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Abstract 

 

Northern peatlands store around one third of the global soil carbon, however over the 

past 100 years significant areas of these peats and peaty gley soils have been drained 

and planted with coniferous forest. Afforestation could accelerate peat decay due to land 

disturbance causing the peatland to become a net carbon source, alternatively carbon 

may accumulate due to increased carbon fixation, causing the peatland to remain a net 

carbon sink. Despite the global importance of these mechanisms, our understanding of 

the fate of soil carbon stores in afforested carbon-rich soils (i.e. peaty gley and peat soils) 

remains unclear. 

Peat and litter were analysed using thermally assisted hydrolysis and methylation (THM) 

in the presence of 
13

C-labelled and unlabelled tetramethylammonium hydroxide 

(TMAH) which revealed the distribution, degradation transformations and turnover 

rates of vascular plant- and Sphagnum-derived phenols in carbon-rich soil profiles. The 

studied sites included afforested peaty gley soils under a first- and second-rotation Sitka 

spruce plantation, unplanted moorland, and self seeded Sitka spruce on unprepared 

moorland, all of which are located in Kielder Forest, northern England. A pristine 

peatland in central Sweden was also extensively sampled to assess the carbon related 

processes occurring in carbon-rich soils prior to afforestation. The effects of 

afforestation on total carbon stocks were also investigated. 

The establishment of coniferous forests on peaty gley soils led to a net accumulation of 

soil carbon during the second rotation, surpassing the moorland carbon capacity. Whilst 

the encroachment of Sitka spruce on to open moorland via self seeding has resulted in a 

decreased carbon stock. The phenol composition of soil horizons displayed a maximum 

lignin content at deep soil across the afforested sites caused primarily by the horizon 

inversion that occurred prior to planting. 

Sphagnum acid THM products were identified across the peatland and serve as putative 

biomarkers for the contribution of Sphagnum-derived organic matter in peats and 

afforested peatlands, as well as showing potential to provide information on peatland 

oxic conditions. Sphagnum phenols accumulate preferentially in the anoxic saturated 

peat, suggesting changes introduced via land-use change or climate change could affect 

the water table, and thus increase the potential peat decomposition, and the subsequent 

loss of carbon in peatlands. 



iv 

 

 

Acknowledgements 

 

My first acknowledgement goes to my supervisor, Dr. Geoff Abbott, whom I thank for 

his support, great advice and encouragement throughout the years of my PhD. 

I’m highly indebted to Forest Research and NERC, for the funding of my 3 year PhD 

studentship. I would also like to thank my supervisors in industry; Dr. Mike Perks, and 

Dr. Elena Vanguelova for all of their help and guidance throughout the course of this 

project. 

 

Thanks to Ian Harrison, Paul Donohoe, Berni Bowler, Phil Green and Yvonne Hall for 

all of their technical advice and assistance over the last 4 years in the lab and office. 

Thanks also to Dr. Tim Filley from the Department of Earth & Atmospheric Sciences, 

Purdue University, USA, for his supply of 
13

C-TMAH.  

 

I am also indebted to Dr. Sharon Mason, who provided me with the assistance I required 

at the start of my project, providing me with my first set of samples and guiding me 

through the array of new techniques. Thank you to everyone in the lab and office that 

has been there throughout my PhD for their help and friendship over the years. 

 

I must also acknowledge the late Dr. Elizabeth Sulzman (Oregon State University, 

USA). For without her passion and enthusiasm in soil science, I may never have 

ventured further into the complex and intriguing word of soil science as a young 

undergraduate student. Elizabeth, you are a true inspiration.  

 

Many thanks to my parents and sister for both their financial and emotional support 

throughout my many years at university.   

 

Last but by no means least, my partner Paul Reed. You have the patience of a saint, and 

your support knows no limits. You got me through it! Thank you. 

 

 

 

 

 

 

 

 



v 

 

 

Contents 

Declaration           ii 

Abstract           iii 

Acknowledgements          iv 

Contents          v 

List of Figures         x 

List of Tables          xx 

 

 

Chapter 1 Introduction & Literature Review     1 

 

1.1 Introduction         2 

1.2 Literature Review        4 

1.2.1 Soil Organic Carbon       4 

1.2.2 Kyoto Protocol       5 

1.2.3 Peatland        6 

1.2.4 Sphagnum        8 

1.2.5 Sphagnum Characterisation      9 

1.2.6 Land-Use Change       9 

1.2.7 Lignin         11 

1.2.8 Lignin Characterisation      15 

1.2.9 THM in the presence of TMAH     16 

1.2.10 13
C-labelled TMAH       18 

1.2.11 Tannin         21 

1.2.12 Carbohydrates        22 

1.3 Aims and Objectives of this Thesis      24 

 

Chapter 2 Methods & Sites       27 

 

2.1 Standard Laboratory Procedures      28 

2.2 THM in the Presence of Unlabelled and 
13

C-Labelled TMAH  28 

2.2.1 Aromatic Hydroxyl Contents       30 

2.2.2 Mass Yields and Lignin Parameters     31 

2.3 THM Reproducibility        32 

2.4 Temperature Calibration of Pyroprobe     32 



vi 

 

 

2.5 Bulk Density (Db)        34 

2.6 Total Organic Carbon and Carbon Storage Determination   34 

2.7 Sites and Samples        35 

 2.7.1 Afforested Ecosystems      35 

 2.7.2 Coalburn Forest       36 

 2.7.3 Harwood Forest       39 

2.7.4 Wark Forest        40 

2.7.5 Pristine Peat Ecosystem      43 

2.7.6 Ryggmossen Peatland       43 

2.8 Sample Preparation        46 

2.9 Statistical Analyses        46 

 

Chapter 3 Carbon Stock and Phenolic Distributions in Peaty Gley  48 

Soils Afforested With Sitka Spruce 

 

3.1       Introduction         49 

3.2 Overview of Methods and Sites      52 

 3.2.1 Site Background       52 

 3.2.2 TMAH Thermochemolysis      53 

 3.2.3 TOC & Carbon Storage      53 

 3.2.4 Lignin Proxies        53 

3.3 Results and Discussion       54 

3.3.1 Soil Organic Carbon       54       

3.3.1.1    Total Organic Carbon     54 

  3.3.1.2    Bulk Density      56 

  3.3.1.3    Organic Carbon Storage      56 

3.3.2 THM         59 

  3.3.2.1    Lignin Thermochemolysis Products   59 

  3.3.2.2    Lignin Yield ()      66 

  3.3.2.3    Lignin Source Proxies     71 

  3.3.2.4    Non-Lignin Phenols      75 

3.4 Conclusions         77 

 



vii 

 

 

Chapter 4 Sphagnum Biomarkers from a Typical Northern Latitude  79 

            Peatland: Ryggmossen, Sweden      

 

4.1 Introduction         80 

4.2 Overview of Methods and Sites      83 

 4.2.1 Sphagnum Acid Standard      83 

4.2.2 Taxon Sampling       83 

4.2.3 THM in the Presence of Unlabelled and 
13

C-Labelled TMAH 84 

4.3 Results and Discussion       85 

4.3.1 THM in the Presence of TMAH of Authentic Sphagnum Acid 85 

4.3.2 THM in the Presence of 
13

C-TMAH of Authentic Sphagnum Acid 88  

4.3.3  Sphagnum Acid in Sphagnum Capitula    90 

4.3.4 Sphagnum Acid in non-Sphagnum Plants    94 

4.3.5  Sphagnum Parameters       97 

4.3.6  Sphagnum Markers in Ryggmossen Peat Litter   98 

4.4 Conclusions         101 

 

Chapter 5 Geochemical Records of Sphagnum Peat Cores Spanning the   104 

Range of Environmental Conditions from Ryggmossen 

 

5.1 Introduction         105 

5.2 Overview of Methods and Sites      107 

5.2.1 Study Site         107 

5.2.2 Sample Collection and Preparation     108 

5.2.3 Water Table and Temperature Dynamics    108 

5.2.4 THM in the Presence of TMAH     111 

5.2.5  Carbohydrates and Elemental Analyses    111 

5.2.6  Sphagnum Proxies       111 

5.3  Results and Discussion       111 

5.3.1  Surface Vegetation       111 

5.3.2 Down Core Variation in Elemental and Isotope Parameters  114 

5.3.3  Bulk Density and Carbon Storage     117 

5.3.4 Carbohydrates        122 

5.3.5  THM in the Presence of TMAH     127 

5.3.6  Characterisation of Peat Archives     131 



viii 

 

 

5.4 Conclusions         141 

 

Chapter 6 The Edge Effect of a Sitka Spruce Plantation on the Carbon  144 

Storage and Phenolic Distribution in an Adjacent Peatland 

 

6.1 Introduction         145 

6.2  Overview of Methods and Sites      148 

6.2.1  Site Background       148 

6.2.2  TOC, Bulk Density & Carbon Storage    149 

6.2.3  
13

C-TMAH Thermochemolysis     149 

6.2.5  Lignin & Sphagnum Parameters     149 

6.3  Results and Discussion       149 

6.3.1  Carbon Storage       149 

6.3.2 Thermochemolysis Products      153 

6.3.2.1    Green litter       155 

6.3.2.2    Brown litter       155 

6.3.2.3    Fibric humic material     156 

6.3.2.4    Sapric humic material      156 

6.3.2.5    Characterisation of peat profiles    156 

6.3.3 Aromatic Hydroxyl Content of THM Products of Lignin  162 

6.3.3.1    Cinnamyl derivatives     162 

6.3.3.2    Guaiacyl derivatives     163 

6.3.3.3    Syringyl derivatives      169         

6.3.4 Lignin Parameters        171 

6.3.4.1    Lambda & [Ad/Al]G      171 

6.3.4.2    Lignin proxies (S/G, C/G)     174 

6.3.5 Non-Lignin Products       175 

6.3.5.1    Tannin input       175 

6.3.5.2    Sphagnum biomarkers     177 

6.3.5.3    Polytrichum commune      179 

6.3.5.4    Relative vegetation input     179 

6.4 Conclusions         181 

 



ix 

 

 

Chapter 7 The TMAH Thermochemolysis of Carbohydrates in Peat  183 

 and Soils  

 

7.1 Introduction         184 

7.2  Methods         186 

7.2.1 Chemicals        186 

7.2.2 TMAH Thermochemolysis      186 

7.2.3 Thimbles        187 

7.3  Results and Discussion       187 

7.3.1 Preliminary Test on Extraction Thimbles    189 

7.3.2  Analysis of Authentic Reference Samples    190 

7.3.3  Metasaccharinic Acid Methyl Esters     192 

7.3.4  Cellulose Derived Products      193 

7.3.5  1,2,4-trimethoxybenzene      200 

7.3.6 Profile Trends        202 

 7.3.6.1    Coalburn, Harwood and Wark Forest   202 

 7.3.6.2    Ryggmossen Peatland     205 

7.4 Conclusions          207 

 

Chapter 8 Conclusions & Future Work     209 

 

8.1 Conclusions         210 

 8.1.1  Afforested Sites       210 

 8.1.2 Pristine Peatlands       212 

 8.1.3 Soil Carbohydrates       214 

8.2 Recommendations for Future Work      215 

 

References          218 

Appendix          247 

 

 

 

 

 



x 

 

 

LIST OF FIGURES 

Chapter 1 Introduction & Literature Review 

Fig. 1.1  The structure of p-hydroxy-β-[carboxymethyl]-cinnamic acid (sphagnum 

acid). 

Fig. 1.2  A schematic representation of lignin (reproduction of Dorrestijn, 2000; L 

= lignin biomacomolecule). The box displays the dominant β-O-4 

linkage found in the lignin biopolymer. 

Fig. 1.3  Three main precursor alcohol monomers that form lignin; ρ -coumaryl, 

coniferyl and sinapyl. 

Fig. 1.4  The main chemical changes that occur during fungal degradation of 

guaiacyl lignin (reproduction of Filley et al., 2000; L = lignin 

biomacromolecule). 

Fig. 1.5  Dominant permethylated aromatic compounds released by TMAH 

thermochemolysis. 

Fig. 1.6 Reaction schematic showing how 
13

C-labelled TMAH can be used to 

distinguish between source inputs with similar structure but different 

origin (i.e. syringic acid (lignin) and gallic acid (tannin)). Asterisks 

indicate 
13

C-labelled methyl groups. 

Fig. 1.7 The chemical structure of (a) condensed tannins and (b) hydrolysable 

tannins. R = H: epicatechin, R=OH: epigallocatechin (Behrens et al., 

2003; Nierop et al., 2005). Where PC = procyanidins and PD = 

prodelphinidins.  

Chapter 2 Methods & Sites 

Fig. 2.1  Temperature calibration of pyroprobe. Displaying the mean actual and 

the equivalent mean observed melting points of four inorganic salts. 

Error bars represent the standard error of three replicates.  

Fig. 2.2  A map of Kielder Forest and surrounding areas, in which the three 

afforested sites are located. The location of each site is marked by a red 

box; (CB) Coalburn Forest, Wark) Wark Forest, and (HW) Harwood 

Forest. Inset map of Britain highlights area covered. 

Fig. 2.3 A map of Coalburn Forest, including the two sites where soil profiles 

were sampled; the open undisturbed moorland (ML), and the Sitka 

spruce afforested (SS1) peaty gley soil cores.  

 



xi 

 

 

Fig. 2.4 Photographs taken at Coalburn Forest in the (a) open moorland (ML) and 

(b) afforested Sitka spruce stand (SS1).  

Fig. 2.5 Photographs taken at Coalburn Forest in the (a) moorland (ML) soil 

profile and (b) afforested soil profile (SS1).  

Fig. 2.6 A map of Harwood forest including the site where the SS2 soil profile 

was sampled; the second rotation Sitka spruce afforested moorland peaty 

gley soil core was sampled by S. Mason. 

Fig. 2.7 A map of Wark Forest. The locations of all six sites are marked in bold 

where (A) forest-margin peat pits under the Sitka spruce canopy, (B) 

forest-margin peat pits and (C) open peat pits.  

Fig. 2.8 Photographs taken at Wark Forest at (a) the forest-margin peat and (b) 

the open bog looking back towards the forest-margin peat and afforested 

land on the horizon. 

Fig. 2.9 Photographs taken at Wark Forest at the (a) forest-margin peat under 

Sitka spruce soil profile and (b) forest-margin peat soil profile.  

Fig. 2.10 The location and terrain map of Ryggmossen bog, Sweden. 

Chapter 3 Carbon Stock and Phenolic Distributions in Peaty Gley Soils 

Afforested With Sitka Spruce 

Fig. 3.1 Soil organic carbon contents (t C ha
-1

) of the (a) Coalburn ML, (b) 

Coalburn SS1 and (c) Harwood SS2 peaty gley soils. Error bars represent 

the standard error of the mean for two (SS2) and three (ML+SS1) 

analytical replicates. Means followed by the same letter are not 

significantly different (Tukey’s HSD, p>0.05). 

Fig. 3.2  Partial trace for the total ion current (TIC) of the thermochemolysis 

products from the (a) Litter (L+F), (b) Histic (fibric) (Hf) and (c) Mineral 

(Ae) horizons of the Coalburn Forest ML. Peak identities and symbols 

are listed in Table 3.2. 

Fig. 3.3 Partial trace for the total ion current (TIC) of the thermochemolysis 

products from the (a) Litter (L+F), (b) Histic (fibric) (Hf) and (c) Mineral 

(Ae) horizons of the Coalburn Forest SS1. Peak identities and symbols 

are listed in Table 3.2. 

 

 

 



xii 

 

 

Fig. 3.4  Partial trace for the total ion current (TIC) of the thermochemolysis 

products from the (a) Litter (L+F), (b) Histic (fibric) (Hf) and (c) Mineral 

(Ae) horizons of the Harwood Forest SS2. Peak identities and symbols 

are listed in Table 3.2. 

Fig. 3.5 Partial trace for the total ion current (TIC) of the thermochemolysis 

products from the Coalburn Forest Sitka spruce roots. Peak identities and 

symbols are listed in Table 3.2. 

Fig. 3.6 The depth profile showing changes in the lignin content () (mg/100 mg 

OC) in (a) Coalburn ML, (b) Coalburn SS1 and (c) Harwood SS2 soil. 

The error bars indicate the standard error from three/two analytical 

replicates. Lettering indicates significant differences from the Tukey’s 

test. 

Fig. 3.7  Depth profile showing changes in yield of lignin phenols that contribute 

to the  parameter; ML soil (a) G phenols (b) S phenols (c) G18 and P18; 

SS1 soil (d) G phenols (e) S phenols (f) G18 and P18, and SS2 soil (g) G 

phenols (h) S phenols (i) G18 and P18. The error bars indicate the 

standard error from three/two analytical replicates. 

Fig. 3.8  The depth profile showing changes in the S/G ratio in (a) Coalburn ML, 

(b) Coalburn SS1 and (c) Harwood SS2 soil. The error bars indicate the 

standard error from three/two analytical replicates. Lettering indicates 

significant differences from the Tukey’s test. 

