the free light fraction (% of 

total soil C) was larger than for the Controls (p=0.01) (Table 5.3).  

 
 
Table 5.2 Carbon concentrations and C/N (mass ratios) of bulk samples of soils with 
manipulated litter inputs at the Steinkreuz and Bousson site. Number given are means and 
standard error (brackets) of n=3 (Bousson) and n=4 (Steinkreuz) spatial replicates (pooled 
samples per research plot). Values followed by different letters are significantly different 
(p<0.05, Tuckey HSD). 
 

 Steinkreuz  Bousson 

 Control Double 
Litter 

No 
Litter 

 Control Double 
Litter 

No 
Litter 

No 
Roots 

No 
Input 

  
A horizon 

  
0–5 cm depth (A horizon) 

C 
[%] 

5.7  
(0.7) 

5.9  
(1.0) 

7.4  
(0.6) 

 7.3  
(0.4)a 

7.4  
(0.6)a 

5.1  
(0.2)b 

7.0  
(0.4)ab 

5.9 
(0.3)ab 

C/N 18.7 
(0.7) 

19.6 
(0.8) 

18.5 
(0.9) 

 12.9  
(0.8) 

13.6  
(0.2) 

13.6  
(0.7) 

13.5  
(0.1) 

11.6  
(0.4) 

  
B horizon to 10 cm depth 

  
5–10 cm depth (A horizon) 

C 
[%] 

1.8  
(0.2) 

1.9  
(0.1) 

1.7  
(0.2) 

 5.2  
(0.4) 

3.9  
(0.2) 

3.8  
(0.1) 

4.1  
(0.4) 

4.8  
(0.5) 

C/N 24.7 
(0.6) 

25.6 
(1.0) 

23.1  
(1.1) 

 12.3  
(0.9) 

11.9  
(1.3) 

13.3  
(0.7) 

13.1  
(0.2) 

12.7  
(0.6) 

  
B horizon to 10–20 cm depth 

  
10–20 cm depth (B horizon) 

C 
[%] 

1.0 
(0.1)a 

1.5 
(0.1)b 

1.1  
(0.1)a 

 4.0  
(0.4) 

2.9  
(0.3) 

2.5  
(0.6) 

3.4  
(0.1) 

3.9 
(0.3) 

C/N 26.8 
(0.7) 

27.4 
(0.8) 

25.5  
(0.9) 

 12.0  
(1.0) 

12.7  
(0.4) 

11.3  
(2.4) 

13.0  
(0.2) 

12.8  
(0.5) 

 



 

 

Table 5.3 Mass of density fractions and distribution of carbon over density fractions of soils exposed to litter manipulation at the 
Steinkreuz site. Numbers given are means and standard error (brackets) of n=4 spatial replicates (research plot). Values followed by 
different letters are significantly different (p<0.05, Tuckey HSD). 

 C content 
bulk 

samples 

Free light fraction (F LF) Occluded light fraction (O LF) Heavy fraction (HF) 

  
mg g-–1 

Mass 
mg g–1 

C 
mg g–1 

% of 
total C 

Mass 
mg g–1 

C 
mg g–1 

% of total 
C 

Mass 
mg g–1 

C 
mg g–1 

% of 
total 

C 
Ah horizon          
Control 56.6  

(6.5) 
36.7 

(10.1) 
12.6  
(3.6) 

22.4 
(3.2)a 

36.9 
(6.6) 

15.7 
(2.6) 

28.8  
(1.1)ab 

911.6  
(18.2) 

25.4 
(1.4) 

48.8 
(4.2) 

Double Litter 59.1  
(9.8) 

46.0 
(12.7) 

16.1  
(5.2) 

26.6 
(4.3)ab 

47.4 
(12.7) 

19.5 
(5.1) 

33.6  
(3.4)a 

882.2  
(24.9) 

20.8 
(2.8) 

39.8 
(7.1) 

No Litter 73.6  
(5.5) 

73.2 
(6.3) 

26.7  
(2.5) 

39.2 
(1.6)b 

36.9 
(8.3) 

14.7 
(2.6) 

21.6  
(3.3)b 

871.1  
(13.0) 

26.8 
(3.8) 

39.3 
(4.6) 

B horizon to 10 cm depth         
Control 18.3  

(2.2) 
6.8  

(0.7) 
2.2  

(0.2) 
13.3 
(0.8) 

3.4  
(0.7) 

1.5  
(0.3) 

9.0  
(1.2) 

978.9  
(2.1) 

12.8 
(1.5) 

77.7 
(1.2) 

Double Litter 18.8  
(1.3) 

8.5  
(1.1) 

3.0  
(0.4) 

17.0 
(1.8) 

4.0  
(1.0) 

1.9  
(0.5) 

10.4  
(4.3) 

975.1  
(2.4) 

12.6 
(0.8) 

72.6 
(3.7) 

No Litter 16.6  
(2.1) 

6.2  
(1.2) 

2.1  
(0.4) 

13.7 
(0.9) 

3.7  
(1.2) 

1.7  
(0.5) 

10.1  
(3.5) 

980.6  
(1.9) 

11.5 
(1.1) 

76.2 
(3.0) 

B horizon 10-20 cm depth         
Control 10.7  

(0.9) 
4.13 
(0.5) 

1.33  
(0.2) 

14.0 
(1.6) 

3.2  
(0.3) 

1.3  
(0.1) 

13.7  
(1.7) 

984.7  
(1.7)a 

6.9 
(0.6)a 

72.3 
(3.2) 

Double Litter 10.0  
(0.9) 

6.28 
(0.7) 

2.10  
(0.3) 

15.3 
(1.5) 

3.2  
(0.4) 

1.4  
(0.3) 

10.3  
(1.5) 

977.2  
(2.0)b 

10.2 
(0.5)b 

74.4 
(1.3) 

No Litter 15.0  
(0.8) 

4.45 
(0.7) 

1.51  
(0.2) 

14.8 
(1.5) 

3.1  
(0.8) 

1.3  
(0.3) 

12.1  
(2.2) 

982.3  
(1.1)ab 

7.4 
(0.6)a 

73.1 
(1.4) 
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Lignin-derived phenols 

Concentrations of lignin-derived phenols in fresh foliar litter and roots ranged from 69-97 

mg VSC g–1 C at Steinkreuz and 31–106 mg VSC g–1 C at Bousson (Table 5.4). For the 

Steinkreuz site, we have data on the composition of dissolved organic matter (DOM) 

leached from the forest floor to the mineral topsoil; it contained 36 mg VSC g–1 C on 

average (Table 5.4; data by Kalbitz et al., 2007).  

Compared to fresh litter materials, VSC concentrations of the mineral topsoils (0–20 cm 

depth) were smaller (see Figure 5.1, 5.2). Litter manipulation had no significant effect on 

VSC concentrations in the top 20 cm of the mineral soil, neither at Steinkreuz nor at 

Bousson.  

At Steinkreuz, significantly higher [Ac/Al]V (p<0.01) and [Ac/Al]S (p<0.01) ratios were 

found at the No Litter plots than for the Control plots in the A horizon (Figure 5.1). At 

Bousson, the [Ac/Al]V ratio was significantly higher at 0–5 cm for the No Inputs treatment 

than for the Control (p=0.02).  

Ratios of S/V and C/V differed between the different types of litter (Table 5.4; Figure 5.1 

and 5.2). Root litter had lower S/V and C/V ratios than leaf litter, except for leaves of sugar 

maple, which also had low S/V and C/V ratios. At Steinkreuz, S/V and C/V ratios in 

mineral soil were not significantly affected by litter manipulation (Figure 5.2). At Bousson, 

S/V ratios were significantly were higher at 10–20 cm depth for the No Roots and No 

Inputs treatment than for the Controls (both p=0.02, Tuckey HSD).  
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Table 5.4 Sum of lignin-derived VSC phenols, ratio of syringyl to vanillin (S/V) or 
cinnamyl phenols (C/V), acid-to-aldehyde ratio of vanillin units ([Ac/Al]V) and syringyl 
units ([Ac/Al]S) as determined by CuO oxidation of the main species leave or needle litter 
and a mixed root sample from the Steinkreuz and Bousson site. In addition, data on 
dissolved organic matter (DOM) in Oa horizon leachates of the Steinkreuz site is given (see 
Kalbitz et al., 2007). 
 

