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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 
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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). 
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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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