Fig. 3.9  The depth profile showing changes in the C/G ratio in (a) Coalburn ML, 

(b) Coalburn SS1 and (c) Harwood SS2 soil. The error bars indicate the 

standard error from three/two analytical replicates. Lettering indicates 

significant differences from the Tukey’s test. The dashed line indicates 

the C/G ratio from the THM of SS roots (C/G = 0.09). 

Fig. 3.10  The depth profile showing changes in the [Ad/Al]G ratio in (a) Coalburn 

ML, (b) Coalburn SS1 and (c) Harwood SS2 soil. The error bars indicate 

the standard error from three/two analytical replicates. Lettering 

indicates significant differences from the Tukey’s test. 

Fig. 3.11  The depth profile showing changes in the ΓG in (a) Coalburn ML, (b) 

Coalburn SS1 and (c) Harwood SS2 soil. The error bars indicate the 

standard error from three analytical replicates. Lettering indicates 

significant differences from the Tukey’s test. 



xiii 

 

 

Fig. 3.12  The depth profile showing changes in the 1,2,4-TMB (mg/100 mg OC) 

in (a) Coalburn ML, (b) Coalburn SS1 and (c) Harwood SS2 soil. The 

error bars indicate the standard error from three/two analytical replicates. 

Lettering indicates significant differences from the Tukey’s test. 

Fig. 3.13  The depth profile showing changes in the 1,3,5-TMB (mg/100 mg OC) 

in (a) Coalburn ML, (b) Coalburn SS1 and (c) Harwood SS2 soil. The 

error bars indicate the standard error from three/two analytical replicates. 

Lettering indicates significant differences from the from Tukey’s test. 

Chapter 4 Sphagnum Biomarkers from a Typical Northern Latitude Peatland: 

Ryggmossen, Sweden      

Fig. 4.1  The TIC of the pyrolysed authentic sphagnum acid with unlabelled 

TMAH. IS denotes internal standard. 

Fig. 4.2  The structure and mass spectra of the sphagnum acid products formed 

during TMAH treatment: (a) I; methylated 4-isopropenylphenol, (b) IIa 

and b; (E) and (Z)- methylated 3-(4'-hydroxyphen-1-yl)but-2-enoic acid, 

(c) III; methylated 3-(4'-hydroxyphen-1-yl)but-3-enoic acid, (d) i and b; 

methylated (E) and (Z)- 2-methyl-3-(4'-hydroxyphen-1-yl)but-2-enoic 

acid and (e) ii; methylated 3-(4'-hydroxyphen-1-yl)pent-3-enoic acid 

(van der Heijden, 1994).  

Fig. 4.3 The TIC of the pyrolysed authentic sphagnum acid with 
13

C-labelled 

TMAH. IS denotes internal standard.  

Fig. 4.4  The mass spectra of the dominant sphagnum acid products formed 

during 
13

C-TMAH treatment. Numbers in red with a plus prefix reflect 

the change in ML from Fig. 4.2. 

Fig. 4.5  Partial chromatogram for the total ion current (TIC) of the 

thermochemolysis products from S. fallax capitula. Numbers I, IIa/b and 

III correspond to structures in Fig. 4.2. IS denotes internal standard. 

Fig. 4.6 Partial chromatogram for the total ion current (TIC) of the 

thermochemolysis products from non-Sphagnum peat forming plants; (a) 

Polytrichum commune, (b) Pleurozium schreberi, (c) Calluna vulgaris, 

(d) Andromeda polifolia, (e) Vaccinium microcarpum, (f) Eriophorum 

vaginatum, (g) Rhododendron tometosum, and (h) Empetrum nigrum. IS 

denotes internal standard. 

 



xiv 

 

 

Fig. 4.7  Partial chromatogram for the total ion current (TIC) of the 

thermochemolysis products from S. fallax litter. Numbers I, IIa, b and 

III correspond to structures in Fig. 4.2. IS denotes internal standard. 

Chapter 5 Geochemical Records of Sphagnum Peat Cores Spanning the Range 

of Environmental Conditions from Ryggmossen 

Fig. 5.1  The water table (WT) fluctuation and temperature changes across one 

year (mm/yyyy) at Ryggmossen bog (a) BP, (b) BM, (c) FL, and (d) SF. 

WT relative to peat surface. Loggers for FL2, BM1 and BM2 show a 

suspicious jump in levels on 23 April 2008, which corresponds to a site 

visit. Loggers for BM have been positioned too high for the lowest water 

levels. 

Fig. 5.2  The 
13

C and 
15

N values for (a,c) hummock and (b,d) hollow cores 

across the BP (filled squares), BM (open triangles), FL (closed triangles) 

and SF (cross) stages. Depths are relative to the mean water table, 

indicated by the solid horizontal line. 

Fig. 5.3  Depth profiles of bulk density (g cm
-3

) values for the (a) BP, (b) BM, (c) 

FL and (d) SF stages across the hummock (filled circles) and hollow 

cores (open squares). Depths are relative to the mean water table, 

indicated by the solid horizontal line. Note the different scale used for 

the SF. 

Fig. 5.4  The OC (t C ha
-1

) values for the (a) BP, (b) BM, (c) FL and (d) SF stages 

across the hummock (filled circles) and hollow cores (open squares). 

Depths are relative to the mean water table, indicated by the solid 

horizontal line. Note the different scale used for the SF. 

Fig. 5.5 The TCHO (mg/100 mg OC) values for (a) hummock and (b) hollow 

cores across the BP (closed squares), BM (open triangles), FL (closed 

triangles) and SF (cross) stages. Depths are relative to the mean water 

table, indicated by the solid horizontal line.  

Fig. 5.6 Depth distribution of individual carbohydrate concentrations (ara, rha, 

rib, xyl, fuc, man, gal and glu) within the hummock core (black line) or 

hollow (grey line) within the BP, BM, FL and SF peat cores, released 

after H2SO4 hydrolysis. Depths are relative to the mean water table, 

indicated by the solid horizontal line. 



xv 

 

 

Fig. 5.7  Partial chromatogram for the total ion current (TIC) of the 

thermochemolysis products from the BP hollow core at the depth interval 

(a) 0-2 cm and (b) 48-50 cm. I, IIa, IIb and III correspond to structures 

in Fig. 4.2 (Chapter 4). Peak identities and symbols are listed in Table 

5.3. 

Fig. 5.8  Partial chromatogram for the total ion current (TIC) of the 

thermochemolysis products from the SF (a) hollow and (b) hummock 

cores at the depth interval 0-2 cm. Peak identities and symbols are listed 

in Table 5.3. 

Fig. 5.9  Depth profiles of I (mg/100 mg OC), I%, σ (mg/100 mg OC) and SR% 

for cores from the hummock (filled squares) or hollow (open squares) 

from (a) BP, (b) BM) (c) FL and (d) SF stages. Error bars represent the 

standard error from two analytical replicates. 

Fig. 5.10  Depth profiles of  (mg/100 mg OC) and [Ad/Al]G for cores from either 

hummock (filled squares) or hollow (open squares) from the (a) BP, (b) 

BM, (c) FL and (d) SF stages. Error bars represent the standard error 

from two analytical replicates.  

Fig. 5.11  Depth profiles of individual σ component yields; I, IIa, III, IIb (mg/100 

mg OC) from either hummock (filled squares) or hollow (open squares) 

from the (a) BP, (b) BM, (c) FL and (d) SF stages. Error bars represent 

the standard error from two analytical replicates.  

Fig. 5.12  Depth profiles of individual σ components relative to total σ (%) from 

either hummock (filled squares) or hollow (open squares) from the (a) 

BP, (b) BM, (c) FL and (d) SF stages. Error bars represent the standard 

error from two analytical replicates.  

Chapter 6 The Edge Effect of a Sitka Spruce Plantation on the Carbon Storage 

and Phenolic Distribution in an Adjacent Peatland 

Fig. 6.1  Diagrammatic representation of the Wark Forest chronosequence. The 

site locations located along the transect moving from the open peat 

towards self seeded Sitka spruce on forest-margin peat with their 

respective mean elevations (AOD) for two pits. 

 

 

 



xvi 

 

 

Fig. 6.2  Soil carbon storage contents (t C ha
-1

) in (a) FM peat under Sitka spruce, 

(b) the FM peat and (c) the open peat. Error bars represent the standard 

error of the mean for the two pit replicates. Means with different letters 

are significantly different (Tukey’s HSD, p<0.05). 

Fig. 6.3  Soil carbon storage (t C ha
-1

) in litter the (L), weakly degraded humic 

(Hf) and degraded humic (Hs) horizons of the peat under the Wark 

chronosequence. Error bars represent the standard error of the mean for 

the two pit replicates. Means with different letters are significantly 

different (Tukey’s HSD, p<0.05). 

Fig. 6.4   Partial chromatogram for the total ion current (TIC) of the 

thermochemolysis products from the green litter across all profiles (a) 

FM peat under SS 1 (b) FM peat under SS 2 (c) FM peat 1 (d) FM peat 2 

(e) Open peat 1 and (f) Open peat 2. Peak identities and symbols are 

listed in Table 6.2. 

Fig. 6.5  Partial chromatogram for the total ion current (TIC) of the 

thermochemolysis products from the brown litter across all profiles (a) 

FM peat under SS 1 (b) FM peat under SS 2 (c) FM peat 1 (d) FM peat 2 

(e) Open peat 1 and (f) Open peat 2. Peak identities and symbols are 

listed in Table 6.2. 

Fig. 6.6 Partial chromatogram for the total ion current (TIC) of the 

thermochemolysis products from the Hf horizon across all profiles (a) 

FM peat under SS 1 (b) FM peat under SS 2 (c) FM peat 1 (d) FM peat 2 

(e) Open peat 1 and (f) Open peat 2. Peak identities and symbols are 

listed in Table 6.2. 

Fig. 6.7  Partial chromatogram for the total ion current (TIC) of the 

thermochemolysis products from the Hs horizon across all profiles (a) 

FM peat under SS 1 (b) FM peat under SS 2 (c) FM peat 1 (d) FM peat 2 

(e) Open peat 1 and (f) Open peat 2. Peak identities and symbols are 

listed in Table 6.2. 

Fig. 6.8  1 %OH extents of G18 from the (a) FM peat under Sitka spruce (black 

lines) (b) FM peat (red lines) and (c) open peat (green lines). Error bars 

show standard error of two analytical replicates. Pit one denoted by solid 

line, pit two denoted by slashed line. 
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Fig. 6.9  Depth profile showing changes in yield of cinnamyl lignin phenols, P18 

and G18 in; (a and b) FM peat under Sitka spruce pit 1 and 2, (c and d) 

FM peat pit 1 and 2 and (e and f) open peat pit 1 and 2. Error bars show 

standard error of two analytical replicates.      

Fig. 6.10  1 %OH (a-c) and 2 %OH (d-f) extents (lines) and yield (mg/100 mg OC) 

(bars) of G4 from either pit one (open bars; solid lines) or pit two (grey 

bars; dashed lines) from the (a, d) FM peat under Sitka spruce (b, e) FM 

peat and (c, f) open peat. Error bars show standard error of two analytical 

replicates.           

Fig. 6.11 1 %OH (a-c) and 2 %OH (d-f) extents (lines) and yield (mg/100 mg OC) 

(bars) of G6 from either pit one (open bars; solid lines) or pit two (grey 

bars; dashed lines) from the (a, d) FM peat under Sitka spruce (b, e) FM 

peat and (c, f) open peat. Error bars show standard error of two analytical 

replicates.                        

Fig. 6.12  1 %OH (a-c), 2 %OH (d-f) and tri-hydroxy (g-i) extents (lines) of S6 and 

yield (mg/100 mg OC) (bars) from either pit one (open bars; solid lines) 

or pit two (grey bars; dashed lines) from (a, d, g) FM peat under Sitka 

spruce (b, e, h) FM peat and (c, f, i) open peat. Error bars show standard 

error of two analytical replicates.         

Fig. 6.13  The lignin content,  (mg/100 mg OC) at (a) FM peat under Sitka spruce 

(b) FM peat and (c) open peat. Pit one denoted by solid black line, pit 2 

denoted by slashed black line. Error bars show standard error of two 

analytical replicates.                          

Fig. 6.14  Depth profile showing changes in the amount of 1,3,5-

trimethoxybenxene (mg/100 mg OC) at (a) FM peat under Sitka spruce, 

(b) FM peat and (c) the open peat. Error bars show standard error of two 

analytical replicates. Pit one denoted by solid line, pit two denoted by 

slashed black line. 

Fig. 6.15  Depth profile showing changes in the amount of 1,2,4-

trimethoxybenxene (mg/100 mg OC) at (a) FM peat under Sitka spruce, 

(b) FM peat and (c) the open peat. Error bars show standard error of two 

analytical replicates. Pit one denoted by solid line, pit two denoted by 

slashed black line. 

 



xviii 

 

 

Fig. 6.16  The total Sphagnum content (mg/100 mg OC) at (a and b) FM peat under 

Sitka spruce, (c and d) FM peat and (e and f) the open peat. Error bars 

show standard error of two analytical replicates. 

Fig. 6.17  The relative proportion of vascular, Sphagnum and non-Sphagnum 

mosses to the Wark Forest soils. Where SS: Sitka spruce, Lg: green litter, 

Lb: brown litter, Hf: histic peat, and Hs: sapric peat. 

Chapter 7 The TMAH Thermochemolysis of Carbohydrates in Peat and Soils 

Fig. 7.1  Mechanism proposed by Fabbri & Helleur (1999) and Schwarzinger 

(2002) for the formation of methylated metasaccharinic acids and 1,2,4-

trimethoxybenzene from the TMAH thermochemolysis of glucose. 

Fig. 7.2 Partial chromatogram for the total ion current (TIC) of the 

thermochemolysis products from the humified peat (Hs) at the Wark 

Forest marginal peat under SS, pit 2. Peak identities and symbols are 

listed in Table 6.2, Chapter 6. Compounds of interest in bold are listed in 

Table 7.1. 

Fig. 7.3  Partial chromatogram for the total ion current (TIC) of the 

thermochemolysis products from the (a) glass fibre thimble and (b) 

cellulose thimble. Peak identities and symbols are listed in Table 7.1. 

Fig. 7.4 Partial chromatogram for the total ion current (TIC) of the 

thermochemolysis products from authentic a) galactose and b) glucose 

sample. Peak identities and symbols are listed in Table 7.1. 

Fig. 7.5 Partial chromatogram for the total ion current (TIC) of the 

thermochemolysis products from cellulose. Peak identities and symbols 

are listed in Table 7.1. 

Fig. 7.6 The mass spectra of the unlabelled and associated 
13

C-labelled 

monosaccharides: MC1, MC2, MC3 and MC4. Numbers in red with a 

plus (+) prefix indicate the number of added labelled C atoms, i.e. methyl 

groups added by 
13

C-TMAH 

Fig. 7.7  Proposed fragmentation pathway of MC2 + MC4 (permethylated 

deoxyaldonic acid epimers). Displaying the methyl groups that can 

increase the molecular weight using 
13

C-TMAH  (OCH3)*. (a) Fabbri & 

Helleur (1999), (b) Tanczos et al. (2003). 
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Fig. 7.8  Proposed fragmentation pathway of MC1 + MC3 (partially methylated 

deoxyaldonic acid epimers). Displaying the methyl groups that can 

increase the molecular weight using 
13

C-TMAH (OCH3)*. (a) 

Schwarzinger (2004), (b) Tanczos et al. (2003). 

Fig. 7.9 EI mass spectrum of polysaccharide derived products (a) 1, (b) 2, (c) 3 

and (d) 4.   

Fig. 7.10 EI mass spectrum and the proposed fragmentation pathway for peak 5: 

partially methylated isosaccharinic acid: Modified from Schwarzinger 

(2004).  

Fig. 7.11  EI mass spectrum and the proposed fragmentation pathway for peak 6: 

permethylated isosaccharinic acid. 

Fig. 7.12  EI mass spectrum and compound structure for 1,2,4-trimethoxybenzene.  

Fig. 7.13  The depth profile showing changes in the methylated carbohydrates 

(solid lines) and the polysaccharide derived compounds 1-4 (dashed lines) 

(mg/100 mg OC) in (a) ML, (b) SS1 and (c) SS2 soil. The error bars 

indicate the standard error from three/two analytical replicates. Means 

with different letters are significantly different (Tukey’s HSD, p>0.05). 

Fig. 7.14 Depth profile showing changes in the amount of methylated 

carbohydrates (solid lines) and the polysaccharide derived compounds 1-

4 (dashed lines) (mg/100 mg OC) in (a) FM peat under SS, (b) FM peat 

and (c) the open peat. Error bars show standard error of two analytical 

replicates.  