Sample type VSC 
phenols 

S/V C/V [Ac/Al]V [Ac/Al]S 

 [mg g–1 C]     

Steinkreuz      

Beech leaves 97 1.8 0.2 0.23 0.19 

Oak leaves 74 1.1 0.2 0.21 0.17 

Mixed roots 69 0.3 0.1 0.21 0.25 

DOM in leachates 
of Oa horizon 36 1.0 0.1 0.83 0.72 

Bousson forest      

Black cherry 31 2.2 0.6 0.21 0.23 

Sugar maple 53 0.6 0.1 0.19 0.21 

Red oak 66 1.0 0.3 0.17 0.17 

American beech 106 1.8 0.3 0.17 0.15 

White pine 69 0.2 0.2 0.18 0.78 

Mixed roots 53 0.3 0.1 0.23 0.31 
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Figure 5.1 Effect of 8 years litter manipulation at the Steinkreuz site on soil organic carbon (SOC)-
normalized contents of lignin-derived VSC phenols (top), acid-to-aldehyde ratios of vanillyl 
([Ac/Al]v) and syringyl ([Ac/Al]s) phenols (middle) and ratios of syringyl or cinnamyl to vanillyl 
(S/V; C/V) phenols (lower). Results are given as means with standard errors (A horizons: n=12, 3 
cores per 4 plots; B horizons: n=4, cores pooled per plot). P values derive from one-way ANOVA. 
Different letters (a, b) indicate treatments significantly different (p<0.05, Tuckey HSD, shown for 
VSC and acid-to-aldehyde ratios). 
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Figure 5.2 Effects of 16 years of litter manipulation at the Bousson site on soil organic carbon 
(SOC)-normalized contents of lignin-derived (VSC) phenols (top), acid-to-aldehyde ratios of the 
vanillyl ([Ac/Al]v) and syringyl ([Ac/Al]s) phenols (middle) and ratios of syringyl or cinnamyl to 
vanillyl (S/V; C/V) phenols (lower). Results are given as means with standard errors (n=3, spatial 
replicates). P values derive from one-way ANOVA. Different letters (a, b) indicate treatments 
significantly different (p<0.05, Tuckey HSD, shown for VSC and acid-to-aldehyde ratios).  
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Amino sugars and muramic acid 

At Steinkreuz, summed-up concentrations of the amino sugars glucosamine (GlcN), 

mannosamine (ManN), galactosamine (GalN) and of muramic acid (MurAc) normalized to 

soil C (mg g–1 C) were significantly affected by litter manipulation in the B horizon (to 10 

cm depth; Figure 5.3). They were smaller for the No Litter (p<0.001) and Double Litter 

(p<0.001) treatment than for the Control. At Bousson, no significant effects of litter 

manipulation were found (5.4). 

In all analyzed samples, the contents of individual amino sugars were in the order GlcN > 

GalN > MurAc > ManN (not shown). Only at the Steinkreuz site, we found significant 

effects of litter manipulation on the ratios of individual amino sugars. The GalN:MurAc 

ratio was increased at the No Litter plots in the A horizon (p=0.04; Figure 5.3). In the B 

horizon to 10 cm depth, we found a decrease in Glc:MurAc (p=0.03) and GalN:MurAc 

(p<0.05) ratios at Double Litter plots. Note, also the ManN:MurAc ratio can be used as 

indicator for the fungi-to-bacteria ratio (e.g., Glaser et al., 2004). However, for many 

samples ManN was either not detected or the contents were small (<0.1 mg g–1 soil C). 
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Figure 5.3 Soil organic carbon (SOC)-normalized contents of amino sugars (sum of 
glucosamine, manosamine, galactosamine) and muramic acid in soils exposed to 8 years of 
litter manipulation at Steinkreuz site (left). Ratios of glucosamine (GlcN) and 
galactosamine (GalN) to muramic acid (MurAc) indicate relative contributions of fungal 
and bacterial residues in soils (center, right). Results are given as means with standard 
errors (n=4; spatial replicates, 4 plots). P values derive from one-way ANOVA; different 
letters (a, b, ab) indicate significant differences between treatments (Tuckey HSD).  
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Figure 5.4 Soil organic carbon (SOC)-normalized contents of amino sugars (sum of 
glucosamine, manosamine, galactosamine) and muramic acid in soils exposed to 16 years 
of litter manipulation at the Bousson site (left). Ratios of glucosamine (GlcN) and 
galactosamine (GalN) to muramic acid (MurAc) indicate relative contributions of fungal 
and bacterial residues in soils (center, right). Results are given means with standard errors 
(n=3; spatial replicates, 3 plots). P values derive from one-way ANOVA. 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 5 

 115 

CO2 evolution, microbial utilization and priming effects of fructose and catechol 

Evolution of CO2 from A horizon samples of the Steinkreuz site over 26 days of incubation 

was significantly smaller for the No Litter treatment than for the Controls (Table 5.5). No 

significant differences in CO2 evolution among litter manipulation treatments were found 

for samples of the B horizons.  

Between 42.2 and 52.4 % of the C added as fructose was mineralized in average during 7 

days in soil of the A horizons from Steinkreuz, whereas a smaller portion of 27.9-34.3 % 

was mineralized in samples from the B horizons (Table 5.5). In all samples C added with 

fructose was mineralized to a larger portion than C added as catechol, for which a portion 

of 7.7-12.7 %  were mineralized in samples from A horizons and 1.2-2.5 % in samples from 

B horizons. Significant effects of litter manipulation treatment on the extent of fructose 

mineralization were found for A horizons, where fructose mineralization was larger for 

samples from the Double Litter treatment plots than from Controls (p=0.02) and No Litter 

treatment plots (p=0.01). In contrast, mineralization of catechol in A horizon samples was 

significantly larger for samples from Controls than from Double Litter and No Litter 

treatment plots (p<0.01).  

The addition of fructose increased the mineralization of soil-C in average by 34.7-183.4% 

during the 7 days of the experiment in A horizons and by 84.2-223.6 % in B horizons from 

Steigerwald (positive priming effect) (Table 5.5). Catechol addition also increased 

mineralization of soil-C by 4.6-50.1% in samples from A horizons, but in B horizons 

increasing as well as decreasing soil-C mineralization (positive and negative priming 

effects) was noted upon catechol addition (-44.3 to + 21.0 %). Mineralization of soil-C 

upon addition of fructose and catechol was always larger for samples from the No Litter 
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treatment than from Control. These differences were all significant apart from that of 

catechol addition to 10–20 cm depth samples. Also in soils from the B horizons from 

Double Litter plots, fructose addition caused a significant increase in soil-C mineralization 

as compared with the Controls (p=0.01). 

Table 5.5 Evolution of CO2 during 26 days of incubation (Experiment 1) and 
mineralization of added fructose and catechol during 7 days of incubation (Experiment 2)
for samples of soils exposed to litter manipulation at the Steinkreuz site. In addition, 
priming effects induced by addition of fructose and catechol are given. Means and standard 
error of n=3 replicates. Values followed by different letters are significantly different 
(p<0.05, Tuckey HSD).

Experiment 1 Experiment 2

Accumulated 
CO2-C

production 
during 26 days 
[mgC g–1 C]

% of added 
fructose 

mineralized 

Priming after 
fructose 

addition [%]

% of added 
catechol 

mineralized

Priming 
after 

catechol 
addition 

[%]
Ah horizon
Control 23.0 (1.5)a 44.0 (0.8)a 54.1 (2.1)a 12.7 (0.5)a 4.6 (6.2)a

Double 
Litter 20.2 (0.8)ab 52.4 (1.1)b 34.7 (7.8)a 6.6 (0.2)b 12.2 (5.5)ab

No Litter 17.7 (1.1)b 42.2 (2.1)a 183.4 (14.2)b 7.7 (0.6)b 50.1 (12.9)b

B horizon to 10 cm depth
Control 19.0 (1.1) n.d. n.d. n.d. n.d.
Double 
Litter 18.9 (1.8) n.d. n.d. n.d. n.d.

No Litter 18.9 (1.8) n.d. n.d. n.d. n.d.
B horizon 10–20 cm depth
Control 16.3 (5.0) 27.9 (6.2) 84.2 (33.6)a 1.2 (0.3) -44.3 (17.3)
Double 
Litter 10.6 (0.8) 34.3 (0.3) 223.6 (14.7)b 1.2 (0.4) -22.3 (17.0)

No Litter 10.5 (1.2) 32.4 (1.4) 174.2 (11.1) ab 2.5 (0.5) 21.0 (27.4)
n.d. = not determined
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5.4 Discussion 

 

Lignin signature in the mineral topsoil – result of altered input of recent organic matter 

and/or changes in lignin degradation?  

Indicators for lignin degradation (VSC concentrations, Ac/Al ratios) in the mineral topsoils 

are affected by inputs of recent lignin and degradation processes. Recent lignin can enter 

the mineral soil with dissolved organic matter (DOM) from the forest floor (Kalbitz et al., 

2007) and with particulate organic matter (POM; e.g. litter debris fragments from forest 

floor material and from roots growing into the mineral soil). In general, the type of forest 

floor largely determines how organic material is transported to the mineral topsoil. The 

forest floor at Bousson is mull type. A mull type forest floor is indicative for a large 

biological activity. Freshly fallen litter material decomposes rapidly. Because of a large 

activity of soil animals most organic matter entering the mineral soil is with litter debris 

upon bioturbation (Ponge 2003). The forest floor at Steinkreuz is moder type. Litter 

decomposes slower and thus a thicker, permanent forest floor layer develops on top of the 

mineral topsoil. Bioturbation is less pronounced and so DOM is a main pathway for organic 

matter transport to the A horizons. Lower VSC concentrations and higher Ac/Al ratios in 

the mineral soil at Bousson suggested that lignin degradation might in general be larger in 

soils under mull than moder type forest floors (Fig.s 5.1 and 5.2).  

Leaching of DOM from the forest floor increased with input of plant litter at the Steinkreuz 

experiment (Kalbitz et al., 2007). Lignin phenols in DOM can be retained in the mineral 

topsoil by sorption to minerals or by (co-) precipitation with Al and Fe (Kalbitz and Kaiser, 

2008). We estimated the cumulated changes in input of dissolved organic C upon litter 
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manipulation to represent less than 3% of the C stored in the top 5 cm of the mineral topsoil 

at Steinkreuz (based on data by Kalbitz et al., 2007 and Gerstberger et al., 2004). Even if 

we assume larger DOM fluxes at Bousson (larger water fluxes due to larger precipitation), 

altered input of lignin phenols via DOM from the forest floor should have little to no direct 

effect on the lignin signature of bulk SOM at both sites.  

The distribution of carbon (C) over density fractions was not changed at the Double Litter 

plots in 0–10 cm depth at Steinkreuz (Table 5.3). This suggests debris inputs from the forest 

floor or by roots to be little affected by litter addition. At 10–20 cm depth (Steinkreuz site), 

C contents were increased, and the contribution of the heavy fraction to bulk soil C 

decreased at the Double Litter plots (Table 5.2, 5.3). The reason for this might be enhanced 

input of root litter. Carbon derived from recent roots should mainly contribute to the free 

and occluded free light fractions, presenting organic debris. Also the slight shifts in the 

lignin signature to lower C/V and S/V ratios at 10–20 cm depth (Figure 5.1) can be 

indicative for increased root litter input (Figure 5.1). However, these changes in lignin 

signature were not significant. Thus, we assume the altered input of recent roots hardly 

affected the VSC concentrations and Ac/Al ratios of lignin signature of bulk SOM. Overall, 

the data suggests that altered input of recent organic matter had little direct effects on lignin 

degradation indicators at the Double Litter plots. The unchanged indicators for lignin 

degradation parameters (Figure 5.1) therefore suggest that doubling litter inputs at 

Steinkreuz did not change the inputs, rates and pathways of lignin degradation processes in 

the mineral topsoil. 

We speculated that litter addition at sites with a mull-type forest floor might result in 

enhanced inputs of litter debris to the mineral topsoil via bioturbation. Carbon contents or 
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C/N ratios in the mineral topsoil were however not affected by doubling litter inputs for 16 

years at Bousson (Table 5.2). Also lignin properties in the mineral soil hardly changed 

(Figure 5.2). In line with our data, Crow et al. (2009a) found no significant effects of 12 

years of doubling litter inputs on distribution of C over density fractions or the lignin 

signature (also CuO method) in 0-5 cm depth of the mineral soil at Bousson. These results 

suggest (1) litter addition did not affect inputs of organic matter into the mineral topsoil or 

(2) the additional litter debris and recent lignin degraded rapidly already in the forest floor 

and/or in the mineral topsoil. Enhanced degradation of recent lignin could be due to 

increased input of energy-rich compounds contained in fresh litter, serving as substrates for 

enhanced co-metabolic lignin degradation. Our results further imply that doubling litter 

inputs for 16 years did not change the degradation rates for older lignin (i.e., stored in the 

mineral topsoil before the start of the experiment). 

Upon litter exclusion at Steinkreuz (No Litter plots), the portion of C with the free light 

fraction (% of total soil C) was significantly larger (Table 5.3). The reason for this might be 

an increased input of particulate organic matter (POM) into the mineral topsoil. The litter 

layer (Oi) vanished rapidly at the No Litter plots. Litter layers act as physical barriers for 

rainwater (Sayer, 2006), thus, prevent POM from the lower parts of the forest floor to be 

flushed into the A horizon by rainwater. Increased POM inputs from the forest floor might 

also explain the larger C contents in the A horizon at the No Litter plots (Table 5.2). 

However, increased plant litter debris from the forest floor should have caused lower Ac/Al 

ratios, due to the lower Ac/Al ratios of the lignin of forest floor material than of mineral 

topsoils (Rumpel et al., 2002; Otto and Simpson, 2006). Hence, the significantly higher 
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Ac/Al ratios at the No Litter plots (Figure 5.1) cannot be explained by inputs of litter debris 

from the forest floor, instead, they hint at stronger degradation of lignin in the A horizon.  

At Bousson, aboveground litter exclusion (No Litter) should decrease input of litter debris 

via bioturbation from the forest floor to the mineral topsoil. This can explain decreased C 

contents in the A horizon at the No Litter plots (Table 5.2). We assume that decreasing 

contribution of recent litter debris is also the main reason for the increased [Ac/Al]v ratios 

upon exclusion of aboveground and/or root litter at Bousson (significant for the No Input 

plots; Figure 5.2) as recent litter debris has lower [Ac/Al]v than bulk SOM stored in the 

mineral topsoil.  

In summary, under the moder type forest floor, doubling litter input led to enhanced DOM 

inputs to the A horizon, lignin degradation in the mineral topsoil was not changed. In 

contrast, decreasing litter input led to enhanced transport of organic particles to the A 

horizon. The lignin in A horizons showed a higher oxidation state (Ac/Al ratios) due to 

enhanced degradation of lignin stored in A horizons. In case of the mull type forest floor, 

doubling litter input did not change lignin properties in the mineral topsoil suggesting (1) 

litter addition did not change organic matter input to the mineral topsoil or (2) the 

additional recent lignin degraded quickly. The data further suggest that degradation of 

lignin already stored in the mineral soil was not affected by litter addition. Decreasing litter 

input led to decreased input of litter debris to the A horizon in case of mull. The lignin in 

the A horizon at the No Input plots showed therefore a higher oxidation state. 
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Controls for lignin degradation upon litter manipulation 

Lignin degradation, a co-metabolic process (Kirk and Farrell, 1987), might be controlled by 

input of energy-rich organic compounds to soils. Data for the Double Litter plots at 

Steinkreuz suggested that increased DOM input from the forest floor did not affect 

degradation of lignin in the mineral topsoil. Dissolved OM from fresh and partly 

decomposed plant litter contains large quantities of easily mineralizable compounds (Don 

and Kalbitz, 2005; Hansson et al., 2010). However, DOM deriving from more decomposed 

parts of the forest floor is relatively stable against biodegradation (Kalbitz et al., 2003a). 

The increased DOM fluxes to the A horizon at the Steinkreuz site upon doubling litter 

inputs resulted mainly from increased DOM production in the Oe/Oa horizon and not 

directly from the added litter (Kalbitz et al., 2007). Hence, increased input of DOM into the 

mineral soil does not necessarily mean increased input of energy-rich organic compounds. 

On the other hand, increased input of organic particles from the forest floor at the No Litter 

plots at Steinkreuz might explain the increased degradation of lignin in the A horizon. Even 

if partly decomposed, forest floor-derived particles still should contain energy-rich 

compounds. Such compounds, however, are not readily available to microorganisms, only 

upon depolymerisation and solubilization with fungi playing a prominent role. Hence, the 

form of organic matter input could be a critical factor for co-metabolic lignin degradation.  

Fontaine et al. (2003) pointed out that insoluble litter-derived material (e.g., ryegrass, 

straw) stimulates SOM mineralization more strongly than soluble and readily available 

compounds (e.g., glucose). They assumed that soluble compounds are preferentially 

assimilated by microorganisms not capable to use the contained C and energy to degrade 

polymerized and recalcitrant components (r strategists). In contrast, microorganisms able to 
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assimilate the energy-rich polymers contained in plant litter fragments can also degrade 

other complex forms of SOM (K strategists). In turn, enhanced input of forest floor 

particles might favor K over r strategists in soils. Most soil K strategists are fungi (Fontaine 

et al., 2011). Thus, increased input of forest floor particles could explain the significantly 

increased galactosamine-to-muramic acid ratios in the A horizons at the No Litter plots at 

Steinkreuz (Figure 5.3), which is indicative for a larger contribution of fungal vs. bacterial 

cell wall components to SOM (Glaser et al., 2004). An increasing fungi-to-bacteria ratio of 

the microbial community might explain the enhanced lignin oxidation state in these 

samples.  