Fig. 7.15 The depth profiles of carbohydrate concentration within Ryggmossen BP, 

BM, FL and SF released after acid hydrolysis (TCHO) and TMAH 

thermochemolysis (1-4) (a,b: hummock and c,d: hollow). Solid line is the 

mean water table, dashed lined indicate upper and lower water table 

extent. 
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1 Introduction & Literature Review 

1.1 Introduction 

 

Over the past 100 years the Earth’s climate has warmed on average ca 0.6 ºC as a direct 

result of increasing greenhouse gases (GHG) in the atmosphere, notably carbon dioxide 

(CO2), which has risen from 280 ppmv 100 years ago to 379 ppmv in 2005 (IPCC, 

2007). These changes are caused for the large part by human activities including the 

combustion of fossil fuels and land-use change (Watson and Noble, 2005). Furthermore, 

the Intergovernmental Panel on Climate Change (IPCC) project a further temperature 

increase of 1.4-5.8 ºC between 1990 and 2100, assuming a range of climate sensitivities 

(IPCC, 2001a). The increasing threat of climate change led to the Kyoto Protocol to be 

enacted in 1997, whereby as part of the United Nations Framework Convention on 

Climate Change (UNFCCC), Annex one Parties (including the UK) would commit to 

reducing GHG emissions. Annex one Parties can sequester carbon (C) to contribute to 

reducing GHG emissions via Land Use, Land-use Change and Forestry (LULUC) 

activities (Article 3.3), including afforestation (IPCC, 2001b)
1
. 

In Britain, the largest land use change in the past 100 years, has been the introduction of 

conifer plantations in the uplands, with 315,000 ha of shallow peatlands planted with 

coniferous forest (Hargreaves et al., 2003). This establishment of forest plantations on 

land that was previously not forest, is known as afforestation. Despite the positive effect 

of CO2 incorporation into new plant biomass, afforestation of peaty soils involves land 

disturbance in order to obtain the desired environment for conifers; including drainage, 

ploughing, mounding and fertilisation (Minkkinen et al., 2008). These land preparation 

mechanisms can intensify rates of oxidation due to improved aeration and lowered 

water table, which can increase carbon losses to the atmosphere (Farmer and Nisbet, 

2004; Zerva et al., 2005; Mason et al., 2009). 

Globally, more than twice as much carbon is held in soils compared to vegetation or the 

atmosphere (Batjes, 1996). However, a recent study using data from the National Soil 

Inventory of England and Wales, concluded that between 1978 and 2003, carbon was 

lost from soils at a mean rate of 0.6% yr
-1

, which increased to >2% yr
-1

 in soils with  

                                                   
1 The text of the UNFCCC, and its Kyoto Protocol are available at http://unfccc.int/; the reports of the 

IPCC are available at http://www.ipcc.ch/. 

http://unfccc.int/
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carbon contents greater than 100 g kg
-1

 (10% TOC) (Bellamy et al., 2005).  

Peats are the most significant terrestrial carbon pool in Britain, accounting for ca 50% 

of the total carbon stock (Milne and Brown, 1997),  located almost entirely in the 

uplands; currently defined as land >300 m above sea level (Atherden, 1992). However, 

detailed bioclimatic modelling scenarios carried out by Clark et al., (2010a; 2010b; 

2010c) revealed that under climate change, British upland altitude thresholds will retreat, 

reducing upland areas by up to 51%, increasing the vulnerability of peatlands and their 

associated carbon stocks. 

Two components of the recalcitrant carbon pool are lignin and tannins which are 

quantitatively the second and fourth most abundant biopolymers in terrestrial biomass 

respectively (Crawford, 1981; Hernes and Hedges, 2000), and therefore their 

contribution to soil organic matter (SOM) is significant. As a result, previous studies 

have used lignin as an in indicator for predicting litter turnover in different soils, under 

different environmental conditions (e.g. Mason et al., 2009; Nierop et al., 2001; Nierop, 

2001). Due to the difficulties quantifying tannins caused by the lack of one single 

analytical technique to simultaneously track their dynamics coupled with lignin phenols 

in litter and soils, there is little detailed information on tannin amounts, structures, and 

possible transformations (Nierop and Filley, 2008). However, with the introduction of 

13
C-labelled TMAH, this limitation is being overcome (Section 1.2.10). 

The second most common soil type for afforestation in the UK (after peaty 

gleys/podzols) were the peats (Vanguelova, 2012); which are dominated by Sphagnum 

mosses (Weng and Chapple, 2010). Sphagnum could potentially incorporate more 

carbon in both dead and alive Sphagnum biomass, than any other genus of plant (Clymo 

and Hayward, 1982). Despite being the dominant peat forming plant, and therefore 

being most at risk from the afforestation on peats, there has been little research into the 

impact of afforestation on this carbon store at both the bulk and molecular level. 

It is critically important to understand the rate of organic matter turnover after 

afforestation for its net effect on atmospheric CO2, as well as its effect on long term soil 

sustainability and carbon sequestration. In order to obtain a clearer picture of the 

processes occurring after afforestation, it is vital to understand the range of both lignins 

and polyphenolic compounds (e.g. from peat mosses) present prior to land use change. 
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1.2 Literature Review 

1.2.1 Soil Organic Carbon 

 

The carbon cycle can be separated into a simple, three compartmental system consisting 

of an oceanic (38,000 Pg C), an atmospheric (760 Pg C), and a terrestrial pool (8060 Pg 

C) (Pg = 10
15 

g) (Lal, 2004). The terrestrial compartment consists of the geologic (5000 

Pg C), pedologic (2500 Pg C) and biotic pools (560 Pg C), with climate, geology and 

land management the primary controls on the quantity of carbon held within this 

compartment. These pools are interconnected, with carbon constantly cycling between 

them (Lal, 2004). 

The pedologic (soil) pool receives carbon primarily as CO2 from the atmosphere via the 

biotic pool. CO2 is converted into terrestrial biomass and either sequestered as SOM by 

biochemical and physical stabilisation processes, or released back to the atmosphere as 

CO2 and CH4 via respiration (Kay and Angers, 2000; Dawson and Smith, 2007; Lorenz 

et al., 2007). The amount of carbon held within a soil (carbon stock) is based on the 

balance between these biomass inputs from the biotic pool, and respiration outputs (Post 

et al., 1982), with carbon sequestered only when there is an additional transfer of carbon 

from the atmosphere to soils and thus a contribution to climate change mitigation 

(Powlson et al., 2008) as requested by the IPCC (IPCC, 2000).  The rapid turnover of 

the biotic pool has a major influence on whether the soil acts as a source or a sink to 

carbon (Milne and Brown, 1997).  

Soil organic carbon (SOC) is an important component of SOM, contributing ca 60% 

(1550 Gt C) to the pedologic pool of 2500 Gt (Post et al., 2001; Lal, 2004). Fresh SOC 

is added to the soil as leaf, wood and root litter and root exudates of plants and soil 

microbes, and undergoes decomposition, forming a natural decomposition continuum 

through the soil profile. During decomposition, between 60 and 80% of labile OM are 

converted to CO2 (González-Pérez et al., 2004), most of which occurs in the first year of 

litter decomposition (active fraction; with a residence time of <10 years). The remaining 

material is transformed into the intermediate OM pool, which is more recalcitrant, and 

has a residence time of decades to a hundred years, and finally into the most stable pool 

which may have a turnover time of >1000 years (slow/refractory fraction) (Trumbore, 

1997; von Lützow  et al., 2006; Lorenz et al., 2007). The refractory OM pool is  
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responsible for the long term stabilisation of carbon in soils (von Lützow  et al., 2006). 

The mechanisms controlling SOC stabilisation include; the selective preservation due to 

the structural composition, the spatial inaccessibility, and interactions with mineral 

surfaces and metal ions (Sollins et al., 1996; Six et al., 2002; von Lützow  et al., 2006).  

The turnover of SOM and thus SOC depends upon several factors including the quality 

and chemical quality of the carbon (labile or refractory), climate and soil properties such 

as clay content, soil moisture, pH and nutrient status, and site conditions (Dixon et al., 

1994; Trumbore, 1997; Jandl et al., 2007), of which several of these factors can be 

influenced by afforestation and subsequent forest management (Jandl et al., 2007). 

However, recent studies have shown that the so-called recalcitrant carbon displays a 

large potential to degrade, especially under elevated temperature scenarios, whilst fresh 

relatively labile components can act to inhibit the activity of the enzymes that degrade 

the substrate, introducing the concept that relatively fresh SOC can contribute to the 

recalcitrant pool (von Lützow  et al., 2006; Karhu et al., 2010; Kleber et al., 2011).  

 

1.2.2 Kyoto Protocol 

 

Under the terms of the Kyoto Protocol, the 36 nations that make up the Annex 1 

countries are committed to reducing emissions by 5.2% from the 1990 base year level 

over the period 2008-2012; with the UK committed to reduce GHG emissions by 12.5% 

(Kyoto Protocol, 1997). Under Article 3.3 of the Kyoto Protocol, afforestation can be 

used to sequester carbon in order to offset carbon emissions (IPCC, 2001b). According 

to Lal (2004), global carbon sequestration has the potential to off-set fossil fuel 

emissions by 5 to 15%. Carbon sequestration however, is not a recent proposal; utilising 

the soils capability to sequester carbon from the atmosphere was first suggested by 

Dyson in 1977 (Metzger and Benford, 2001). 

The Kyoto Protocol discusses the carbon sequestration potential after afforestation and 

reforestation of 0.4-4.5 t C ha
-1

 in above and below ground biomass in boreal and 

temperate regions. However there is no discussion of potential soil carbon stock 

changes in previously non-cultivated land (i.e. peatland and moorland) (IPCC, 2000). 

The rules for the Kyoto Protocol, including Article 3.3 were further elaborated in the 

Marrakech Accords in 2001. Stating that “Each Party included in Annex I shall account 

for all changes in the following carbon pools: above-ground biomass, below-ground  
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biomass, litter, dead wood, and soil organic carbon. A Party may choose not to account 

for a given pool in a commitment period, if transparent and verifiable information is 

provided that the pool is not a source.” However this still allows for soil carbon stocks 

to be estimated; often based on low resolution soil surveys with estimated soil types and 

depths, thereby utilising unreliable data (UNFCCC, 2001; Lindsay, 2010). Section 1.2.3 

provides evidence of the variability incurred from estimating carbon stocks.  

Cannell (1999) has reported the questionable effect of growing trees to sequester carbon 

in line with the Kyoto Protocol’s LULUC activities. Suggesting that whilst sandy soils 

have the potential to sequester carbon via increased SOC and biomass, the majority of 

plantations in the UK occur on peat and peaty gley soils. In contrast to sandy soils, peat 

soils whilst indeed they will display a degree of carbon sequestration in the first 1-2 

rotations of conifer plantation, they will in the long term (>100 years) lose more carbon 

that can be sequestered by the forests planted on them (Cannell et al., 1993; Ball et al., 

2011). Cannell (1999) concluded that LULUC activities within the UK were simply 

“buying time” thereby delaying global warming, but the eventual release of the carbon 

was inevitable. 

 

1.2.3 Peatland 

 

Peatlands are widespread across the northern circumpolar area, and at a global scale are 

considered an important SOC sink (Gorham, 1991), with carbon accumulating in 

northern peatlands since the end of the last ice age in the Holocene (Charman, 2002). 

The southern limits of these peatlands in North America is approximately 40°N latitude, 

and 50°N latitude in Eurasia (Tarnocai and Stolbovoy, 2006). Early estimates of the 

global land cover of peatlands were conservatively estimated at 0.82% of Earth’s land 

surface (Taylor, 1964). However, recent estimates suggest that northern peatlands alone 

cover approximately 2.4% of the Earth’s land surface, and store approximately 547 Pg 

of organic carbon (Yu et al., 2010), which equates to approximately 35% of the global 

soil carbon (Post et al., 1982; Oades, 1988). Previous estimates have been considerably 

lower; 300 Pg C (Sjors, 1980), 249 Pg C (Armentano and Menges, 1986), and 455 Pg C 

(Gorham, 1991), highlighting the uncertainty in peatland carbon storage. 
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The characterisation of peatlands varies regionally based on differing peatland factors. 

For example, Canada characterises peatlands based primarily on their hydrological 

regimes, whereas Russia uses a vegetation classification, and Finland uses a 

combination of hydrological, nutrient status and peat margin gradients (Tarnocai and 

Stolbovoy, 2006). The classification of peat in the UK has evolved from the Avery soil 

classification (1980), characterising peatland according to their vegetation (Kennedy, 

2002). Peatlands can be further divided according to their hydrological regimes; bog 

peatlands which receive all their water from precipitation, and fen peatlands which are 

formed under the influence of ground- and/or surface-water supply. Peatland landscapes 

can display a composite of these types; for example, upland blanket bogs are often 

interspersed with nutrient poor fens, and raised bogs can grade into fringing ‘lagg’ fens 

(JNCC, 2011). Owing to the complex and numerous definitions that can be applied to 

different factors of peatland ecosystems, it has been suggested that the generic term 

peatland be used to avoid confusion about conditions that may or may not be present at 

a particular site (Bridgham et al., 1996). 

Peat is defined as the partially decomposed remains of plants and soil organisms which 

have accumulated at the surface of the soil profile, resulting in a typical carbon content 

of ~52% total organic carbon in UK peat (Lindsay, 2010). Carbon accumulation occurs 

owing to the increased rate of input of organic material from the surface compared to 

the rate of decomposition, due to in part the low temperatures (Gorham, 1991; 

Minkkinen et al., 2008), and the oxygen constraints on the degrading enzymes (Freeman 

et al., 2001b). However the rates of carbon sequestration on peatlands are a complex 

balance between carbon inputs and carbon outputs (Post et al., 1982), with minor 

changes in plant communities, the temperature and precipitation regimes, the water 

table and the soil chemistry (Holden et al., 2007), potentially having a significant effect 

on the carbon storage dynamics (Belyea and Malmer, 2004). Although there has been 

extensive research into the sensitivity of peatlands to climate change, findings have 

shown that peatland dynamics are non-linear and this non-linearity makes predicting the 

response of these habitats to a changing climate difficult (Belyea, 2009; Clark et al., 

2010b). A literature review carried out by Belyea (2009), revealed three possible non-

linear pathways of peatland development; an initial sensitivity to changing conditions 

which can results in a multitude of development pathways, long periods of little change 

followed by a drastic change occurring under weak or steady environmental forcings  
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(e.g. temperature, precipitation and albedo), and the response of peatlands to external 

forcings at unexpected frequencies (Belyea, 2009).   

 

1.2.4 Sphagnum 

 

Peatlands are either classed as bogs or fens, depending on their hydrology; 

ombrotrophic bogs receive all of their water and subsequently all of their nutrients from 

precipitation, whereas minerotrophic fens receive base-rich water that has passed over 

mineral soils (Clymo, 1983). The succession of fens to bogs is often accompanied by 

the invasion of Sphagnum species (Andrus, 1986; van Breemen, 1995). Litter produced 

by the peat-forming moss, Sphagnum, is the dominant input of organic carbon into 

ombrotrophic bogs and some minerotrophic fens. Considered an intermediate between 

planktonic algae and vascular species (Clymo, 1970), Sphagnum mosses, although 

devoid of lignin phenols (Weng and Chapple, 2010), biosynthesize other 

phenylpropanoids including trans-sphagnum acid (p-hydroxy-β-[carboxy-methyl]-

cinnamic acid); Fig. 1.1; (Rasmussen et al., 1995). These phenolics are connected via 

ether bonds to cell wall polymers and act both as structural support components and as 

inhibitors of microbial decomposition of the organic substrate (van der Heijden, 1994; 

Verhoeven and Liefveld, 1997; Freeman et al., 2001a).  

Sphagnum can manipulate its environment, including increasing the peat acidity due to 

a high cation exchange capacity, allowing Sphagnum to dominate at the expense of 

other species (van Breemen, 1995). The anoxic and acidic conditions created by the 

growth and expansion of Sphagnum species significantly reduce the microbial 

degradation of both the Sphagnum species and the other peat forming species 

(Verhoeven and Liefveld, 1997) further enhancing the carbon sequestration capacity of 

peats.  

Sphagnum tissue is regarded as extremely recalcitrant due to the high content of 

sphagnum acid in the cell walls (Rudolph and Samland, 1985), decomposing more 

slowly than the leaves of most other plants (Rochefort et al., 1990; Johnson and 

Damman, 1991). Therefore, it is imperative to understand the distinctive biochemistry 

of Sphagnum and its degradation pathways in order to elucidate the dynamics of organic 

carbon degradation in peat. 
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Fig. 1.1: The structure of p-hydroxy-β-[carboxymethyl]-cinnamic acid (sphagnum acid). 

1.2.5 Sphagnum Characterisation 

 

Alkaline cupric oxide (CuO) oxidation of 15 species of Sphagnum moss released large 

quantities of unsubstituted p-hydroxyl phenolic compounds as well as sphagnum acid 

(Williams et al., 1998). Alkaline CuO oxidation has also been utilised to characterise 

lignin in vascular species (Hedges and Parker, 1976; Hedges and Mann, 1979a; Hedges 

et al., 1982; Kögel, 1986), however lignin phenols with a C3 side chain are lost during 

the CuO treatment. These side chains are retained when tetramethylammonium 

hydroxide (TMAH) thermochemolysis is used (Hatcher et al., 1995; Filley et al., 2000) 

(Section 1.2.9). van der Heijden et al. (1997) have identified six thermochemolysis 

products of sphagnum acid, including phenolic acids with C3 side chains (van der 

Heijden et al., 1997). Therefore thermochemolysis is advantageous over CuO oxidation 

when detailed structural information is required (Wysocki et al., 2008).  