Addition of fructose and catechol to A horizons from Steinkreuz induced accelerated 

mineralization of SOM (Table 5.5), suggesting some groups of microorganisms degrading 

SOM were limited by availability of energy-rich organic compounds (Kuzyakov et al., 

2000). Similar patterns have been found in a broad range of other soils (Hamer and 

Marschner 2005, Kuzyakov, 2010). It was striking that the increase in SOM mineralization 

upon addition of fructose and catechol (positive priming effect) was larger, whereas 

mineralization of the added substrates was similar or lower in A horizons from the No 

Litter plots than in those from Controls and Double Litter plots (Table 5.5). The portion of 

C and total energy assimilated during the short-term laboratory incubations that was 

actually used for co-metabolic SOM degradation, seemed to be largest for samples from the 

No Litter plots. The reason for this might be a shift towards a greater competitiveness of K 

over r strategists in allocation of added C and energy (Fontaine et al., 2003). Results are in 

line with the increased fungi-to-bacteria ratio in A horizons at the No Litter plots. They 
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support the view of changes in the properties of the microbial community upon litter 

exclusion induce stronger lignin degradation in A horizons at Steinkreuz. 

At Steinkreuz, litter manipulation also changed the microbial community in the B horizon. 

Decreasing ratios of galactosamine and glucosamine to muramic acid at the Double Litter 

plots (B horizon to 10 cm depth) indicated decreasing fungi-to-bacteria ratios (Glaser et al., 

2004). Changes in fungi-to-bacteria ratios were not paralleled by changes in lignin 

degradation indicators, which contrasts the situation in the A horizons. Also, the overall 

amino sugar content decreased at the Double litter and No Litter plots. Reasons for this 

might be changes in production of microbial biomass or in stability of amino sugars upon 

litter manipulation. Amino sugars are thought to be stabilized in soils, thus derive to a large 

portion from microbial necromass and only to a small part from living biomass (Glaser et 

al., 2004). Hence, changes in stability of amino sugars upon litter manipulation can affect 

the results. In samples from 10–20 cm depth, differences in priming effects upon substrate 

addition were significant, although the use of added substrates did not differ between litter 

manipulation treatments (Table 5). The results suggest changes in metabolic properties of 

the microbial community upon litter manipulation. In contrast to samples from the A 

horizon catechol addition induced positive as well as negative priming effects (decrease in 

mineralization of SOM). Negative priming can occur if microorganisms mineralizing SOM 

switch to the use of the added compound (Kuzyakov et al., 2000). So, changes in 

composition of soluble organic matter might strongly affect degradation of SOM at 10–20 

cm depth. We could not link results of the laboratory incubations to lignin properties in the 

soil. We concluded that, in contrast to the A horizon, lignin degradation in the B horizon 

was not affected by changes within the microbial community, possibly because of better 
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protection of lignin against biodegradation by interaction with minerals in the B horizon 

(Miltner and Zech, 1987).  

At Bousson, litter manipulation had no effects on amino sugar ratios (Figure 5.4). These 

results contradict findings by Brant et al. (2006a) of root exclusion resulting in decreased 

contents of fungal-derived phospholipid fatty acids (PLFA) at 0–10 cm depth at Bousson. 

PLFAs are far less stable than amino sugars in soils (Glaser et al., 2004). Amino sugars 

ratios therefore are more time-integrative and change only when manipulation effects on 

the microbial community become stronger, thus upon longer time scale. According to our 

results on amino sugars, changes within the microbial community seem less important to 

lignin degradation at Bousson than at Steinkreuz.  

 

5.5 Conclusions 

 

The type of forest floor is the key determinant to the relationship between litter input and 

lignin turnover in temperate forest soils. It determines the dominant form of organic matter 

input to mineral topsoils. Organic debris is more important to lignin degradation than 

DOM. Therefore, increasing litter fall, causing increased DOM fluxes to the A horizon, did 

not accelerate co-metabolic lignin degradation in moder type forest floor. In contrast, litter 

exclusion resulted in increased input of forest floor particles from the forest floor to the A 

horizon, resulting in higher fungi-to-bacteria ratios and consequently in accelerated lignin 

degradation. We conclude that form of organic matter input and properties of the microbial 

community to control lignin degradation in the A horizon. Both factors are closely linked 

and determine the share of energy-rich organic matter fuelling lignin degradation.  
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The type of the forest floor as an easily recognizable site property allows a first estimation 

of the extent of lignin degradation and its response to changes in litter input. Lignin 

degradation is larger in soils with mull than moder-type forest floors. We assume the 

expected gradual change in litter fall due to climate change hardly to affect turnover of 

lignin stored in mineral topsoils permanently covered by moder type forest floor layers. 

Lignin degradation will only be stronger if the dominant input pathway changes from DOM 

to organic debris. Also in forests with mull type forest floors there seems to be little risk 

that increased litter inputs will promote degradation of lignin stored in the mineral soil. 

However, our results also suggest that hardly any sequestration of additional lignin will 

occur upon increasing litter production in the mineral soil.  
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6.1 The traditional and current picture on lignin degradation in litter 

 

The aim of this final chapter is to highlight and synthesize the most important research 

results and concepts presented in this thesis. In the following the major progress of the last 

decades on understanding the fate of lignin in litter residues and the contribution of results 

of the first part of this thesis (chapters 2 and 3) are shortly outlined.  

In early literature it was assumed that stable organic matter in soils is formed directly from 

input of lignin, plant-derived waxes and fats which resist the decomposition processes 

(Waksman 1938; Umbreit 1962; cited in Lützow et al. 2006). Studies on plant litter 

decomposition described selective preservation of lignin during litter decomposition 

(Meentemeyer 1978; Berg and Staaf 1980; Melillo et al. 1982). Berg and Staaf (1980) 

presented a model on lignin degradation during different phases of litter decomposition. 

According to this model little lignin degradation occurs during early litter decomposition 

phases because easily degradable, non-lignified organic compounds are preferentially used 

over lignin. Enhanced lignin degradation was predicted in later litter decomposition phases 

when primarily lignified structures are left in the litter. The basic principles of this 

‘traditional’ model are still widely referred to in recent research papers and text books (e.g. 

Moorhead and Sinsabaugh 2006; Berg and McClaugherty 2008). The model based on data 

on pine needle decomposition and proximate lignin analysis using contents of acid 

unhydolyzable litter residues (AUR), an approach which was used in most early studies on 

lignin in litter residues. The use of nuclear magnetic resonance spectroscopy (NMR) 

challenged the AUR approach showing that varying amounts of non-lignin organic matter 

are present in the AUR fraction (Zech et al. 1987).  
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Alternative analytical approaches (pyrolysis techniques, CuO method) were primarily 

applied to study lignin in soil profiles (Thevenot et al. 2010). Use of the CuO method in 

combination with 13C isotope analysis of lignin-derived phenols showed surprisingly fast 

turnover times of 5 to 38 years for the lignin in the top 25-30 cm of agricultural and 

grassland soils (Dignac et al. 2005; Heim and Schmidt 2007). Moreover, in mineral soils of 

temperate and boreal forests relatively low concentrations of lignin-derived phenols were 

found (Rumpel et al. 2002; Cerli et al. 2008; Crow et al. 2009; data of chapter 5). These 

results were in contrast to the long assumed preservation of lignin during litter 

decomposition. More recent review articles concluded that a selective preservation of lignin 

is only important in early litter decomposition phases; lignin is however not stabilized over 

the long-term in oxic mineral soils (von Lützow et al. 2006; Marschner et al. 2008).   

In this thesis a ‘new’ conceptual model for lignin degradation in decomposing leaves and 

needles (chapter 3) was presented. It is supported by results of the litterbag incubation 

experiment (chapter 2) and the laboratory incubation experiment (chapter 3). The model 

challenges the above mentioned traditional model for lignin degradation during different 

phases of litter decomposition (Berg and Staaf, 1980). A first important aspect is that the 

new model predicts pronounced lignin degradation during early litter decomposition 

phases; the long proposed selective preservation of lignin during early litter decomposition 

phases is not found for leave and needle litters. The method comparison shown in chapter 2 

suggested that the stability of the lignin macromolecule during the first months and years of 

litter decomposition was overestimated in traditional studies using AUR as proximate lignin 

analysis. The AUR largely accumulated in needle and leave residues in the first 1-2 years of 

litterbag incubation, whereas data of the CuO oxidation method and 13C-TMAH 
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thermochemolysis (which are specific for the lignin macromolecule) suggested (1) 

pronounced chemical alterations of lignin (increasing acid-to-aldehyde ratios) and (2) 

no/little lignin accumulation in this period (lignin concentrations were estimated by yields 

of lignin-derived phenols). Furthermore, during laboratory incubation of the litter samples 

(chapter 3) similar patterns of lignin degradation were found for fresh and field exposed 

litter (i.e. up to 27 months exposure in litterbags), suggesting decomposition status of the 

litter was not the determining factor for lignin degradation in this experiment. In contrast, 

the availability of easily degradable compounds seemed to be a strong control for lignin 

degradation during the litter decomposition experiment presented in chapter 3. Laboratory 

incubation of the litter samples allowed to simultaneously study the production of dissolved 

organic matter (DOM; extractable from litter with cold water), CO2 and lignin degradation 

(chapter 3). It was striking that similar pattern were found for all samples. Production of 

DOM and CO2 as well as lignin degradation were large in the first weeks of incubation and 

diminished with incubation time. Furthermore, in the first weeks of incubation amounts of 

DOM and CO2 production did not correlate, whereas in the later incubation period they 

positively correlated. This correlation suggested that (1) DOM was an indicator for readily 

decomposable organic matter, which (2) became a limiting factor for CO2 production upon 

prolonged incubation of the litter samples in a closed system. In line with the concept of co-

metabolic lignin degradation (Kirk the Farrell 1987) the limited availability of easily 

degradable organic matter as C and energy source was proposed to explain the little lignin 

degradation during the later period of the incubation experiments.   

It needs to be noted that the 13C-TMAH and CuO method allowed to study the 

macromolecular structure of lignin in the litter residue, whereas the further fate of lignin-
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derived organic matter was not assessed, including transformations into organic matter not 

identifiable as lignin anymore, leaching of dissolved lignin fragments or small lignin 

containing particles (a factor for open systems like litterbags) and mineralization. Hence, an 

important limitation of the proposed model is that it does not consider how complete the 

degradation of lignin-derived C is.  

To conclude, in the first part of this thesis it was shown that temporal patterns of AUR 

contents during the first months and years of litter decomposition do not match temporal 

patterns of lignin degradation when followed with the 13C-TMAH and CuO method. 

Traditional concepts based on AUR can thus not be used to evaluate lignin degradation and 

its controls in decomposing leaves and needles. The conflict between traditional AUR-

based concepts on lignin degradation and studies showing that lignin degradation is a co-

metabolic process is solved when following molecular lignin degradation patterns (13C-

TMAH and CuO method). The molecular lignin degradation patterns (13C-TMAH and CuO 

method) are in line with the concept of co-metabolic lignin degradation. Pronounced lignin 

degradation occurs during early litter decomposition phases when sufficient amounts of 

easily degradable compounds are present in the litter. It also follows that limited supply of 

easily degradable compounds might be an important stabilization mechanism for lignin in 

the lower parts of the forest soil or in mineral topsoils of certain forest soils. Environmental 

factors which change the fluxes of easily degradable compounds within forest floors and 

mineral topsoils might therefore affect lignin storage in soils. An example for such a factor 

is altered plant litter production. The effects of altered litter inputs on lignin degradation in 

different temperate forests were therefore studied in the second part of this thesis. 
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6.2 Relationship between C availability, DOM and lignin degradation  

 

The following considerations on relationships between C availability, DOM and lignin 

degradation were important for data interpretation for the first part (chapter 3) and the 

second part of the thesis (see discussion below). 

The question whether DOM is rather (a) C and energy source for microorganisms or (b) 

refractory by-product of decomposition needs to be considered in more detail. As pointed 

out above, the correlation between amounts of DOM and CO2 production during later 

periods of the litter incubation in the laboratory (chapter 3) suggested DOM amounts were 

an indicator for easily degradable organic matter (chapter 3). This view is probably not 

generally valid for DOM in soils. Kalbitz et al. (2003a) showed that between 5 and 93% of 

dissolved organic C extracted from different organic materials (litter, forest floor, peat and 

agricultural soils) was mineralized to CO2 in a 90-day incubation experiment. Furthermore, 

different compounds of DOM can largely differ in resistance, whereas aromatic 

components deriving from incomplete lignin degradation were among the most refractory 

components (Kalbitz et al. 2003b). Hence, DOM seems to consist to varying degrees of 

refractory by-products of decomposition. However, during the laboratory incubations of 

chapter 3 the amounts of DOM in the samples decreased with incubation time supporting 

the view that in this experiment DOM consisted largely of easily degradable compounds. In 

turn, no indication for accumulation of refractory DOM was found. This might partly be 

explained by the little lignin degradation after the first weeks of incubation as a possible 

source for refractory DOM. The lack of correlation between amounts of DOM and CO2 

production in the first weeks of litter incubation was proposed to be due to a large C 
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availability which was not limiting CO2 production when large amounts of DOM were still 

present in the samples (chapter 3). It seems reasonable to assume that in systems which are 

not C limited, microorganisms will hardly use any additionally produced DOM, which thus 

appears as by-product of decomposition independent of the intrinsic DOM properties. 

 

6.3 Litter input control on lignin degradation  

 

In the second part of this thesis (chapter 4 and 5) the effects of litter input on lignin 

degradation processes in the forest floor and mineral soils were studied. The studied 

samples derived from field experiments with manipulated litter inputs over several years. In 

general the results showed that changes in litter fall input (1) affect amounts and quality of 

organic matter fluxes (dissolved organic matter, DOM; particulate organic matter, POM) in 

the forest floor and mineral topsoils, and (2) lignin degradation processes in the forest floor 

and mineral soil. In the following possible links between fluxes of organic matter and lignin 

degradation are discussed. In this synthesis it is particularly shown that many of the patterns 

found in the field can be explained by above discussed concepts linking status of C 

availability, DOM and lignin degradation.  

Data presented in chapter 4 suggested that status of C availability in the forest floor is an 

important site property determining the response of DOM fluxes/properties and lignin 

degradation in the forest floor to increasing litter fall. The effects of 6 years litter fall 

manipulation on DOM fluxes and properties were studied at a spruce site (‘Coulissenhieb’). 

The results were compared to data from a similar experiment conducted at a beech/oak site 

(‘Steinkreuz’; Park and Matzner 2006; Kalbitz et al. 2007). Litter manipulation effects on 
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fluxes of dissolved inorganic nitrogen suggested that the forest floor of the beech/oak site 

was C limited whereas the forest floor of the spruce site was not C limited. On basis of 

results presented in chapter 4 and the study of Kalbitz et al. (2007) the following concept 

was proposed (see also Figure 4.4): 

 

Forest floor limited in C:  

� Additional litter fall increases the availability of easily degradable organic compounds as 

C/energy source in the forest floor. 

� Increased availability of C/energy sources triggers co-metabolic lignin degradation in the 

forest floor.  

� Enhanced lignin degradation increases the production of lignin-derived, refractory DOM. 

�As a result, increasing litter fall input results in enhanced fluxes of DOM with large 

contribution of refractory compounds from the forest floor to the mineral soil. 

 

Forest floor not limited in C:  

� Additional litter fall increases the availability of easily degradable organic compounds as 

C/energy source in the forest floor. 

� The additional easily degradable compounds do not further promote organic matter 

decomposition. 

� Litter addition does not affect co-metabolic lignin degradation in the forest floor.  

� Increasing litter fall input results in enhanced fluxes of DOM with large contribution of 

easily degradable compounds to the mineral soil. 
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Results presented in chapter 5 showed that litter addition to the C-limited forest floor 

(Steinkreuz) for 8 years did not affect the lignin properties (CuO) in the A and B horizon of 

the mineral soil, suggesting that the additional input of DOM from the forest floor upon 

litter addition (Kalbitz et al. 2007) did not affect lignin degradation in the mineral soil. 

Based on the concept proposed above, the reason for this might be that the DOM leached 

from the forest floor consisted primarily of refractory compounds which can not be used as 

C and energy source for co-metabolic lignin degradation (Kalbitz and Kaiser 2008). The 

overall available data for the Steinkreuz site thus suggested that increasing litter fall input 

will affect lignin degradation processes in the forest floor (Kalbitz et al. 2007) but not in the 

underlying mineral soil. The mineral soil samples from the Coulissenhieb site (forest floor 

not limited in C) were not yet analyzed for lignin (because of shorter manipulation times 

and yet small overall effects of litter manipulation on fluxes of DOM into the A horizon). 

Further studies are needed to reveal if prolonged increases in DOM input derived from 

fresh litter upon litter addition can trigger lignin degradation in the A horizon of this forest 

system.  

The forest floor at Coulissenhieb is mor type. Decomposition processes in mor forest floors 

are typically not limited by C but by other essential nutrients (e.g. Ponge 2003). The forest 

floor at Steinkreuz is moder. Typically the nutrient supply is larger and C limitation can 

occur in such systems. Hence, forest floor type should be an important site property which 

determines the response of lignin degradation and DOM dynamics to increasing plant 

productivity. The development of different forest floor types is in turn determined by 

vegetation and climate (e.g. Ponge 2003). In forests with mor and (to lesser extent) moder 

forest floor types the decomposition of organic matter is relatively slow. Transport of 
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particulate organic matter (POM) from the forest floor to the mineral soil via bioturbation is 

of little importance (Ponge 2003). Thus a permanent forest floor is developed on top of the 

mineral soil. DOM fluxes are a main pathway for organic matter transport from the forest 

floor to the A horizons. Hence, changes in DOM fluxes/properties e.g. by altered litter input 

might be critical for many biological processes in the forest floor and mineral soil.  