 

1.2.6 Land-Use Change 

 

Approximately 1.5 x 10
5
 km

2
 of northern peatlands have been drained for forestry 

(Paavilainen and Päivänen, 1995),  which is approximately 3.8% of the total area of 

northern peatlands (4 x 10
6
 km

2
; Yu et al., 2011). Globally, forest soils hold around two 

thirds (ca 787 Pg C) of the total carbon stored in forest ecosystems (1146 Pg) (Dixon et 

al., 1994) and, with the residence time of soil carbon exceeding that of plant biomass 

(von Lützow  et al., 2006), this makes soil carbon more stable and therefore more 

significant to the long term storage of carbon than plant biomass (Jones and Alison, 

2004).  

In order to optimise the productivity of forest stands established on peats and peaty gley 

soils, land preparation including drainage, ploughing and fertilisation is carried out  

OH

OH

O

OH

O
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(Biggs, 1979; Minkkinen et al., 2008). The extensive ground preparation accelerates the 

oxidation of the stored carbon due to a disturbed soil structure and broken soil 

aggregates, lowered water table, decreased soil moisture and peat aeration (Tiessen and 

Stewart, 1983; Hillman, 1992; Mojeremane et al., 2010). These physical changes can 

enhance carbon losses to the atmosphere as CO2 (von Arnold et al., 2005), as well as to 

ground water via dissolved organic matter (DOM) (Baker et al., 2008) and particulate 

organic matter (POM) (Evans and Warburton, 2010). Conversely, the growth of 

conifers has been shown to enhance the carbon sink through increased biomass, litter 

and root input (Farmer and Nisbet, 2004; Zerva et al., 2005).  Furthermore, Byrne and 

Farrell (2005) have shown that afforestation does not always lead to increased soil CO2 

emissions. 

Studies on the effects of afforestation on SOC stocks have also resulted in conflicting 

results, for example, several studies have shown no change after afforestation (Davis et 

al., 2003; DeGryze et al., 2004; Peri et al., 2010), whereas other groups found increases 

(Guo and Gifford, 2002; Morris et al., 2007) while some have found a decrease in SOC 

stocks (Alberti et al., 2008). These SOC changes after afforestation are primarily 

controlled by the soil type, plant type, climate, previous land use, and the time after 

afforestation (e.g. Guo and Gifford, 2002; Paul et al., 2002). Several other studies 

however, observed an initial decline in SOC stocks after afforestation, then a recovery 

to and even exceeding pre-afforestation levels (Paul et al., 2002; Hu et al., 2008).This 

pattern has also been observed in the specific study of afforestated Sitka spruce (Picea 

sitchensis (Bong.) Carr.) on peats and peaty gley soils (Hargreaves et al., 2003; Zerva et 

al., 2005). However, the time it took for SOC stocks to recover varied significantly; 

Hargreaves et al. (2003), showed that after afforestation the soil can return to a carbon 

sink in under 10 years after the plantation of the first rotation. However, Zerva et al. 

(2005) showed that the carbon storage did not recover to pre-afforestation levels until 

the second rotation. These studies indicate that the conclusions reached by Cannell 

(1999) (Section 1.2.2), may not be entirely justified, and that further research into the 

effect of afforestation on peaty gley soils is required. 

The contribution of recalcitrant compounds, including lignin and tannin, to SOC and 

their role in the carbon cycle and carbon stabilisation are significant (Mason et al., 2009) 

but are often left out of carbon studies. Therefore key information about these 

compounds after afforestation is still limited. 
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1.2.7 Lignin 

  Latin: lignum = wood 

After cellulose and hemicellulose, the biopolymer lignin is the most abundant 

biopolymer in vascular species (Crawford, 1981; Gold et al., 1989), and accounts for 

approximately a third of the organic carbon in the biosphere (Boerjan et al., 2003). A 

complex aromatic polymer (Fig. 1.2), lignin comprises 30% of the mass of woody 

species and lesser amounts in non-woody species (Adler, 1977). Lignins are chemically 

connected to cellulose and hemicellulose in the cell walls to provide mechanical 

strength to vascular plants and allow for the conduction of water and nutrients 

(Sarkanen and Hergert, 1971).  

Lignins are biosynthesised by the oxidative co-polymerisation of mainly three 

hydroxycinnamyl alcohol monomers differing in their degree of methoxylation;           

p-coumaryl, coniferyl, and sinapyl alcohols (Fig. 1.3). These monolignols lead to         

p-hydroxyphenyl (P), guaiacyl (G) and syringyl (S) units of lignin respectively, via the 

enzymic dehydrogenation of the respective alcohols (Adler, 1977). There are further 

precursor alcohols, albeit much less abundant, which can contribute to the lignin 

macromolecule, including 5-hydroxyguaiacyl nuclei (5-hydroxyconiferyl) identified in 

some tropical grasses and a variety of temperate and tropical woody angiosperms 

(Suzuki et al., 1997) and more recently in non-woody angiosperms (del Río et al., 2007). 

The chemical composition and structure of lignin can vary widely between different 

vascular plant groups, and therefore can provide an excellent vegetation indicator. 

Lignin can be divided into three main groups based on their structural monomer units; 

gymnosperm, angiosperm and grass lignin (non-woody) (Higuchi, 1980).  

Gymnosperms are dominated by guaiacyl-based lignin, which are less susceptible to 

decomposition compared to syringyl-based lignins that dominate hardwoods 

(angiosperms) (Sarkanen and Hergert, 1971; Boerjan et al., 2003). Non-woody species 

are dominated by cinnamyl lignin derivatives (p-coumaric acid and ferulic acid) in 

addition to smaller quantities of guaiacyl and syringyl lignin derivatives (Clifford et al., 

1995). 
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Fig. 1.2: A schematic representation of lignin (reproduction of Dorrestijn, 2000; L = lignin 

biomacromolecule). The box displays the dominant β-O-4 linkage found in the lignin biopolymer.  
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Fig. 1.3: Three main precursor alcohol monomers that form lignin; p -coumaryl, coniferyl and 

sinapyl. 

 

The lignin monomers methoxyphenyl propanoid units are linked primarily via alkyl–

aryl ether bonds (β-O-4) (contributing 60% and 46% of linkages in gymnosperms and 

angiosperms respectively (Dorrestijn et al., 2000)); a covalent bond formed between the 

β carbon position, on the alkyl side chain and the phenolic oxygen atom found on the 

fourth carbon of the aromatic phenol ring (Fig. 1.2) (Adler, 1977). In addition, there are 

up to twelve other bond types occurring in lignin, including the more resistant carbon–

carbon linkages namely, β-5, β-β, β-1, and 5-5, which are more prevalent in 

gymnosperm vegetation because of the availability of the C5 position for coupling 

(contributing 30% and 21% of linkages in gymnosperms and angiosperms respectively) 

(Dorrestijn et al., 2000; Boerjan et al., 2003; Kishimoto et al., 2010), that account for 

the structural complexity of softwood lignins (Vane et al., 2003). 

The complexity of this three-dimensional biopolymer of high molecular weight coupled 

with the heterogeneous intramolecular bonds, forms the basis for why lignin is 

considered a recalcitrant molecule (Crawford, 1981), and therefore considered to be a 

major contributor to the stable carbon pool in soils; accumulating in SOM with respect 

to other more labile compounds (Dignac et al., 2005). However, based on a critical 

overview of the literature available, it appears that the chemical recalcitrance of the 

lignin polymer does not necessarily lead to its long-term stabilisation, specifically in 

aerobic soils (e.g. Kiem and Kögel-Knaber, 2003; Dignac et al., 2005; Bahri et al., 2006; 

Kalbitz et al., 2006; Marschner et al; 2008; Klotzbücher et al., 2011; Dungait et al., 

2012).  For example, compound-specific 
13

C analysis of lignin CuO oxidation products  

OH

OH

OH

OH

OMe

OH

OH

OMeMeO
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indicated that lignin turnover was faster than that of bulk SOC (Heim and Schmidt, 

2007). Thus, a relatively rapid turnover of soil incorporated lignin is possible (<38 years) 

(Rasse et al., 2006; Heim and Schmidt, 2007).  

Lignin degradation is limited to a handful of microorganisms which are able to produce 

the specific oxidoreductases that are necessary for lignin cleavage (Kirk and Farrell, 

1987). Microbial degradation of lignin is an aerobic process performed predominantly 

by wood decaying fungi (basidiomycetes), of which there are three main groups, the 

soft rot, brown rot and white rot (Kirk and Farrell, 1987).  

White rot fungi are the only microorganisms capable of completely mineralising lignin 

to CO2 and water (Gold et al., 1989). White rot degradation residues are characterised as 

having undergone extensive side chain oxidation and aromatic ring cleavage (Umezawa 

and Higuchi, 1987; Srebotnik et al., 1997). Brown rot fungi are capable of mineralising 

the methoxyl groups of lignins (Kirk and Farrell, 1987), resulting in the enrichment in 

hydroxylated phenyl (catechol derivatives) substituents as a result of methoxyl 

demethylation or demethoxylation with only a small degree of side chain oxidation 

(Filley et al., 2000). Fig. 1.4 illustrates the three main changes that occur as a result of 

this oxidative attack by fungi; side chain oxidation, demethylation/demethoxylation and 

ring cleavage. 

 

 

Fig. 1.4: The main chemical changes that occur during fungal degradation of guaiacyl lignin  

(reproduction of Filley et al., 2000; L = lignin biomacromolecule). 
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1.2.8  Lignin Characterisation 

 

Extensive lignin research has been carried out since 1865, when F. Schulze first coined 

the term lignin, however the research was primarily focused on the lignin 

biomacromolecule structure and biosynthesis (see Adler 1977, and references therein). 

The discovery of the taxonomic separation of lignin by Bibbs in 1958 paved the way for 

the discussion and analyses of lignin as vascular vegetation markers 

(gymnosperm/angiosperm), primarily using the cupric oxide method (CuO) (Hedges 

and Parker, 1976; Hedges and Mann, 1979b; Hedges et al., 1982; Kögel, 1986).  

The oxidation of lignin with CuO yields eight major reaction products; six vanillyl and 

syringyl phenols in the forms of aldehydes, ketones and carboxylic acids, and ferulic 

and p-coumaric acid (Hedges and Parker, 1976). Hedges and Mann (1979a) utilised 

these products to provide information on the vegetation source (S/V; C/V ratios), 

degradation state [Ad/Al], and the yield of lignin () in the sample. 

Despite providing information on the vegetation source and degradation state of the 

lignin, the CuO technique does not provide any structural information (Dijkstra et al., 

1998), for example, the propyl side chain which indicates intact lignin phenols is not 

retained (Hatcher et al., 1995; Filley et al., 2000). Together with the lack of structural 

information, the CuO technique is extremely time consuming and is best suited to 

organic poor samples (Hatcher et al., 1995; Wysocki et al., 2008), and has therefore  

received less attention over the past 20 years, as new techniques have been introduced.  

Pyrolysis in combination with gas chromatography and mass spectrometry ((Py)-GC-

MS) has also been utilised to analyse the lignin biomacromolecule in soils (e.g. Dijkstra 

et al., 1998; Vancampenhout et al., 2009; Wang et al., 2009). The non-volatile lignin 

macromolecule is thermally treated in the absence of oxygen, which yields smaller, 

more volatile fragments that are amenable to GC (Kaal and Janssen, 2008). However, 

benzenecarboxylic acids are not released upon pyrolysis due to the decarboxylation of 

these products (Saiz-Jimenez, 1994; Klingberg et al., 2005). To overcome this and aid 

the structural identification of macromolecules, thermochemolysis in the presence of 

tetramethylammonium hydroxide (TMAH) was introduced as a pyrolytic degradation 

technique with in-situ derivatisation (Challinor, 1989). The methylating agent TMAH 

prevents the decarboxylation of products and results in the in situ generation of methyl  
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esters of carboxylic acids, making the molecules amenable to GC (Challinor, 1989; 

Kaal and Janssen, 2008). When coupled to an MS, electron impact mass spectra (EI-MS) 

of each of the eluted compounds can be recorded so that compounds can be identified. 

Lignin undergoes heat-induced bond dissociation to give reduced molecular mass 

compounds which reflect the composition of the original polymer (del Río et al., 1996). 

The exact reaction mechanism is not fully understood, however Clifford et al. (1995) 

demonstrated that the dominant reaction with TMAH is mainly a thermally assisted 

chemolytic degradation rather than degradation induced by pyrolytic bond cleavage, 

leading to the widely used abbreviation THM; thermally assisted hydrolysis and 

methylation (e.g. Challinor 2001; Joll et al., 2003; Tanczos et al., 2003). TMAH is 

currently the most common reagent used for THM, accounting for over 90% of 

published THM applications (Shadkami and Helleur, 2010).  

 

1.2.9 THM in the Presence of TMAH 

 

THM cleaves primarily the dominant β-O-4 linkage, however this extends to all propyl-

aryl ether linkages (Hatcher et al., 1995), with the mechanism proposed described by 

Filley et al. (1999).  Although the proportion of these linkages varies according to the 

type of wood, typically more than two-thirds of the linkages in lignin are aryl ether 

linkages (Pandey and Kim, 2011). Therefore although Geib et al. (2008) stated that 

THM detects chemical modification of the entire lignin fraction of the sample, THM in 

fact provides an indication of the relative abundance of aryl ether linkages remaining 

intact in the macromolecular network (McKinney and Hatcher, 1996; Klotzbücher et al., 

2011). So far, however, there has been no discussion on the quantitative recovery of 

lignin after THM, primarily due to the lack of understanding of the reaction 

mechanisms (Kaal and Janssen, 2008). However, there are a handful of lignin model 

compound studies that have shown that THM provides characteristic products retaining 

the structural attributes of β-aryl ether, β-5, β-β subunits and cinnamyl alcohol end 

groups (Filley et al., 1999; Kuroda et al., 2002; Kuroda and Nakagawa-Izumi, 2005). 
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Fig. 1.5: Dominant permethylated aromatic compounds released by TMAH thermochemolysis. 
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For highly coalified lignin and extensively degraded lignin, the ability for TMAH to 

depolymerise lignin is limited due to the extensive loss of the β-O-4 bond or the 

adjacent hydroxyl groups on the propyl side chain (Hatcher, 1990; Filley et al., 1999). 

Therefore, the total yield of lignin monomers released from fresh and degraded samples 

is dependent, in part, on the extent and type of alteration of the lignin macromolecule 

and not solely dependent upon the concentration of lignin present in the sample. It is 

also important to consider the varying degree of dominant linkages including β-O-4, β-5, 

and  β-β that occur in differing plant sources as well as changing with degradation, 

which will influence the relative decomposition rates of syringyl, guaiacyl and cinnamyl 

phenols (Vane et al., 2001). Due to the specific bond cleavage of TMAH, THM has 

been suggested to be best suited to the analysis of fresh and mildly altered plant 

fractions (i.e. litter (L), fermentation (F) and humified (H) organic horizons, and carbon-

rich A soil horizons) (Filley et al., 2006). 

The THM of lignin yields a large suite of lignin phenols; the eight major reaction 

products are analogous to the eight CuO oxidation products, with the additional release 

of the intact lignins; threo/erythro 1-(3,4-dimethoxyphenyl)-1,2,3-trimethoxypropane 

(G14/15) and threo/erythro 1-(3,4,5-trimethoxyphenyl)-1,2,3-trimethoxypropane 

(S14/15) (Fig. 1.5) (Hedges and Parker, 1976). Where threo and erythro are prefixes 

used to distinguish diastereomers. The lignin proxies introduced for CuO products by 

Hedges and Mann (1979a) (Section 1.2.8), can also be used for the THM products 

(Hatcher et al., 1995; Wysocki et al., 2008; Klotzbücher et al., 2011).   

 

1.2.10 
13

C-Labelled TMAH  

 

The major limitation of TMAH thermochemolysis is that it does not distinguish 

between the original methoxyl groups of lignin and those added during derivatisation 

(Filley et al., 2000). This shortcoming makes it impossible to determine whether or not 

lignin residues have undergone demethylation during microbial decay or even if the 

compound is indeed a lignin product. However the introduction of 
13

C-labelled TMAH 

in 1999, methylates phenolic acids and phenols using 
13

C-labelled methyl groups, has 

allowed the distinction between lignin, altered lignin and non-lignin phenols (Filley et 

al., 1999). This technique has been successfully used to analyse a variety of 

biopolymers, SOM and DOM (Filley et al., 2000; Filley et al., 2002; Frazier et al., 2005;  
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Filley et al., 2006; Nierop and Filley, 2007; Mason et al., 2012). With the use of 
13

C-

TMAH thermochemolysis together with unlabelled TMAH, it was found that after 

correcting for contributions of non-lignin phenols and altered lignin; lignin proxies; Λ, 

F/P, [Ad/Al], and Γ, were severely influenced by non-lignin phenols, Nierop and Filley 

(2007)  found that the total yield of lignin in two sandy soil profiles under oak forest 

was reduced by 16-46% after correcting for tannin and poly-hydroxyl compounds. By 

contrast, S/G and C/G remained similar (Nierop and Filley, 2007).  

Fig. 1.6 demonstrates the advantage of using 
13

C-labelled TMAH to differentiate 

between lignin, demethylated lignin and non-lignin phenols. Both syringic acid (lignin 

source) and gallic acid (tannin source) produce the same 3,4,5-trimethoxybenzoic acid 

methyl ester (S6) derivative when methylated with unlabelled TMAH, with a molecular 

weight of 226. Using 
13

C-labelled TMAH, syringic acid has a molecular weight of 228, 

indicating the methylation of two hydroxyl groups, whereas gallic acid has a molecular 

weight of 230, indicating the methylation of four hydroxyl groups by 
13

C-TMAH. This 

highlights how mass spectral interpretation can be used to determine the % 
13

C-labelled 

methyl groups added and therefore allow for the successful determination of source 

input (Filley et al., 1999; Filley et al., 2006). The principal limitation of 
13

C-labelled 

TMAH, is that fully demethylated syringic acid is indistinguishable from gallic acid; the 

main building block of hydrolysable tannins (Nierop and Filley, 2007).  

 

 

Fig. 1.6: Reaction schematic showing how 
13

C-labelled TMAH can be used to distinguish between 

source inputs with similar structure but different origin (i.e. syringic acid (lignin) and gallic acid 

(tannin)). Asterisks indicate 
13

C-labelled methyl groups. 
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The use of 
13

C-labelled TMAH can also differentiate between sources which could 

potentially have a high input from non-lignin sources including G6 and G18. For 

example, 3-hydroxy-4-methoxybenzoic acid methyl ester (lignin-derived or a possible 

intermediate in the Cannizzaro reaction described below) can be distinguished from 3,4- 

dihydroxybenzoic acid methyl ester (microbially demethylated lignin or other phenolic 

acids - protocatechuic acid), which are both methylated to form 3,4-dimethoxybenzoic 

acid methyl ester (G6). Also, the 3-(3-methoxy, 4-hydroxy-phenyl)-3-propenoic acid 

methyl ester (lignin-derived) can be differentiated from 3-(3,4-dihyroxyphenyl)-3-

propenoic acid methyl ester (microbially demethylated lignin or other phenolic acids - 

caffeic acid) which are methylated to form (E)- 3-(3,4-dimethyoxyphenyl)-3-propenoic 

acid methyl ester (G18) (Nierop and Filley, 2007).  

It must be noted that a Cannizzaro type reaction might affect the THM method, in 

which a disproportionation of the aldehyde occurs, resulting in production of the 

corresponding methoxybenzoic acid methyl ester and methoxybenzyl alcohol methyl 

ether (Hatcher and Minard, 1995; Tanczos et al., 1999). This could particularly affect 

the lignin proxies that incorporate methoxybenzoic acid methyl esters, such as acid/ 

aldehyde ratios [Ad/Al], indicating the relative state of lignin oxidation. This reaction 

could contribute to understanding the results of Hatcher et al. (1995) and Klotzbücher et 

al. (2011), that for the same lignin sample, a higher [Ad/Al] was measured for the 

TMAH products compared to the CuO products. It has also been shown that CuO can 

depolymerise lignin more completely than THM, as CuO cleaves not only the β-O-4 

linkage, but also some of the C-C linkages (Goñi and Hedges, 1992). Therefore CuO 

method may be able to access a larger part of the unaltered, non-oxidised lignin 

structure (Klotzbücher et al., 2011), resulting in a lower [Ad/Al]. 

Due to the large range of analytical methods, and no standard method for THM in the 

presence of 
13

C-labelled or unlabelled TMAH, lignin concentrations reported in the 

literature vary and may not be comparable with each other (Hättenschwiler and 

Vitousek, 2000; Klingberg et al., 2005). However, thermochemolysis-GC-MS as an 

analytical technique bears many advantages over the other methods, primarily, this 

technique is faster than other methods, sample pre-treatment is virtually absent, and 

TMAH can take place under milder conditions than traditional pyrolysis resulting in 

fewer secondary reactions, allowing the original structure to be established (Kaal and 

Janssen, 2008). 
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1.2.11 Tannin 

 

Tannin, a water soluble polyphenol, can exceed lignin concentrations in leaves, bark 

and needles, accounting for up to 40% dry weight (Kraus et al., 2003). Tannins are 

secondary metabolites, and as with lignins, are unique to vascular plants. Tannins can 

be divided into two main groups; hydrolysable (gallo- and/or ellagi-) tannins (HT) and 

condensed tannins (proanthocyanidins) (CT) (Bate-Smith, 1977; Hernes and Hedges, 

2004). CTs are present in ferns, gymnosperms and half of all woody angiosperms, 

whilst HTs can be found in 15 of the 40 orders of dicot angiosperms (Harborne, 1997; 

Nierop et al., 2005). 

CTs are composed of flavan-3-ols joined with C-C linkages, with monomers 

distinguishable by the number of hydroxyl groups on the B ring; di-hydroxy and tri-

hydroxy B ring indicates procyanidins (PC) and prodelphinidins (PD), respectively (Fig. 

1.7). As with the lignin macromolecular structure, the diversity of condensed tannin 

monomers reveals a heterogeneous structure of high molecular weight. HTs are 

composed of gallic acid or hexahydroxydiphenic acid esters, linked to a central sugar 

moiety with ester linkages (Fig. 1.7) (Kraus et al., 2004).  

 

 

Fig. 1.7: The chemical structure of (a) condensed tannins and (b) hydrolysable tannins.  

R = H: epicatechin, R=OH: epigallocatechin (Behrens et al., 2003; Nierop et al., 2005).  

Where PC = procyanidins and PD = prodelphinidins.  
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Tannins have a significant effect on soil degradation dynamics (Lorenz et al., 2000), due 

to in part their ability to inhibit microbial degradation, and also in part to their role in 

herbivore and insect defence (Schultz et al., 1992). However, some microbes are 

resistant to the tannins, with CTs conveying more resistance to microbial attack than 

HTs (Bate-Smith and Swain, 1962; Bhat et al., 1998).  

Owing to the lack of one single analytical technique to simultaneously track lignin and 

tannin, the fate of tannins within soils remains largely unknown (Nierop et al., 2005). 

However, the introduction of 
13

C-labelled TMAH in 1999 has allowed the concurrent 

analysis of both lignin and tannin phenols (Filley et al., 1999). As a result, it is 

important to determine accurately the concentrations and inputs of tannins together with 

lignins within soils to provide a better understanding of the importance of tannins in 

ecosystem processes. 

 

1.2.12 Carbohydrates 

 

Carbohydrates are an important constituent of living biomass, that are formed during 

photosynthesis and are the primary source of metabolic energy in living matter, 

incorporating carbon, hydrogen, oxygen and solar energy. Carbohydrates can occur as 

monosaccharides (simple sugars), oligosaccharides (short chain monosaccharides 2-10), 

and polysaccharides (large polymer carbohydrates) (Brett and Waldron, 1996). 

Carbohydrates are ubiquitous and abundant in soils, and therefore are potentially useful 

in elucidating sources, processes and pathways of organic matter in soils (Jia et al., 

2008). However, carbohydrates have been used relatively infrequently for organic 

matter source discrimination and degradation patterns in carbon-rich soils (van 

Smeerdijk and Boon, 1987; Moers et al., 1989; Jia et al., 2008). 

Neutral monosaccharides account for 10 to 20% of SOM (Cheshire, 1979; Amelung et 

al., 1996; Puget et al., 1999; Karroum et al., 2004), despite being amongst the most 

easily biodegradable substrates in soils. Literature also indicates that the age of sugar 

carbon atoms may be as old or even older than that of bulk SOC, and therefore 

contribute to the recalcitrant SOM pool (Gleixner et al., 1999; Gleixner et al., 2002; 

Kögel-Knabner, 2002; De Leeuw et al., 2006; Derrien et al., 2006). It has been 

suggested that the relative preservation of sugars could be due to either of several  
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preservation factors: physical or physico-chemical preservation, combination in humic 

substances (Derrien et al., 2006; von Lützow  et al., 2006), or the continuous recycling 

of the sugars by microbes (Sauheitl et al., 2005). 

Primarily utilised to analyse complex and inextractable compounds, such as lignins, 

TMAH has also shown to have the potential to recover entrapped carbohydrates and 

identify simple sugars (Fabbri and Helleur, 1999; Schwarzinger, 2003; Tanczos et al., 

2003; Estournel-Pelardy et al., 2011). Fabbri and Helleur (1999) discovered that 

reducing sugars form methylated saccharinic acid (deoxyaldonic acid) methyl esters 

under THM conditions. Although THM does not analyse the hemicellulosic 

carbohydrate pool and individual carbohydrates as observed with acid hydrolysis, it can 

analyse a cellulose pool that is ordinarily hidden to acid hydrolysis, making THM an 

ideal tool for complex mixtures (Estournel-Pelardy et al., 2011). 
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1.3 Aims and Objectives of this Thesis 

 

Recent land use changes within the UK, have seen an increase in the afforestation of 

carbon rich peat and peaty gley soils with conifers (Cannell et al., 1993). However, little 

is known about the effects afforestation will have on SOM properties, phenolic 

transformations and decomposition products. This study investigates the soil carbon 

stocks, phenolic and polyphenolic biomarker stocks and their dynamics in a pristine 

peat and after the afforestation of these peat and peaty gley soils with Sitka spruce. This 

will provide valuable knowledge of carbon cycle dynamics at the molecular level 

allowing us to investigate how refractory lignin and tannins are, and begin to understand 

whether or not afforested soils have the potential to become sources of carbon dioxide 

rather than being carbon sinks. 

The study was divided into four sub-projects, each with specific aims: 

 

 

1) Carbon stock and phenolic distributions in peaty gley soils afforested with Sitka 

spruce (Chapter 3). 

This sub-project assessed and compared the within and between site variations 

in phenolic content with increasing soil depth in three different peaty gley soils 

in Northumberland (UK) a) an un-forested moorland, b) a first rotation Sitka 

spruce afforested moorland, and c) a second rotation Sitka spruce afforested 

moorland. The objectives were to: 

(i) examine the effects of afforestation on peaty gley soils carbon stocks 

within the soil profiles, in order to understand the long term effects 

(~100 years) of afforestation on soil carbon stocks; and  

(ii) characterise and analyse changes in THM product composition with 

depth, to test for the persistence of lignin phenols in the first and second 

rotation Sitka spruce stands, which will inform on the processes 

occurring after afforestation. 
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2) Sphagnum biomarkers from a typical northern latitude peatland, Ryggmossen      

            (Sweden) (Chapter 4) and the geochemical composition of Sphagnum peat cores              

spanning arange of environmental conditions from Ryggmossen (Chapter 5). 

            This sub-project, used a pristine peatland to confirm the identity of Sphagnum   

biomarkers and to determine the role of these peat moss phenolics on the  

turnover of soil organic carbon, and their use as Sphagnum biomarkers within  

afforested peat. The objectives were to: 

(i) confirm the identity of Sphagnum biomarkers, 

(ii) characterize the phenolic biochemistry of Sphagnum; the dominant peat 

forming species, and 

(iii) analyse changes in THM product composition with peat depth, to test for 

persistence of the Sphagnum markers and to infer their extent of 

degradation relative to vascular plant-derived phenols as a function of 

distance from the water table. 

  

 

3) The implications of the spreading of Sitka spruce away from the plantation area 

onto the adjacent peatland (known as the edge-effect) on the SOM, at both the 

bulk and molecular level (lignin, non-lignin phenolics and other organic 

compounds) (Chapter 6). 

This sub-project utilised 
13

C-labelled TMAH to assess the impact of a Sitka 

spruce plantation on an adjacent peatland in Northumberland (UK). The soil 

sites investigated were sampled with increasing distance from the Sitka spruce 

plantation; a) forest-margin peat under the canopy of self-seeded Sitka spruce, b) 

forest-margin peat, and c) open peat. The objectives were to: 

(i) identify key vegetation biomarkers (including lignins and tannins) and 

evaluate the changes of the chemical characteristics as a function of 

depth,  

(ii) compare and evaluate the changes across the three sites to explore 

whether the adjacent forest and self seeded Sitka spruce affect the 

phenolic and SOC dynamics with soil depth, and  

(iii) further explore the potential of 
13

C-TMAH thermochemolysis as a 

screening method for the rapid characterisation of biomacromolecules in 

SOM as a function of depth. 
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4) The research carried out for the above sub-projects allowed also an investigation 

in to the TMAH thermochemolysis analysis of carbohydrates in peat and soil 

(Chapter 7). Although carbohydrates have been used relatively infrequently for 

SOM source discrimination and degradation patterns in carbon-rich soils (van 

Smeerdijk and Boon, 1987; Moers et al., 1989; Jia et al., 2008), THM released 

these compounds from the soil and litter macromolecular structures in 

significant quantities. However it has been suggested that the presence of these 

methylated carbohydrates could be derived from the use of cellulose extraction 

thimbles (Mason, 2009). The objectives were to: 

(i) ascertain whether or not the extraction thimbles are a source of the 

methylated carbohydrates, and 

(ii) identify the carbohydrate derived products in the soil samples, and 

examine the usefulness of the technique of THM-GC-MS in the analysis 

of carbohydrates within soil and peat samples. 
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2 Methods & Sites 

2.1 Standard Laboratory Procedures 

 

Laboratory grade solvents, dichloromethane (DCM) and methanol (MeOH) were 

supplied by LSS Ltd. (UK) and distilled on a 50 plate Oldershaw column. All glassware 

was cleaned in a laboratory dishwasher (Miele 7783CD) with Lancerclean and 

Lancerinse (Lancer Ltd., UK) before being rinsed in 15 MΩ.cm deionised water and 

dried in an oven at 60 °C. Multiple rinsing with MeOH and DCM then took place before 

a final three washes in the solvent to be used.  

Glass wool, extraction thimbles and anti-bumping granules were all pre-extracted with 

DCM:MeOH (93:7; v:v) in a Soxhlet apparatus for 24 h.   

 

2.2 THM in the Presence of 
13

C-Labelled and Unlabelled TMAH 

 

On-line thermally assisted hydrolysis and methylation (THM) in the presence of 

unlabelled and 
13

C-labelled tetramethylammonium hydroxide (TMAH) was performed 

using a pulsed mode open pyrolysis system, specifically a CDS 1000 pyroprobe unit 

(Chemical Data Systems, USA) fitted with a platinum coil and a CDS 1500 valved 

interface. 
13

C-labelled TMAH was provided by Dr. Timothy Filley, synthesised 

according to published methods (Filley et al., 1999).  

Approximately 1 mg of extracted organic sample and 20 mg of extracted mineral 

sample was weighed into a quartz pyrolysis tube plugged with pre-extracted silica wool. 

An internal standard, 5α-androstane was added to the samples to allow for accurate 

quantitative chromatographic analysis to be carried out on peaks within the 

chromatogram, and an aqueous solution of unlabelled or 
13

C-labelled TMAH (25% w/w) 

was added to the sample immediately prior to THM. The pyroprobe interface was 

maintained at 340 °C and THM was carried out at 686 °C (actual 610 °C) for 10 s 

(20 °C/ms temperature ramp) with the products passing into an Hewlett-Packard 5890 

gas chromatograph (GC) with an open split (40 mL/min) and a 60 m HP5-MS column 

(0.25 mm internal diameter, 0.25 μm film thickness; J&W Scientific, USA). Helium 

was used as carrier gas at a flow rate of 1 mL/min. The GC oven was programmed from 

50 °C to 220 °C at a rate of 1.5 °C /min, where it was held isothermally for 1 min and  
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then raised to a final temperature of 320 °C at a rate of 15 °C/min, where it was held for 

16 min. This GC temperature programme was used throughout unless otherwise stated 

(Chapter 5). The GC was linked to a Hewlett-Packard 5972 mass spectrometer (MS) 

(electron voltage 70 eV, source temperature 180 °C, multiplier voltage 2000V, interface 

temperature 320 °C), which was used to analyse the pyrolysis products. The data were 

obtained using a Hewlett-Packard Vectra 486 Chemstation computer, used in full scan 

mode (50-700 amu). Compound identification was based on the NIST98 mass spectral 

library, on ion fragmentation patterns and following the conventions described in other 

studies (van der Heijden, 1994; Clifford et al., 1995; Hatcher et al., 1995; Filley et al., 

2000; Mason et al., 2009). 