In chapter 5 also mineral soil samples (0-20 cm depth) from an experimental site with a 

mull type forest floor were studied (‘Bousson’). Decomposition of plant litter is typically 

quick in forests with a mull type forest floor. Bioturbation is an important transport path for 

POM from the forest floor to the mineral soil (Bernier 1998; Ponge 2003). Furthermore, 

already in the A horizon most of the organic C is associated with minerals (Zech et al. 

1996). The results showed that lignin properties in the mineral soil were hardly affected 

despite 16 years of litter manipulation. Hence, data suggested that (1) no or little 

accumulation of recent lignin (added with the litter since start of manipulation) occurred 

with increasing litter input, (2) degradation of older lignin (already stored in the mineral 

soil before manipulation) did not change due to litter manipulation. The reason for the later 

effect might be that most of the lignin in the A horizon at sites with mull type forest floor is 

stabilized chemically by interaction with minerals (Miltner and Zech 1997). 

Finally it needs to be noted that unexpected results were found when litter fall was excluded 

at the Steinkreuz site (chapter 5). Data suggested that litter exclusion led to increasing 

lignin degradation in the A horizon. Results furthermore suggested an enhanced input of 

POM from the forest floor and an enhanced fungi-to-bacteria ratio of the microbial 

community (amino sugar analysis). Apparently litter exclusion resulted in major shifts in 

the input pattern of organic matter from the forest floor to the A horizon (i.e. increasing 
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POM, decreasing DOM) which might be the reason for the changes within the microbial 

community composition. The results were explained according to the concept of co-

metabolic lignin degradation: firstly, the enhanced POM input from the forest floor can also 

enhance the availability of easily degradable organic matter in A horizons (Fontaine et al. 

2003); secondly, a microbial community with a higher contribution of fungi should be able 

to use the additional resources more efficiently for co-metabolic lignin degradation.  

To conclude, the litter manipulation experiments offered the opportunity to reveal 

relationships between the quantity/quality of organic matter fluxes and lignin degradation 

processes in forest floors and mineral soils. In general, forest floor type seems to be a 

critical site property which determines the response of organic matter fluxes and lignin 

degradation processes to altered litter fluxes due to climate changes. 

 

6.4. Implications 

 

In this final part of the thesis some of the wider implications of the research on effects of 

plant litter input on lignin degradation will be proposed.  

If soil carbon storage increases with increasing plant productivity of temperate forests, it 

might help to slow the increase in atmospheric CO2 levels due to anthropogenic emissions. 

The results and concepts presented in the second part of this thesis suggest that type of 

forest floor might be used as an easily recognizable site property to evaluate how lignin 

storage in forest floors and mineral topsoils will respond to increasing litter fall inputs. 

In forests with a mor-type forest floor, the storage of lignin might increases with increasing 

inputs of litter. Decomposition processes in such systems are not limited by easily 
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degradable C sources but by the availability of other essential nutrients. Enhanced leaching 

of easily degradable organic matter from additional fresh litter will thus hardly affect co-

metabolic lignin degradation.  

In forests with moder-type forest floors, the storage of lignin will not (or only to a smaller 

extent) increase upon increasing litter inputs. The reason for this assumption is that 

enhanced leaching of easily degradable organic compounds seems to trigger co-metabolic 

degradation of lignin contained in decomposed plant residues which are stored in the lower 

parts of the permanent forest floor layer.  

Also in forests with mull type forest floor, lignin storage will presumably not increase with 

litter input. Due to the pronounced mixing of fresh litter debris with ‘older’ organic material 

by bioturbation, input of easily degradable organic matter is not limiting lignin degradation 

processes in the forest floor and mineral topsoil (from this follows that altered inputs of 

easily degradable compounds upon changes in litter inputs should hardly affect lignin 

storage). In contrast to the soils with mor-type forest floors, also other essential nutrients 

are not limiting degradation processes. Interaction with minerals should be an important 

stabilization mechanism for lignin, but the unchanged lignin properties in the mineral 

topsoil at Bousson upon 16 years of litter fall addition (chapter 5) suggested that hardly any 

additional lignin was stabilized in the mineral topsoil.  
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Summary 

 

The decomposition of plant litter is a key process for the functioning of ecosystems. It 

releases nutrients for plant growth, affects the amounts and properties of organic matter 

stored in soils and thereby regulates the C balance of many terrestrial ecosystems. Lignin is 

a major component of plant cell walls. Biodegradation of lignin is thought to be a critical 

control of litter decomposition. In a first part of this thesis (chapters 2 and 3) molecular 

lignin degradation patterns in decomposing leaf and needle litters were assessed using the 

CuO oxidation method and 13C-TMAH thermochemolysis. The results helped to improve 

knowledge on temporal patterns and controls of lignin degradation during litter 

decomposition. In the second part of the thesis (chapters 4 and 5) it was shown how lignin 

degradation processes in different temperate forests respond to altered plant litter inputs. 

The results of the second part contribute to research on effects of global climate change on 

soil organic matter dynamics. It is likely that increasing atmospheric CO2 levels and 

temperatures lead to enhanced plant litter production in many temperate regions. 

Regionally, litter inputs might also decrease when water becomes limiting for plant 

production. Knowledge on the response of decomposition processes to altered litter inputs 

is thus required for predictions of the future C balance of forests. 

Chapter 2 reported of the use of 13C-TMAH thermochemolysis to assess lignin degradation 

in decomposing leaves (ash, beech, maple) and needles (spruce, pine) exposed to 

decomposition for 27 months in litterbags at a German spruce forest site. 13C-TMAH 

thermochemolysis offered information on the nature of lignin degradation. Decreasing 
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yields of lignin derived phenols normalized to litter-C as well as increasing acid-to-

aldehyde ratios of products (indicative for lignin oxidation) indicated pronounced lignin 

degradation by wood-rot fungi during the first 12-27 months of field exposure. No 

indications for accrual of demethylated lignin through action of brown rot fungi were 

found. The results were compared with those of other analytical techniques applied in 

previous studies on the samples (CuO oxidation method; van Soest method). Similar to 13C-

TMAH thermochemolysis, CuO oxidation showed increasing lignin oxidation and no/little 

enrichment of lignin derived phenols in the litter. An important result was that molecular 

lignin degradation patterns (13C-TMAH thermochemolysis, CuO oxidation) did not match 

those deriving from analysis of total acid-unhydrolysable residues (AUR, assessed with 

van-Soest method), an approach which is traditionally used to study lignin degradation in 

plant litters. In particular, the results suggested that the long assumed selective preservation 

of lignin during the first months of litter decomposition, which bases on AUR analyses, is 

not supported by results of the CuO and 13C-TMAH method. 

Chapter 3 reported of a 2-year laboratory incubation experiment using litter of different 

decomposition degree derived from the litterbag experiment of Kalbitz et al. (2006) (i.e. 

field exposure for 0, 3, 12 and 27 months before laboratory incubation). Laboratory 

incubation allowed to extend the field experiment and to examine under controlled 

conditions how patterns of lignin degradation (CuO method) differ between early and later 

phases of the decomposition process. Furthermore, laboratory incubation enabled to study 

relationships between lignin degradation, production of dissolved organic matter (DOM; 

assessed in this study as amounts of dissolved organic C extracted from the litter with 

ultrapure water) and evolution of CO2 during litter decomposition. Results showed strong 
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lignin degradation during the first 200 days of laboratory incubation. Thereafter lignin 

degradation levelled off. This pattern was similar for fresh and decomposed litter. 

Production of DOM and CO2 also peaked in the first period of the incubation but were not 

interrelated. In the later phase of incubation, CO2 production was positively correlated with 

DOM, suggesting that bioavailable, soluble compounds became a limiting factor for CO2 

production. Lignin degradation occurred only when CO2 production was high, and not 

limited by bioavailable compounds. Overall, the results of chapters 2 and 3 challenge the 

traditional view regarding the fate and role of lignin during litter decomposition. Lignin 

degradation is a co-metabolic process and thus controlled by the availability of easily 

decomposable carbon sources. Consequently, it occurs particularly in the initial phase of 

litter decomposition and is hampered at later stages if easily decomposable resources 

decline. Slow rates of litter decomposition during later phases (i.e. in lower parts of the 

forest floor or horizons) might in part be explained by slow lignin degradation due to 

limited availability of easily degradable organic compounds.  

From the results of chapter 3 also follows that limited supply of easily degradable 

compounds might be an important stabilization mechanism for lignin in certain forest soils. 

Environmental factors which change the fluxes of easily degradable compounds within 

forest floors and mineral topsoils might largely affect the rates of lignin degradation. An 

example for such a factor is altered plant litter production. The effects of altered litter 

inputs on lignin degradation in different temperate forests were therefore studied in the 

second part of this thesis.  