The slow increase in temperature of 1.5 °C /min from 50 °C to 220 °C of the GC oven 

allowed for improved peak separation, which ensured that determination of 

chromatographic peak area was as accurate as possible. Pyrolysis was carried out at 

610 °C so that condensed tannins (CTs) could be cleaved to produce characteristic 

thermochemolysis products (Nierop et al., 2005). Clifford et al. (1995) has shown that 

pyrolysis at high temperatures yields similar results to low temperature THM, however 

gymnosperm sources such as Sitka spruce will contain these CTs (Harborne, 1997). 

THM temperature of 600 °C and 610 °C have also been used to unequivocally identify  

tannin markers in a soil profile under Corsican pine (Nierop and Filley, 2008) and Sitka 

spruce (Mason et al., 2009). 

Excluding the changes in the GC programme for the Ryggmossen peat core samples 

(Section 2.7.6 and Chapter 5), the experimental conditions (temperature, ratio of TMAH 

to sample, solvent choice and contact time between sample and TMAH) were kept 

constant throughout each study, ensuring that consistent and meaningful results were 

obtained. This allowed the relationships between amounts of phenols with increasing 

burial depth to be made. Any site specific changes will be discussed in the respective 

chapters. The ratio of TMAH to sample was maintained at 5 μL/1 mg of organic 

samples and 10 μL/20 mg of mineral samples. 
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2.2.1 Aromatic Hydroxyl Contents 

 

During thermochemolysis with 
13

C-labelled TMAH, the acidic oxygen functional 

groups on the products are methylated by the 
13

C-labelled methyl groups from the 

TMAH. Therefore, the number of 
13

C-labelled methyl groups added to the TMAH 

thermochemolysis reaction products should be equivalent to the number of acidic 

oxygen functional groups on the molecule, and is measured as a difference in the mass 

of the molecular ion between unlabelled and 
13

C-labelled THM products. 

The percent aromatic hydroxyl content gives the proportion of hydroxyl groups initially 

present prior to methylation, and is displayed as the percent of one hydroxyl group 

present (%1 OH) or two hydroxyl groups present (%2 OH). In THM products where 

there are more than two methoxyl groups present, one, two or three of the observed 

methoxyl groups could have previously been hydroxyl groups, therefore the percent of 

one, two and three hydroxyl groups can be calculated (%1 OH, %2 OH, %3 OH). For 

example, after THM, G6 is observed as 3,4-dimethoxybenzoic acid methyl ester (Fig. 

1.5), however, intact G6 is 3-hydroxy-4-methoxybenzoic acid methyl ester (i.e. one 

hydroxyl group). Therefore, if 
13

C-labelled TMAH indicated that one of the two 

observed methyl groups were labelled, it can be assumed that the sample is intact lignin 

(i.e. 1 OH), if however there was the presence of two hydroxy groups, a non-lignin 

input would be identified. A typical soil will give a complex mixture of  

thermochemolysis products with inputs from both lignin and non-lignin phenols 

contributing to the G6 signal, therefore the percent hydroxyl content calculations can 

determine the percent of intact (one hydroxyl group) and non-lignin (two hydroxyl 

groups) phenols within a sample . 

Percentage aromatic hydroxyl content was determined using equations and mass 

spectral methods set out in previous work (Filley et al., 1999; Filley et al., 2006; Mason 

et al., 2009). The key equations taken from Filley et al. (2006) are shown in Appendix 

A1. Unlabelled  TMAH  thermochemolysis  of  samples  allowed  the structures  of  

products  to be identified and to determine the appropriate baseline fragment ion ratios 

needed to accurately calculate percent 
13

C following  addition of the 
13

C-labelled 

TMAH. Owing to limited amounts of the 
13

C-labelled TMAH, it was not used 

throughout the thesis. 
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2.2.2 Mass Yields and Lignin Parameters  

 

THM in the presence of unlabelled TMAH was used to determine the individual mass 

yields of thermochemolysis reaction products. 5α-androstane was used as an internal 

standard and a relative response factor (RRF) of 1 was assumed, allowing the semi 

quantitative measurements of the changing amounts of thermochemolysis products with 

increasing soil depth and across changing habitats. The percent aromatic hydroxyl 

content, was used to adjust unlabelled TMAH thermochemolysis mass yields, in order 

to distinguish between intact lignin, demethylated lignin and non-lignin phenolics 

(tannins) as outlined in Filley et al. (2006). 

Lambda (Λ) is the sum of the amounts of the eight dominant lignin derived phenols 

(G4+G5+G6+S4+S5+S6+G18+P18) normalised to 100 mg of OC (Hedges and Mann, 

1979b; Hedges et al., 1982; Kögel, 1986). Individual compound yields allow the 

relative degradation dynamics that govern the changes in Λ to be assessed. The S/G and 

C/G ratios are two lignin parameters that are the weight ratios of total syringyl and 

cinnamyl phenols, respectively to total guaiacyl phenols. The S/G ratio is used to assess 

vegetation input, reflecting the relative abundance of angiosperms (S/G > 0) and 

gymnosperms (S/G = 0), measured as the sum of the OC-normalised amounts of 

syringyl (S4+S5+S6) divided by the sum of the normalised amounts of guaiacyl 

(G4+G5+G6) phenols (Hedges and Mann, 1979b). Cinnamyl phenols are only produced 

in appreciable amounts by non-woody tissues of vascular plants, therefore the C/G ratio 

indicates the input of non-woody tissue, using the sum of the normalised amounts of 

cinnamyl (p-coumaric acid, P18 and ferulic acid, G18) divided by the sum of the 

normalised amounts of guaiacyl (G4+G5+G6) phenols (Hedges and Mann, 1979b). The 

acid/aldehyde ratio [Ad/Al]G/S records the state of oxidation for guaiacyl components 

(G6/G4) and syringyl components (S6/S4) and was determined as the sum of 3,4-

dimethoxybenzoic acid methyl ester (G6) divided by 3,4-dimethoxybenzaldehyde (G4) 

or the sum of 3,4, 5-trimethoxybenzoic acid methyl ester (S6) divided by 3,4,5-

trimethoxybenzaldehyde (S4) (Filley et al., 2006). ΓG/S records the relative lignin side 

chain oxidation, determined by 3,4-dimethoxybenzoic acid methyl ester (G6) divided by 

the sum of threo/erythro 1-(3,4-dimethoxyphenyl)-1,2,3-trimethoxypropane (G14/15) or 

3,4,5-trimethoxybenzoic acid methyl ester (S6) divided by the sum of threo/erythro 1-

(3,4,5-trimethoxyphenyl)-1,2,3-trimethoxypropane (S14/15) (Filley et al., 2006). 
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2.3 THM Reproducibility 

 

Precision of manual integration was assessed by repeated (10x) integration of four 

selected peaks from a single TIC. Percent relative standard deviation                           

([std dev/mean]*100) varied from 1.5 to 3.5% with greater variability associated with 

smaller peaks. 

The reproducibility of 
13

C-labelling was assessed by repeated (4x) analysis of a sample 

with both unlabelled and 
13

C-labelled TMAH (total of 8 analyses). Percent relative 

standard deviation of the total corrected lignin yield () varied 6.3%, whilst the 

standard error of the percent intact lignin phenols ranged from 0.36 to 2.51%.  

Although the repeatability of THM has been raised as a concern  (e.g. Kaal and Janseen, 

2008), the reproducibility of quantitative results in this study has been shown to be 

relatively high. 

 

2.4 Temperature Calibration of Pyroprobe 

 

Thermochemolysis was performed on-line using a pulse mode open pyrolysis system 

fitted with a platinum coil probe and a valved interface (Section 2.2). When using THM, 

it is important to know the precise temperature at which pyrolysis of the samples is 

being carried out. However, the temperature of the coil pyroprobe indicated on the 

pyroprobe control unit will not reflect the exact temperature within the quartz tubes due 

to the insulating properties of the quartz tube and glass wool in which the samples are 

loaded.  

In order to avoid pyrolysing at the wrong temperature, the pyroprobe was calibrated 

according to the method described by Bashir (1999) to determine the exact temperature 

of pyrolysis within the quartz tubes. To ensure the reproducibility, the pyroprobe should 

be periodically calibrated. The pyroprobe is calibrated using inorganic salts of known 

melting temperatures. The salts were placed in quartz tubes, mounted in the platinum 

coil of the pyroprobe and inserted in to a brass heating block, which was maintained at a 

temperature of 340 °C. The helium carrier gas flow rate was maintained at 2-10 mL/min. 

A glass window allowed the melting of salts to be observed under the microscope. 
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Fig.  2.1: Temperature calibration of pyroprobe. Displaying the mean actual and the equivalent mean 

observed melting points of four inorganic salts. Error bars represent the standard error of three 

replicates.  

 

 

The salts selected were lead chloride (m.p 501 °C), lithium chloride (m.p 605 °C), 

potassium iodide (m.p 681 °C) and calcium chloride (m.p 772 °C). The probe was 

flashed at increasing temperatures and the observed melting point was recorded as 

displayed on the pyroprobe control panel. The average melting temperature of the four 

replicates of each salt was plotted against the actual known melting points (Fig. 2.1). 

THM temperatures in this study were therefore determined using the equation below;  

  

y = 1.0622x + 38.402 

 

(where y = observed temperature and x = actual temperature) 

 

Calibration of the probe confirmed that an actual pyrolysis temperature of 610 °C in the 

quartz tube was indicative of an observed temperature of 686 °C on the pyroprobe 

interface. The previous pyroprobe calibration indicated that a pyrolysis temperature of 

610 °C corresponded to an actual pyroprobe temperature of 735 °C (Mason, 2009), 

however this may be due to the different carrier gas used in the calibration carried out 

by Mason, or the use of a different platinum coil. 
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R² = 0.9775

300

400

500

600

700

800

900

300 350 400 450 500 550 600 650 700 750 800

M
e
a

su
re

d
 m

.p
 (
 C

)

Actual m.p ( C)



 

34 

 

 

2.5 Bulk Density (Db) 

 

Soil bulk density is defined as the mass of a unit volume of dry soil. This volume 

includes solids, fragments and pores. A metal core of known volume (100 cm
3
) was 

used to obtain an undisturbed soil sample from the clean face of a soil pit. In the 

laboratory, the soils were weighed, then oven dried at 60 °C for 48 hours and reweighed. 

The bulk density is calculated by dividing the dried sample weight by the sample 

volume, Eq. 2.1. 

 

Db = Wd / Vs           Eq. 2.1. 

 

Where Db is the bulk density (g cm
3
), Wd is the weight of oven dry soil (g) and Vs is the 

volume of soil (solids & pores) (cm
3
). The stone content at all sites was minimal, 

therefore no correction for stone content was required. 

 

2.6 Total Organic Carbon and Carbon Storage Determination 

 

Total organic carbon (TOC) determination was performed using a modification of 

BS7755 (Section 3.8, 1995). Air dried soil (0.1 g) and litter (0.03 g) were weighed into 

porous ceramic TOC crucibles. HCl (1 mL:4 mM) was added to remove inorganic 

carbon and left for 4 h before oven drying at 65 ºC overnight. AR077 iron chips and 

SL266 tungsten accelerators were added and the TOC content was measured using the 

LECO-CS-244 analyser (Leco Corporation, USA). The analyser was calibrated using 1 

g standard steel rings of known carbon content (Leco Corporation, USA) and evolved 

CO2 was quantified using infrared detection. The weight of organic carbon (t C ha
-1

) in 

each soil horizon could then be calculated using bulk density and horizon depth 

measurements, Eq. 2.2. 

 

OC = d x Db x TOC      Eq. 2.2. 

 

Where d is the depth (cm), Db the bulk density (g cm
3
) and TOC is the total organic 

carbon (%). (n.b. by maintaining TOC as a percent value, we avoid the conversion from 

g per cm
2
 to t per ha). 
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2.7 Sites and Samples 

2.7.1 Afforested Ecosystems 

Owing to the increase of afforestation on peaty gley soils, it is important to study the 

changes in the distribution and degradation of lignin and tannins, to investigate whether 

these phenols are becoming stabilised and accumulating within the soil, or whether they 

are degrading faster than previously under the original land use.  

Two soil profiles were sampled from Coalburn Forest, northwest England. The first site 

is an afforested Sitka spruce (Picea sitchensis (Bong.) Carr.) stand in its first rotation 

(SS1) and the second, is an unmanaged moorland site (ML). Both soil profiles were 

linearly deposited and experienced minimal bioturbation. A third soil profile was 

sampled from Harwood Forest, an afforested Sitka spruce stand in its second rotation 

(SS2), an area that had experienced horizon inversion prior to planting. Both Coalburn 

and Harwood Forests are located within Kielder Forest and are located 25 miles apart on 

the same acidic peaty gley soils (Fig. 2.2). Six soil profiles were sampled from a third 

site; Wark Forest, also located within Kielder Forest (Fig. 2.2). The profiles were taken 

across a chronosequence and comprised two soil profiles in open peat and four profiles 

in forest-margin peat, whereby the adjacent Sitka spruce plantation had begun to 

encroach on to the unprepared open peat via self seeding (i.e. edge effect). All three 

sites are underlain by the Tyne limestone formation, with peat deposits. 

 

Fig. 2.2: A map of Kielder Forest and surrounding areas, in which the three afforested sites are 

located. The location of each site is marked by a red box; (CB) Coalburn Forest, (Wark) Wark Forest, 

and (HW) Harwood Forest. Inset map of Britain highlights area covered. 
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2.7.2 Coalburn Forest 

 

Coalburn Forest is a small, 1.4 km
2
 catchment located within Kielder Forest in the 

North of England, 55°05` N, 2° 28`W (elevation 300 m on a gentle slope, annual 

precipitation 1400 mm yr
-1

; mean annual temperature 9.0 °C (Fig. 2.3) (Vanguelova et 

al., 2010). Previously, Coalburn was an extensive peatland (> 75% was peat bog) 

(Clayden and Hollis, 1984), the previous vegetation cover comprised molina grassland 

(Dysopsis glechomoides), and peat bog species including cotton grass (Eriophorum 

spp.), sphagnum mosses (Sphagnum spp.), rushes (Juncus spp.) and herbaceous plants 

(Plantago spp.) and was used for rough grazing for sheep (Robinson, 1998).  

The soil type across the catchment varies from thick oligo-fibrous acidic peats (Long 

Moss and Winter Hill series) in the north (Clayden and Hollis, 1984) to thinner peat and 

cambic stagnohumic gley soils (Wilcocks 1 series) in the south east of the catchment. 

Owing to the high elevation and restricted rooting depth, the site is vulnerable to wind 

throw. Coalburn forest was prepared and planted with Sitka spruce in the early 1970s by 

the Forestry Commission. The entire catchment was initially prepared for planting by 

ploughing with a D90 deep double mouldboard plough to cut furrows to 0.8-0.9 m 

depth approximately 4.5 m apart in 1972.  

 

 

Fig. 2.3: A map of Coalburn Forest, including the two sites where soil profiles were sampled; the 

open undisturbed moorland (ML), and the Sitka spruce afforested (SS1) peaty gley soil cores.  
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The double furrow ploughing technique split the peat in half each side of the drain, 

creating a deep drain. The excavated material was used to construct elevated dry turf 

ridges and left to dry for a year. In spring 1973, the turf ridges were planted with Sitka 

spruce (Picea sitchensis) and some Lodgepole pine (Pinus contorta) at about 2 m 

spacing (Fig. 2.4b) (Robinson et al., 1998; Mounsey, 2000). There are now many small 

islands of peat remaining due to severe frost in the lower areas of the catchment (Fig. 

2.4a), however these areas were kept to maintain a habitat for Black Grouse, resulting in 

90% of the total area of Coalburn catchment now afforested (Chapman and Rose, 1991; 

Robinson et al., 1998). According to Robinson (1998), tree growth has been slow, only 

reaching full canopy closure after 23 years of growth, reflecting typical growth patterns 

for upland sites, with mature Sitka spruce reaching a height of between 7 and 12 m. 

Coalburn Forest is currently one of ten Level II intensive long-term monitoring sites 

(ICP Level II plots) in the UK. Established in 1995, these plots provide  information on 

the effects of air pollution and other factors on forest ecosystem structure and function 

(Vanguelova et al., 2010). Measurements at these sites include precipitation, 

interception, throughfall (i.e. the amount of precipitation reaching the forest floor), soil 

solution chemistry, litterfall biomass and chemistry, ground flora, and tree growth.  

Two peat profiles were sampled from Coalburn Forest in May 2009, the sample 

locations are marked on the map in Fig. 2.3. Soil pits were dug with dimensions 

approximately 1 m x 1 m x 0.4 m. Soil samples were taken in triplicate within each soil 

horizon identified. At the moorland site (ML) the horizons were linearly deposited with 

horizon boundaries observed at: 0-4 (L+F), 4-15 (Hf), 15-27 (Hs), 27-42 (Ae) and 42+ 

(Bg) cm, located 299 m (AOD) (Fig. 2.5a). The afforested site profile (SS1) was also 

linearly deposited with horizon boundaries observed at: 0-5 (L+F), 5-20 (Hf), 20-28 (Ae) 

and 28+ (Bg) cm, sampled from the flat ribbon of land between the drain and the mound, 

located 386 m (AOD) (Fig. 2.5b). A small Hs horizon was also identified ca 18-20 cm, 

however the boundary between the Hf and Hs horizon was unidentifiable. Therefore, in 

line with the EU soil sampling protocol, the Hf and Hs layers were sampled together 

(FSCC, 2006). The organic soil horizons were identified according to the EU humus 

classification system, where Hf describes a histic organic horizon consisting almost 

entirely of practically unchanged plant remains (i.e. fibric), and Hs describes a histic 

 organic horizon in advanced stage of decomposition (i.e. sapric) (Zanella et al., 2011). 
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Fig. 2.4: Photographs taken at Coalburn Forest at the (a) open moorland (ML) and (b) afforested 

Sitka spruce stand (SS1).  

 

Fig. 2.5: Photographs taken at Coalburn Forest at the (a) moorland (ML) soil profile and (b) 

afforested (SS1) soil profile.  
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Soil cores (100 cm
3
) were taken in triplicate from the horizontal face of the moorland 

soil pit in the centre of each soil horizon, so that the soil bulk density could be 

calculated. The bulk density measurements of the afforested soil were provided by 

Forest Research (FR), which were sampled in 2008. Samples were kept in glass jars 

which were sealed immediately after collection. Sitka spruce roots were also sampled 

from Coalburn Forest for THM analysis. The Coalburn Forest samples were analysed in 

triplicate with unlabelled TMAH.  

 

2.7.3 Harwood Forest 

 

Harwood Forest is a coniferous plantation of ca 5 km
2
, situated in Northumberland 

National Park, 55°10`N, 2°3`W (Fig. 2.2). The forest sits on a gentle slope with an 

elevation between 200 and 400 m (AOD) with acidic peaty gley soils from the Wilcocks 

I Association. The Harwood site is a Sitka spruce afforested moorland that was first 

established in the 1930s, with a previous land cover of heather (Calluna vulgaris) and 

grasses (Festuca ovina, Deschampsia flexuosa and Eriophorum vaginatum). This site 

has experienced land preparation in the form of ploughing to a depth of 30 cm, and the 

soil formed into ridges prior to planting. 

 

 

Fig. 2.6: A map of Harwood forest including the site where the SS2 soil profile was sampled; the 

second rotation Sitka spruce afforested moorland peaty gley soil core was sampled by S. Mason.  
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After the first stand, the soil was mounded, creating soil inversion down the profile. The 

forest is currently in its second stand, with the stand aged around 35 years old.  

Soil cores were taken from Harwood using a manually driven soil corer with a slide 

hammer attachment (Giddings Machine Company, Inc., USA; 5.5 cm diameter), to a 

depth of 45 cm. Samples were taken in duplicate by Sharon Mason in July 2008. It is 

important to note that these samples were taken from a different core to the samples 

investigated by Mason et al. (2009), which is reflected in the different horizons, horizon 

depths, and TOC values. Soils were sampled at 5 cm increments at depths 0-5 (L+F), 

10-15 (Hf), 15-20 (Hf2), 20-25 (Hs), 25-30 (Hs2), 30-35 (A), 35-40 (Hs3), 40-45 (Hs4) 

cm. Bulk density measurements were provided by Maurizio Mencuccini (Edinburgh 

University, UK). The sample location is marked on the map in Fig. 2.6. The Harwood 

samples were analysed in duplicate with unlabelled TMAH. 

 

2.7.4 Wark Forest 

 

Wark Forest, a 13.5 km
2
 catchment located within Kielder Forest at 55°04`N, 2°18`W, 

(elevation 160-240 m AOD, annual precipitation 1350 mm yr
-1

; Robinson et al., 1998; 

Fig. 2.2). Wark Forest consists primarily of Sitka spruce (Picea sitchensis), Norway 

spruce (Picea abies), and Lodgepole pine (Pinus contorta) established in the 1930s on 

moorland and enclosed pastures (Chapman and Rose, 1991; Peterken et al., 1992).  

 

Fig. 2.7: A map of Wark Forest. The locations of all six sites are marked in bold where (A) forest-

margin peat pits under the Sitka spruce canopy, (B) forest-margin peat pits and (C) open peat pits. 
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Fig. 2.8: Photographs taken at Wark Forest at the (a) forest-margin peat and (b) open peat looking 

back towards the forest-margin peat and afforested land on the horizon. 

 

  

Fig. 2.9: Photographs taken at Wark Forest at the (a) forest-margin peat under Sitka spruce soil 

profile and (b) forest-margin peat soil profile. 
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Similar to the Coalburn Forest site, small pockets of moorland remain. Vegetation 

observed in Coom Rigg Moss, a pocket of unplanted moorland to the west of this site 

has a ground vegetation of heather and grasses (Calluna vulgaris, Deschampsia 

flexuosa and Eriophorum vaginatum), and was designated a National Nature Reserve in 

1960 (Chapman and Rose, 1991). The area sampled is deposited with peat, and the 

surrounding coniferous forests have a deposit of Devensian till. Drains have been 

created in the coniferous plantation to make the soil more favourable for growing Sitka 

spruce, by reducing the water table and increasing aeration. 

The site includes two soil profiles in an undisturbed open peat and four profiles in the 

forest-margin peat, the sample locations are marked on the map in Fig. 2.7. The forest-

margin peat comprised two pits amongst self-seeded Sitka spruce but not situated 

underneath the canopy, and two pits located directly under the canopy of Sitka spruce. 

The soil profiles were entirely organic, with samples taken from the three ectorganic 

layers; the litter (L) horizon, the fibric histic (Hf) horizon and the sapric histic (Hs) 

horizon.  

Two soil profiles were sampled beneath the canopy of self seeded Sitka spruce on the 

forest-margin peat. Horizon boundaries were identified at depths 0-13 (L), 13-30 (Hf), 

30-50 (Hs) cm at pit one and 0-8 (L), 8-20 (Hf), 20-50 (Hs) cm at pit two, located at 167 

and 191 m (AOD) respectively (Figs. 2.8a and 2.9a). These samples are labelled as 

forest-margin peat under SS. Two further profiles were sampled from the forest-margin 

peat this time away from the Sitka spruce canopy. Horizon boundaries were identified at 

depths 0-9 (L), 9-25 (Hf), 25-50 (Hs) cm at pit one and 0-8 (L), 8-20 (Hf), 20-50 (Hs) 

cm at pit two, located at 207 and 220 m (AOD) respectively (Fig. 2.9b). These samples 

are labelled as forest-margin peat. The third site sampled two profiles in the open peat. 

Horizon boundaries were identified at depths 0-4 (L), 4-26 (Hf), 26-50 (Hs) cm at pit 

one and 0-5 (L), 5-13 (Hf), 13-50 (Hs) cm at pit two, located at 234 and 238 m (AOD) 

respectively (Fig. 2.8b). The first open peat core was sampled in a hollow where the 

core was saturated, and the second core taken from a hummock with a lower water table. 

Once in the laboratory, the litter (L) samples were divided in to green litter (Lg) and 

brown litter (Lb). Bulk density measurements were taken in triplicate from the Hs 

horizon of each pit. This bulk density value was therefore assumed for each peat profile. 

The Wark samples were analysed in duplicate with unlabelled and 
13

C-labelled TMAH. 
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2.7.5 Pristine Peat Ecosystem 

 

In order to understand the processes that occur within soil after the afforestation of peats, 

it is vital to have a thorough understanding of the processes occurring prior to 

afforestation. Litter produced by the peat-forming moss, Sphagnum, is regarded as 

extremely recalcitrant owing to the high content of sphagnum acid in the cell walls 

(Rudolph and Samland, 1985). It is therefore imperative to understand the distinctive 

biochemistry of Sphagnum and its degradation pathways in order to elucidate the 

dynamics of organic carbon degradation in peat prior to afforestation. 

Intersite and down-core comparisons across the macrotopographic gradient from the 

bog centre to the peatland-forest will provide an unprecedented database for inferring 

processes of physical and chemical digenesis of peat SOM that is broadly representative 

of that for a wide class of peatlands in the boreal zone. 

 

2.7.6 Ryggmossen Peatland 

 

Peat forming plant samples and peat core samples were taken from Ryggmossen (60° 

3`N, 17° 20`E; 60 m AOD) in the boreonemoral zone of central Sweden (annual 

precipitation 554 mm yr
-1

; mean annual temperature 5.6 °C), see Fig. 2.10 (Bragazza et 

al., 2003). Ryggmossen is an ombrotrophic peat bog with total area ca 0.6 km
2
 and has 

been designated a Nature Reserve since 1997. 

  

Fig. 2.10: The location and terrain map of Ryggmossen bog, Sweden. 
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The site has a well-developed hummock-lawn-hollow microtopography, typical of 

many northern peatlands, and has been largely undisturbed by human activity, even at 

the peatland-forest ecotone. The macrotopographic gradient from the bog centre to the 

peatland-forest ecotone shows increases in mineral cations and pH, a distinct succession 

of plant growth forms with highly contrasting traits, and marked changes in water table 

regimes (Bragazza et al., 2003). The developmental sequence at this site is broadly 

representative of that for a wide class of peatlands in the boreal zone. Proceeding from 

the centre to the edge, the macrotopographic gradient comprises four stages: bog plateau 

(BP), bog margin (BM), fen lagg (FL) and swamp forest (SF) (Table 2.1). 

 

Table 2.1: The Ryggmossen peatland stage descriptions 

Stage Description 

BP Bog Plateau Ombrogenous peatland with a distinct microtopography of dry Sphagnum 

fuscum hummocks and wet Sphagnum balticum hollows  

BM Bog Margin A well drained ombrogenous peatland with low, open tree cover (Pinus 

sylvestris) and an understory of dwarf shrubs (Calluna vulgaris) with S. 

fuscum hummocks and S. angustifolium lawns  

FL Fen Lagg A geogenous peatland with a diverse assemblage of graminoids (Carex 

lasiocarpa, Phragmites australis), peat mosses (S. majus, S. fallax) and 

other plant groups, with isolated S. fuscum hummocks in a matrix of S. 

fallax hollows 

SF Swamp Forest A seasonally flooded woodland (Pinus sylvestris, Betula pubescens) with 

an understory of shrubs (Salix aurita, Juniperus communis) and forest 

mosses (Polytrichum commune), with wet patches of S. angustifolium. 

 

A large number of samples were taken from both the litter and peat, across the peatland 

and down the peat profile. Samples were provided for this work as part of a 

collaboration with Dr. Lisa Belyea, Dr. Kathryn Allton, Dr. Chris Laing (Queen Mary 

University, London), and Dr. Greg Cowie (Edinburgh University). Additionally, Prof. 

Håkan Rydin and Dr. Gustaf Granath (both from Uppsala University, Sweden) provided 

help with species identification.  

Living material was collected from the capitulum (i.e. the cluster of leaves at the top of 

the plant) of six different Sphagnum species; S. angustifolium (BM, FL), S. balticum 

(BP), S. fallax (FL), S. fuscum (BP, BM), S. magellanicum (BM) and S. papillosum (FL). 

These were sampled in order to investigate the phenolic differences between the  
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dominant Sphagnum species growing at the peatland. The capitulum samples were 

analysed in triplicate with unlabelled TMAH. 

Living material was also collected from two non-Sphagnum moss species (Polytrichum 

commune and Pleurozium schreberi), one species of sedge (Eriophorum vaginatum), 

and several dwarf shrubs (Andromeda polifolia, Calluna vulgaris, Empetrum nigrum, 

Rhododendron tomentosum, Vaccinium microcarpum) from a field monitoring site in 

April 2008. The non-Sphagnum samples were analysed in duplicate with 
13

C-labelled 

TMAH to investigate the geochemical fingerprints of the various non-Sphagnum peat 

forming species.  

Nine litter samples (i.e. a section of stem just below the photosynthesising part), all 

dominated by Sphagnum, were also collected; for these samples, an attempt was made 

to separate out the Sphagnum, but small quantities of fungi, vascular plant roots and 

non-Sphagnum bryophytes are likely to be present (S. angustifolium from BM and SF; S. 

balticum from BP; S. fallax from FL; S. fuscum from BP and BM; S. magellanicum 

from BM and; S. papillosum from FL). The Sphagnum-dominated litter samples were 

analysed in duplicate with unlabelled and 
13

C-labelled TMAH. 

Eight peat cores (20 cm diameter, 30-50 cm long) were collected, one from a hummock 

and one from a hollow at each of the four stages (BP, BM, FL, and SF), to span the 

range of environmental conditions across the Ryggmossen peat. The cores were 

extracted intact by sequentially cutting the peat around a PVC pipe and then gently 

inserting the pipe; the process of alternately cutting and inserting the pipe was continued 

as far as possible, to a depth of 20-70 cm. The pipe was then dug out intact, sealed and 

transported upright. The cores were initially stored at 4 °C, then frozen at -18 °C, 

removed from their pipes and sectioned into contiguous 2 cm thick slices using a water-

lubricated bandsaw. Samples were taken from each 2 cm interval using a holesaw 

attached to a power drill (2.9 cm diameter by 2 cm thick). For dry bulk density 

measurements, a sub-sample from each of these intervals was oven-dried at 80 °C for 8 

hours (Vitt et al., 2009). For geochemical analyses, the samples were freeze-dried, and 

then milled to a fine powder using a freezer mill. Areal coverage (i.e. percent ground 

coverage) of living plants at each coring site was determined with quadrat surveys. The 

peat core samples were analysed in duplicate with unlabelled TMAH. Data loggers 

(Solinst Leveloggers) were placed at each coring station by Dr. Lisa Belyea and Dr.  
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Kathryn Allton one year prior to core extraction to measure the annual water table (WT) 

and the temperature fluctuation.  

All Ryggmossen samples were extracted by Dr. Aminu Muhammad (see Section 2.8 for 

extract technique). Additionally, owing to the large number of the peat core samples 

they were analysed on a shorter GC programme; however the pyrolysis temperature was 

maintained at 610 °C. The shorter GC oven programme began at 40 °C where it was 

held for 4 minutes, then the temperature was increased from 40 °C to 90 °C at a rate of 

4 °C /min, then at 2 °C/min to 150 °C and finally at 4.5 °C/min to 320 °C where it was 

held for 6 minutes. 

 

2.8 Sample Preparation 

 

Soils were returned to the laboratory within 24 h of collection and stored in the freezer 

prior to freeze-drying. Prior to analysis, the vegetation samples and peaty soils were 

cryo-milled to a fine powder using a Certiprep 6750 freezer mill (Spex Certiprep, USA). 

Mineral soils were ground to a fine powder using a pestle and mortar.  

In the Harwood, Coalburn and Wark Forest samples, free lipids were removed upon 

Soxhlet extraction for 48 h using DCM:MeOH (93:7; v/v). The remaining solid residue 

was air dried for 48 h and stored in the freezer at -20 °C. The organic-soluble 

components were removed from the Ryggmossen samples (Sphagnum capitula, 

Sphagnum litter, non-Sphagnum litter and peat cores samples) by repeated 

ultrasonication and centrifugation in a 50 mL Teflon centrifuge tube using a mixture of 

DCM/MeOH (1:1; v/v). 

 

2.9 Statistical Analyses 

 

Statistical analysis was performed using Minitab 16 statistical software package 

(Minitab Inc., USA). The analysis of variance (ANOVA) was tested using the General 

Linear Model (GLM) method, which analyses a continuous response variable with at 

least one categorical factor with two or more levels to test for significant differences in 

the data using the p-value. Significant differences between means were evaluated at p-

value of less than 0.05 (i.e. 95% confidence interval). 
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The data residuals are required to be normally distributed with roughly equal variances 

between factor levels for the GLM test to be reliable. This was tested with the 

Anderson-Darling Normality test. The residuals are the differences between the average 

for the treatment and the individual observation. The p-value must be greater than 0.05 

for the residuals to be considered to have a reasonably normal distribution, however the 

nearer to 1.0 the better. If the residuals follow a significantly different distribution to a 

normal one (p<0.05) then the ANOVA model is not reliable. When the GLM displayed 

a significant difference (p<0.05), and the residuals were normally distributed (p>0.05), 

the Tukey’s honestly significantly different test (HSD) was used to show significant 

differences, using a multiple comparison method. 