Chapter 4 reported of effects of litter-fall exclusion (during the snow-free period) and 

doubling litter-fall inputs for 6 years on dissolved organic matter (DOM; collected in this 
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study with tension lysimeter plates) as well as dissolved inorganic nitrogen in forest floor 

leachates at a German spruce site. Litter exclusion did not change fluxes of dissolved 

organic C (DOC) and N (DON), thus 20% of the annual litter fall during winter was 

sufficient to maintain fluxes. Doubling litter inputs increased DOC and DON fluxes. For 

example, cumulated fluxes of DOC over 6 years doubling litter input increased in average 

by 75% (Oi leachate), 52% (Oe) and 25% (Oa). UV and fluorescence spectroscopy 

indicated enhanced amounts of dissolved organic matter leached from fresh litter in Oa 

leachates starting after 3 years of doubling litter input. In contrast to results from a 

beech/oak site in Germany (Kalbitz et al. 2007) no indications for enhanced production of 

dissolved organic matter from increased lignin degradation in the lower parts of the forest 

floor were found. The proposed reason was that microbial activity in the mor-type forest 

floor of the studied spruce forest was not limited in carbon. Co-metabolic lignin 

degradation was thus not affected by increasing inputs of easily degradable C sources with 

fresh litter material. The response of lignin degradation and properties of dissolved organic 

matter in the forest floor to expected increasing litter inputs upon climate change thus 

seems to depend on status of C availability.  

Chapter 5 reported of the effects of litter manipulation (exclusion of litter-fall and/or roots; 

doubling litter inputs) on lignin properties (assessed with the CuO method) in mineral 

topsoils (0-20 cm depth) of a beech/oak site in Germany (‘Steinkreuz’ site; 8 years of 

manipulation) and a maple/cherry forest in Pennsylvania (‘Bousson’ site; 16 years of 

manipulation). Data on soil C contents, C distribution over density fractions, traits of the 

microbial community, and fluxes of dissolved organic matter (DOM), was used to unravel 

effects on lignin caused by changed input of recent lignin and/or lignin degradation. Based 
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upon the presented results it was proposed that type of forest floor determines the 

relationship between litter input and lignin turnover. For moder-type forest floors 

(Steinkreuz), litter exclusion changed the major pathway of organic matter input into A 

horizons from DOM to forest floor-derived organic particles. This resulted in increasing 

contribution of fungal vs. bacterial cell wall components (amino sugars) to soil organic 

matter and lignin degradation (higher acid-to-aldehyde ratios of lignin phenols) in A 

horizons. In contrast, increasing DOM input by doubling litter input did not affect lignin 

properties and fungi-to-bacteria ratios. Thus, the form of organic matter input and the 

microbial community seemed to control lignin degradation in A horizons. Both factors were 

closely linked and determine the share of energy-rich organic matter fuelling co-metabolic 

lignin degradation. The general input patterns apparently did not change upon litter 

exclusion for A horizons under thin mull-type forest floors (Bousson). Fungi-to-bacteria 

ratios were not affected and decreased input of organic particles resulted in lignin being 

more oxidized. For A horizons under mull-type forest floors, doubling litter input may 

result in increased input of organic particles, which degrade rapidly, without effects on 

lignin. Overall, the results suggest that increasing litter production due to global change 

unlikely affect the degradation of lignin in the mineral topsoils. 

If soil carbon storage increases with increasing plant productivity of temperate forests, it 

might help to slow the increase in atmospheric CO2 levels due to anthropogenic emissions. 

The research on the litter manipulation experiments may help to evaluate how lignin 

storage in forest floors and mineral topsoils changes with increasing litter inputs. Lignin 

storage might increase with litter fall in forests with mor-type forest floor. Degradation 

processes in these systems are not limited by C/energy sources but by other essential 
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nutrients. Therefore it is unlikely that enhanced leaching of easily degradable organic 

matter upon increasing litter inputs will affect co-metabolic lignin degradation. In contrast, 

lignin storage might not increase with litter inputs in forests with moder-type forest floor 

because enhanced leaching of easily degradable compounds seems to trigger the rates of co-

metabolic lignin degradation in the lower parts of the forest floor (Kalbitz et al. 2007). Also 

in forests with mull type forest floors, it seems unlikely that lignin storage increases with 

litter inputs. Due to the extensive mixing of fresh and older organic matter via bioturbation, 

limitation of co-substrates is not an important factor for lignin stabilization in the forest 

floor and mineral topsoils. Rather interactions with minerals might be the major 

stabilization mechanism for lignin. Data presented in chapter 5 however suggested that no 

additional lignin of aboveground litter was sequestered in the mineral topsoil despite 16 

years of doubling litter fall inputs at a forest site with mull type forest floor. 
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Samenvatting*  

 

Het gedrag van lignine in bosbodems 

Strooiselafbraak is een sleutelproces voor het functioneren van ecosystemen. Het zorgt op 

de eerste plaats voor het vrijkomen van nutriënten voor de vegetatie. Daarnaast bepaalt 

strooiselafbraak de hoeveelheid en de eigenschappen van de opgeslagen bodem organische 

stof en reguleert daarmee de koolstofbalans van ecosystemen. Lignine is een belangrijk 

bestanddeel van de celwanden van planten. Biodegradatie van lignine wordt gezien als een 

kritisch proces voor de afbraak van plantenmateriaal. Het eerste deel van dit proefschrift 

(hoofdstuk 2 en 3) gaat over de afbraak van lignine in blad en naaldstrooisel, bestudeerd 

met de CuO oxidatie methode en 13C-TMAH thermochemolyse. De resultaten toonden 

temporele patronen en bepalende factoren van de lignine afbraak. In het tweede deel van 

het proefschrift (hoofdstuk 4 en 5) wordt aangetoond hoe lignine afbraak in verschillende 

bossen reageert op veranderingen in strooiselproductie. De resultaten van het tweede deel 

dragen bij aan de discussie over de effecten van klimaatsverandering op de dynamiek van 

bodem organische stof. Verhoogde concentraties CO2 in de lucht en opwarming, zullen 

leiden tot een verhoogde strooiselproductie. Ook zal op een kleinere schaal 

strooiselproductie kunnen afnemen als water beperkend wordt voor de productie van 

planten. Kennis over het effect van een veranderende aanvoer van strooisel op de afbraak 

van dit strooisel is nodig om de toekomstige koolstof (C) balans van bossen te kunnen 

voorspellen. 

* I thank Dr. Albert Tietema for providing the Dutch translation of the summary.   
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In hoofdstuk 2 wordt 13C-TMAH thermochemolyse gebruikt om de afbraak van lignine te 

bestuderen in 27-maand oud blad- (es, beuk en esdoorn) en naaldstrooisel (spar en den), 

afkomstig van een experiment met strooiselzakjes uit een sparrenbos in Duitsland. 13C-

TMAH thermochemolyse gaf inzicht in de mechanismen tijdens de afbraak van lignine. 

Zowel de afnemende concentraties van fenolen in lignine in het strooisel, alsook de 

toenemende verhouding van zuren t.o.v. aldehyde (indicatief voor de oxidatie van lignine) 

toonden vergaande lignine degradatie door houtrot schimmels gedurende de eerste 12 tot 27 

maanden in het veld. Er zijn geen indicaties voor accumulatie van gedemethyleerde lignine 

afkomstig van bruinrot. 

De resultaten zijn vergeleken met resultaten verkregen met andere analysetechnieken (CuO 

oxidatie methode; van Soest methode) afkomstig van eerdere studies van hetzelfde 

materiaal. In overeenstemming met 13C-TMAH thermochemolyse, liet CuO oxidatie 

toenemende lignine oxidatie en geen/weinig verrijking met lignine fenolen in het strooisel 

zien. Een belangrijk resultaat was dat het beeld van moleculaire afbraak (13C-TMAH 

thermochemolyse, CuO oxidatie) niet overeenkwam met het beeld op grond van de analyse 

van ‘acid-unhydrolyzable residue’ (AUR; bepaald met de van-Soest methode). Deze laatste 

methode wordt traditiegetrouw gebruikt voor de bestudering van de afbraak van lignine in 

strooisel. De resultaten van de CuO en 13C-TMAH methode spraken de alom geaccepteerde 

theorie tegen over de selectieve conservering van lignine tijdens de eerste maanden van de 

strooiselafbraak. 

In hoofdstuk 3 worden de resultaten besproken van een 2-jaar durend laboratorium 

incubatie experiment van strooisel afkomstig van het afbraak experiment van Kalbitz e.a. 

(2006). Het strooisel dat in het laboratorium werd geїncubeerd was daarvoor 0, 3, 12 en 27 



Samenvatting 

 157 

maanden in het veld geїncubeerd en verkeerde dus steeds in een andere fase van afbraak. 

Het laboratorium experiment maakte het mogelijk om de incubatie in het veld te verlengen 

en onder gecontroleerde omstandigheden tijdens de verschillende fasen in het 

afbraakproces de afbraak van lignine (met de CuO methode) te onderzoeken. Ook kon de 

relatie tussen de lignine afbraak, de productie van opgeloste organische stof (“Dissolved 

Organic Matter”, DOM) en de CO2 productie worden onderzocht. De resultaten toonden in 

zowel vers als in oud strooisel een snelle afbraaksnelheid van lignine tijdens de eerste 200 

dagen van incubatie in het laboratorium, waarna de afbraaksnelheid sterk afnam. De 

productie van DOM en CO2 lieten beiden ook een piek zien in de eerste periode, maar ze 

waren niet aan elkaar gerelateerd. In een latere fase van incubatie, CO2 productie was 

positief gerelateerd aan DOM productie, wat de suggestie wekt dat biobeschikbare 

opgeloste verbindingen limiterend waren voor CO2 productie. Lignine afbraak gebeurde 

alleen als de CO2 productie hoog was, en niet gelimiteerd werd door biobeschikbare 

verbindingen. In het algemeen spraken de resultaten van hoodstuk 2 en 3 de theorie tegen 

over het lot van lignine en de rol van lignine in de strooiselafbraak. Lignine afbraak is een 

co-metabolisch proces en wordt geregeld door de beschikbaarheid van gemakkelijk 

afbreekbare C verbindingen. Het gevolg is dat het vooral in de eerste fase van het 

afbraakproces voorkomt, en sterk wordt geremd tijdens latere fasen als deze 

beschikbaarheid daalt. Geremde strooiselafbraaksnelheid   (bijvoorbeeld dieper in de 

organische laag) zou verklaard kunnen worden door trage lignine afbraak door de limitatie 

door gemakkelijk afbreekbare C verbindingen.  

De resultaten van hoofdstuk toonden daarnaast dat de gelimiteerde beschikbaarheid van 

gemakkelijk afbreekbare C verbindingen ook een belangrijk mechanisme zou kunnen zijn 
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voor de stabilisatie van lignine in sommige bosbodems. Omgevingsfactoren die de fluxen 

van gemakkelijk afbreekbare verbindingen in bosbodems veranderen zullen op die manier 

de afbraak van lignine beïnvloeden. Een voorbeeld van een dergelijke factor is de 

strooiselproduktie snelheid. Het effect hiervan op de lignine afbraak wordt in het tweede 

deel van dit proefschrift behandeld. 

In hoofdstuk 4 worden de effecten van 6 jaar uitsluiting en verdubbeling van de 

strooiselproductie (tijdens de sneeuwloze periode) op DOM en anorganisch stikstof (N) 

concentraties in het bodemwater onderzocht in een Duits sparrenbos. Het uitsluiten van 

strooiselproductie leidde niet tot een verandering van de fluxen van opgelost organisch C en 

N (Dissolved Organic C en N, DOC en DON), dus was de 20% strooiselproductie in de 

winter voldoende om het niveau van de fluxen te handhaven. Een verdubbeling van de 

strooiselproductie verhoogde de fluxen van DOC en DON. Bijvoorbeeld, de over 6 jaar 

geaccumuleerde fluxen van DOC door een verdubbeling van strooiselproductie namen 

gemiddeld toe met 75% (Oi), 52% (Oe) en 25% (Oa). Al na 3 jaar verdubbeling van de 

strooiselaanvoer, werd er een verhoogde uitspoeling van DOC in het Oa bodemwater 

gemeten. In tegenstelling tot de resultaten uit een eiken-beukenbos in Duitsland (Kalbitz 

e.a. 2007) werd geen verhoogde productie van DOC als gevolg van verhoogde lignine 

afbraak in de diepere delen van de organische laag gevonden. De mogelijke verklaring was 

dat de activiteit van micro-organismen in deze mor-type humuslaag van het sparrenbos niet 

werd gelimiteerd door C. Het afbraakproces van lignine als co-metabolisch proces werd dus 

niet beїnvloed door een verhoogde aanvoer van gemakkelijk abreekbare C verbindingen via 

vers strooisel. De reactie van lignine afbraak en eigenschappen van DOM in de bosbodem 
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op de verwachte klimaatsverandering is dus afhankelijk van de beschikbaarheid van 

koolstof. 

In hoofdstuk 5 wordt onderzocht wat het effect is van de manipulatie van strooiselproductie 

(uitsluiting van strooiselproductie en/of wortels; verdubbeling van strooiselproductie) op de 

eigenschappen van lignine (bestudeerd met de CuO methode) in het organisch rijke deel 

van minerale bodem (0-20 cm). Het manipulatie experiment vond plaats in een eiken-

beukenbos in Duitsland (Steinkreuz locatie; 8 jaar manipulatie) en een esdoorn- en 

kersenbos in Pennsylvania (USA) (Bousson locatie; 16 jaar manipulatie). Gegevens over de 

opslag van C, de verdeling van C over verschillende dichtheid fracties, de eigenschappen 

van microbiële populatie en fluxen van DOM werden gebruikt om de effecten op lignine te 

bestuderen, veroorzaakt door een veranderde aanvoer van verse lignine en/of lignine 

afbraak. Dit leidde tot de hypothese dat het type bosbodem de relatie bepaald tussen de 

strooiselproductie en lignineafbraak. In een moder-type humusprofiel (Steinkreuz) zorgde 

de uitsluiting van strooisel voor een veranderd aanvoer patroon van organische stof aanvoer 

naar A-horizonten van DOM naar aan het humusprofiel gerelateerde, organische 

bestandelen. Dit resulteerde in een verhoogd aandeel van bestanddelen (aminozuren) 

afkomstig van celwanden van schimmel ten opzichte van bacteriën, en tot verhoogde 

bodem organische stof en lignineafbraak (hogere verhouding zuur-aldehyde in fenolen in 

lignine) in A-horizonten. Echter leidde een verhoging van de DOM aanvoer door een 

verdubbeling van de strooiselaanvoer niet tot een verandering in lignine eigenschappen en 

de verhouding schimmels-bacteriën. Concluderend, de samenstelling van de aangevoerde 

organische stof en de microbiële populatie lijkt de lignineafbraak in A-horizonten te 

reguleren. Beide factoren waren sterk aan elkaar gerelateerd en bepaalden het aandeel van 
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energierijke organische stof als brandstof voor lignineafbraak als co-metabolisch proces. De 

gemiddelde aanvoer patronen leken niet beïnvloed te worden door het uitsluiten van 

strooiselaanvoer in een dun mull-type humusprofiel (Bousson). De verhouding schimmels-

bacteriën veranderde niet en de verlaagde aanvoer van organische stof resulteerde in lignine 

dat meer was geoxideerd. In A-horizonten onder mull-type humusprofielen zal een 

verdubbeling in de  strooiselaanvoer leidden tot verhoging in de aanvoer van organische 

stof, dat snel zal afbreken zonder verdere effecten op de lignine. In het algemeen 

suggereren de resultaten dat verhoogde strooiselproductie door klimaatsverandering niet zal 

leiden tot een verandering van de lignine afbraak in het minerale bovenste deel van de 

bodem. 

Als de opslag van C in de bodem toeneemt als gevolg van een toenemende productiviteit in 

gematigde bossen, dat kan dit de toename in CO2 concentratie in de atmosfeer vertragen. 

Het onderzoek in strooiselmanipulatie experimenten kan een beeld geven hoe de lignine 

opslag in bosbodems en het bovenste deel van de minerale bodem verandert als gevolg van 

verhoogde strooiselproductie. In bossen met een mor-type humusprofiel zal de opslag van 

lignine toenemen na een verhoging van de strooiselaanvoer. Het afbraakproces in deze 

bossen wordt niet gelimiteerd door C of energie, maar waarschijnlijk wel door andere 

belangrijke nutrienten. Hierdoor is het onwaarschijnlijk dat verhoogde uitspoeling van 

gemakkelijk afbreekbaar organische bestanddelen na verhoogde strooiselaanvoer het co-

metabolische lignine afbraakproces zal beïnvloeden. In tegendeel, de opslag van lignine zal 

waarschijnlijk niet toenemen na verhoogde strooiselaanvoer in bossen met een moder-type 

humusprofiel, omdat een verhoogde uitspoeling van gemakkelijk afbreekbare bestanddelen 

het co-metabolische afbraakproces van lignine in het onderste deel van de organische laag 
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op gang lijkt te brengen (Kalbitz e.a. 2007). Ook in bossen met een mull-type humusprofiel 

lijkt het niet waarschijnlijk dat lignine opslag toeneemt met toenemende strooiselproductie. 

Door de intensieve menging van vers en ouder organische materiaal via bio-turbatie, is 

limitatie door co-substraten geen belangrijke factor voor lignine stabilizatie in de bosbodem 

en in het bovenste deel van de minerale bodem. Interacties met mineralen is waarschijnlijk 

meer het mechanisme van de stabilizatie van lignine. Echter de gegevens in hoofdstuk 5 

suggereerden dat geen extra lignine afkomstig van bovengronds strooisel was opgeslagen in 

het organisch rijke deel van de minerale bodem, ondanks 16 jaar van dubbele 

strooiselproductie in een bos met een mull-type humusprofiel.  
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