Data which were not normally distributed were tested for significant differences 

(p<0.05) using the Kruskal-Wallis test. There is no Tukey’s test equivalent, however a 

Mann-Whitney test can be used to determine pairwise differences. The standard error of 

the mean was calculated and displayed graphically as error bars or within the text (±). 
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Chapter 3: 

Carbon Stock and Phenolic Distributions in Peaty Gley Soils     

Afforested With Sitka Spruce 
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3  Carbon Stock and Phenolic Distributions in Peaty Gley Soils     

Afforested With Sitka Spruce 

3.1  Introduction 

 

The moorland habitat in the UK is a rare and unique environment, characterised by open, 

often upland areas with acidic soils such as peat, and can be categorised into three main 

groups; heathland communities, mire or bog communities and acid grassland 

communities (Pearsall, 1971; Gimingham, 1972; Holden et al., 2007), comprising a 

significant amount of the total UK soil C pool (Billett et al., 2010). The UK has seen a 

substantial increase in upland tree cover over the past 100 years, with around 2.5 x 10
4
 

km
2
 (20% of the UK’s moorland land surface) now afforested with coniferous 

plantations, including 9% of UK upland deep peats, which has been the main cause of 

the net loss of moorland habitat over the past century (Cannell et al., 1993; Holden et al., 

2007). Unfortunately, economic incentives are likely to encourage increased upland tree 

cover over the next 30 years (Brown et al., 2010); the IPCC has identified afforestation 

as a possible method of combating increasing CO2 levels by storing carbon in soils and 

biomass, making afforestation a favourable land-use change option (IPCC, 2000); 

which in part has led to Scottish and English agencies aiming to meet new targets of 

increased afforestation but also for mixed broadleaf tree cover in the uplands (Natural 

England, 2009).  

In order to optimise the productivity of forest stands established on peats and peaty gley 

soils, land preparation including drainage, ploughing and fertilisation is carried out 

(Biggs, 1979; Minkkinen et al., 2008), although mounding has replaced ploughing as a 

land preparation technique in recent years (Minkkinen et al., 2008). The extensive 

ground preparation accelerates the oxidation of the stored carbon due to disturbed soil 

structure and broken soil aggregates, lowered water table and decreased soil moisture 

(Tiessen and Stewart, 1983; Hillman, 1992; Mojeremane et al., 2010). These physical 

changes can enhance carbon losses to the atmosphere as CO2 (von Arnold et al., 2005), 

as well as to ground water via dissolved organic matter (DOM) (Baker et al., 2008) and 

particulate organic matter (POM) (Evans and Warburton, 2010). Conversely, the growth 

of conifers has been shown to result in an enhanced carbon sink through increased  
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biomass, litter and root input (Farmer and Nisbet, 2004; Zerva et al., 2005).  However, 

with global forest soils holding around two thirds (ca 787 Pg C) of the total carbon 

stored in forest ecosystems (1146 Pg C) (Dixon et al., 1994), coupled with the residence 

time of soil carbon exceeding that of plant biomass (Trumbore et al., 1990; Thuille et al., 

2000), makes soil carbon more stable and therefore more important to the long term 

storage of carbon than plant biomass. In order to determine if afforested soils will 

become a sink or source of CO2, a thorough understanding of the processes that control 

the stabilisation and release of carbon within soil, together with the long-term carbon 

turnover in soils after afforestation is required. 

Previous studies on the effects of afforestation on soil organic carbon (SOC) stocks 

have provided contradictory results, with SOC changes after afforestation primarily 

controlled by the soil type, plant type, climate and previous land use (e.g. Guo and 

Gifford, 2002; Paul et al., 2002), although the majority of these studies were carried out 

on mineral soils. The specific study of afforestation of Sitka spruce (Picea sitchensis 

(Bong.) Carr.) on peat and peaty gley soils by Zerva et al. (2005), showed that the soil 

carbon storage recovered to pre-afforestation levels in the second rotation, with soil 

carbon storage values consistent with previous measurements at afforested sites (97 – 

250 t C ha
-1

) (Black et al., 2009). From a review study of 204 sites, Paul et al. (2002), 

showed that carbon accumulation is maximised by maintaining longer forest rotations; 

between 20 and 50 years. A forest rotation is defined by the number of years required to 

establish and grow trees to a specified size required for productive timber production, 

with the first rotation describing the initial planting and land-use change to forest, with 

any subsequent rotations (e.g. second, third) describing the successive plantations after 

each clearfelling (Ferris et al., 2000). Coniferous plantation rotations are typically 

around 40 years long from planting to clearfelling (Ferris et al., 2000). 

Together with the SOC dynamics, a deeper understanding of the changes in phenolic 

distributions in soils following afforestation is also of upmost importance. After 

cellulose and hemicellulose, lignin and polyphenols such as tannins comprise the main 

biopolymers on Earth (Kögel-Knabner, 2002). Historically, lignin has always been 

considered to be the main contributor to the resistant carbon pool, and therefore 

accumulates in soil organic matter (SOM) with respect to other more labile compounds 

(Dignac et al., 2005). However, recent studies have shown that lignin is only preserved 

in the early stages of decomposition, and that later stages of lignin degradation can  
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occur at rates higher than overall litter decomposition (Kiem and Kögel-Knabner, 2003; 

Kalbitz et al., 2006). The softwood (gymnosperm) Sitka spruce trees that are 

extensively used for afforestation in the UK are characterised by the dominance of 

guaiacyl-based lignin, which are less susceptible to decomposition compared to 

syringyl-based lignins that dominate hardwoods (angiosperms) (Sarkanen and Hergert, 

1971).  

Thermally assisted hydrolysis and methylation (THM) in the presence of 

tetramethylammonium hydroxide (TMAH), also referred as TMAH thermochemolysis 

(e.g. Chefetz  et al., 2000), has been successfully used to analyse peaty gley soils under 

grass (Huang et al., 1998; Mason et al., 2012) and under open moorland and afforested 

Sitka spruce (Mason et al., 2009). Key findings included the increased oxidation of 

lignin phenols with depth under grass, whereas under a second rotation of Sitka spruce, 

the composition of phenolic components significantly changed compared to the open 

moorland, indicating either a changing vegetation input, horizon inversion, root input or 

leaching, or a combination of these processes. However it is unknown what phenolic 

and carbon storage changes occur during the first rotation of the Sitka spruce, which is 

important to ascertain the processes that occur both directly after afforestation and into 

subsequent rotations, and whether or not these changes are coupled to carbon stock 

changes. 

This chapter reports the effects of afforestation on peaty gley soils in a northern UK 

upland using TMAH thermochemolysis. The phenolic and SOC distributions and their 

quantitative changes were compared in soils beneath a first and second rotation spruce 

forest and an adjacent unforested moorland, in order to determine how a change in 

vegetation cover and stand maturity affects the soil carbon and phenolic depth profiles. 

The specific objectives of this chapter are to (i) examine the effects of afforestation of 

peaty soils on the soil carbon stocks within the soil profile, in order to evaluate the long 

term effects (~100 years) of afforestation on soil carbon stocks; and (ii) to characterise 

and analyse changes in thermochemolysis product composition with soil depth, to test 

for the persistence of lignin phenols in the first and second rotation Sitka spruce stands 

and to infer the processes occurring after afforestation. 
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3.2 Overview of Methods and Sites 

3.2.1  Site Background 

 

Two soil profiles were sampled from Coalburn Forest a small 1.5 km
2
 catchment in 

Cumbria, northern England (Fig. 2.3). The first an afforested Sitka spruce stand in its 

first rotation (SS1) and second, an unmanaged moorland site (ML). Both soil profiles 

were linearly deposited (i.e. oldest horizon being the deepest horizon) and have 

experienced minimal bioturbation. A third soil profile was sampled from Harwood 

Forest, an afforested Sitka spruce stand in its second rotation (SS2), an area that had 

experienced horizon inversion prior to planting the second rotation (Fig. 2.6). Both 

Coalburn and Harwood Forests are located within Kielder Forest and are located 40 

miles apart on the same acidic peaty gley soils from the Wilcocks I Association (cambic 

stagnohumic clay loam with humified peat topsoil 20-30 cm thick) (Fig. 2.2).  

The Coalburn Forest moorland site is an undisturbed natural habitat, accounting for just 

10% of the land cover at Coalburn Forest. These pockets of land are typically Molina 

glass lands, with Eriophorum, Sphagnum, Juncus and Plantago species also present. 

The Coalburn afforested site is a Sitka spruce afforested moorland that was established 

as an experimental plot in 1966. For five years, the site was subjected to rough grazing, 

followed by land preparation in 1972 and planting in 1973 of Sitka spruce. The land 

was prepared using a D90 peat plough. The forest is currently in its first stand, with the 

stand aged around 40 years old (Robinson et al., 1998).  

Harwood Forest is a Sitka spruce afforested moorland that was first established in the 

1930’s, with a previous land cover of heather (Calluna vulgaris) and grasses (Festuca 

ovina, Deschampsia flexuosa and Eriphorum vaginatum) (Mason et al., 2009). This site 

has experienced land preparation in the form of ploughing to a depth of 30 cm, and the 

soil formed into ridges prior to planting. After the first stand, the soil was mounded, 

creating soil inversion down the profile so that a second Hs horizon appears below the 

A horizon. The forest is currently in its second stand, with the stand aged around 35 

years old (Mason et al., 2009).  

At Coalburn Forest, two soil pits was dug to a depth of 45 cm; one at the first rotation 

Sitka spruce site (SS1), and one at the unplanted moorland site (ML). Sitka spruce roots 

were sampled from Coalburn Forest for THM analysis. At the second rotation site (SS2)  
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in Harwood Forest, sampling took place on the flat ribbon of land between the drain and 

the mound. Detailed site and soil profile descriptions for Coalburn and Harwood Forest 

are presented in Chapter 2, Sections 2.7.2 and 2.7.3.         

 

3.2.2 TMAH Thermochemolysis 

 

On-line THM in the presence of unlabelled TMAH performed at 610 °C for 10 s 

(20 °C/ms temperature ramp) using the method set out in Chapter 2 (Section 2.2).  

 

3.2.3 TOC & Carbon Storage 

 

The total organic carbon (TOC) content was measured using the LECO-CS-244 

analyser (Leco Corporation, USA). TOC measurements were taken in triplicate (n=3) 

for each of the ML and SS1 samples, and in duplicate (n=2) for the SS2 samples. Bulk 

densities (Db) were obtained for the ML horizons using 100 cm
3
 soil cores in May 2009. 

Bulk densities for the Coalburn Forest SS1 soil profile were sampled in five replicates 

per horizon in 2008 and provided by Dr. Elena Vanguelova (Forest Research). The 

Harwood Forest SS2 soil profile bulk density measurements were taken by Maurizio 

Mencuccini, (Edinburgh University, UK) as published in Zerva & Mencuccini., (2005). 

The weight of organic carbon (OC t C ha
-1

) in each horizon is calculated using equation 

2.2 (Chapter 2). The TOC measurement also permits the normalisation of the amounts 

of phenols per 100 mg of organic carbon (OC) down the peat core (Hedges and Mann, 

1979b; Hedges et al., 1982; Kögel, 1986). 

 

3.2.4 Lignin Proxies 

 

Lignin proxies were used as described in Chapter 2 (Section 2.2.2), with all phenol 

yields normalised to 100 mg of OC. Lambda () is the sum of the amounts of the 8 

dominant lignin derived phenols (G4+G5+G6+S4+S5+S6+G18+P18) (Chapter 1, Fig. 

1.5 for dominant lignin phenol structures) (Hedges and Mann, 1979b; Hedges et al., 

1982). The S/G and C/G ratios are used to assess vegetation input; reflecting the relative 

abundance of angiosperms (S/G > 0), gymnosperms (S/G = 0), and non-woody tissue 

(C/G > 0). Whilst [Ad/Al]G/S and ΓG/S reveal the relative state of lignin oxidation. 
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3.3 Results and Discussion 

3.3.1 Soil Organic Carbon 

3.3.1.1  Total organic carbon  

 

The TOC and organic carbon storage (t C ha
-1

) for each horizon down the profile of the 

ML and the two SS soils are presented in Fig. 3.1 and Table 3.1. The organic horizons 

(L, F + Hf/s) across all sites have a significantly similar TOC value of 39.6 ± 1.6%, 

whilst the mineral horizons (Ae + Bg) have a significantly similar TOC value of 1.7 ± 

0.3% (p>0.05). The ML and SS1 soils display a significant decrease between the 

deepest organic horizon and the upper mineral horizon, from 42.3 and 38.4% to 3.4 and 

0.9% in the ML and SS1 soil respectively (p<0.001). This drop in TOC is also observed 

in the SS2 profile from 47.3% in the litter to 1.8% in the mineral A horizon, however 

this is followed by a significant increase to 45.8% in the buried H2 horizon (p=0.022).  

This decrease of TOC from the organic horizons into the mineral horizons has also been 

observed in peaty gley soils of the Pennines and Kielder Forest (Huang et al., 1996; 

Mason, 2009), and attributed to the degradation of litter and incorporation into clay and 

minerals. The buried Hs2 horizon at SS2 highlights the horizon inversion that occurred 

prior to planting, causing the burial of an organic rich horizon below a mineral horizon.  

The ML and SS1 soils have a similar depth of litter (L+F) and fibric histic (Hf) horizons, 

deviations occur at around 20 cm, where the ML soil displays a deep degraded peat (Hs) 

horizon (Table 3.1). The SS2 profile shows much deeper litter and Hf horizons, 

indicating an increased litterfall at the surface and the accumulation of humified organic 

soil. The A horizon along the chronosequence becomes shallower, decreasing from 15 

cm depth in the ML to 5 cm in the SS2, which could be a sign of the increased 

disturbance at the sites, mixing the organic and mineral soils so that the mineral horizon 

boundaries becomes less well defined, and therefore appearing thinner. The absence of a 

buried organic horizon at SS1 confirms that the horizon inversion occurred after the 

clearfelling of the first stand to prepare the land for the second rotation (Mason et al., 

2009), and therefore is only observed in SS2. This is consistent with the replacement of 

ploughing with mounding over the last 30 years (Minkkinen et al., 2008). 
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Table 3.1: The mean soil organic carbon contents and associated parameters for each horizon of the 

moorland and afforested Coalburn (ML, SS1) and Harwood (SS2) Forest soil profiles. 

 

Boundaries 

      (cm) 

 TOC 

(wt %) 

    Db                 

(g cm
-3

) 

    OC 

(t C ha
-1

) 

    OC 

(% total) 

 

ML (Moorland)    

      

L+F 0 32.0 b 0.11 14.1 ± 2.4 3.9 

Hf 4 45.2 a 0.29 145.6 ± 11.8 39.9 

Hs 15 42.3 ab 0.28 140.8 ± 18.4 38.6 

Ae 27 3.4   c 1.14 58.6 ± 3.8 16.1 

Bg 42 1.6   c 1.16 5.6 ± 0.2 1.5 

 45   364.8 A ± 36.6 100.0 

SS1 (1
st
 rotation)    

 

SS Roots 42.8    

L+F 0 34.4 a 0.08* 13.8 ± 1.4 11.7 

Hf 5 38.4 a 0.13* 64.8 ± 5.9 55.0 

Hs 18 38.4 a 0.17* 13.1 ± 1.2 11.1 

Ae 20 0.9   b 0.49* 3.42 ± 0.2 2.9 

Bg 28 0.9   b 1.52* 22.7 ± 0.8 19.3 

 45   117.8 B ± 9.5 100.0 

 

SS2 (2
nd

 rotation)     

     

L+F 0 47.3 a 0.11** 52.9 ± 0.9  10.9 

Hf 10 35.4 a 0.34** 120.3 ± 35.3 24.8 

Hs 20 42.5 a 0.34** 144.4 ± 19.7 29.8 

A 30 1.8   b 1.30** 11.5 ± 0.00 2.4 

Hs2 35 45.8 a 0.34** 155.7 ± 2.9 32.1 

 45   484.8 A ± 58.9 100.0 

* determined by Forest Research in 2008  

** determined by Maurizio Mencuccini, (Edinburgh University, UK).  

Means followed by the same letter are not significantly different (Tukey’s HSD, p<0.05). SE of 

three replicates for ML and SS1 and 2 replicates for SS2 
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3.3.1.2  Bulk Density 

 

Forest Research measured the bulk density of the first rotation Sitka spruce stand (SS1) 

soil profile in 1995 and again in 2008. The bulk density results revealed that over 

thirteen years, the ectorganic horizons (L+F+H), remained consistent; 0.125 and 0.127 g 

cm
-3

, respectively. The mineral A and B horizons however showed an increase from 

0.32 and 1.25 g cm
-3

 to 0.49 and 1.52 g cm
-3

, respectively (Vanguelova, unpublished 

data). This increase in the mineral horizons is likely a result of compaction due to 

drying and shrinkage from the drainage of the soil (Holden et al., 2007). Assuming all 

other factors remained constant (i.e. TOC, horizon depths), this increasing bulk density 

would also increase the soil profile carbon storage from 65.8 to 104.0 t C ha
-1

, 

representing an annual increase (SOM) of 2.9 t C ha
-1

 year
-1

. However, following 

compaction there would also be a degree of shrinkage in the soil depth, which would 

have a negative impact on the carbon storage. 

The bulk density measurements in the ectorganic horizons decrease from 0.28 g cm
-3

 in 

the ML to 0.17 g cm
-3

 in the SS1. The bulk density then increases into the SS2 to 0.34 g 

cm
-3 

(Table 3.1). These results indicate an initial decrease of bulk density in the 

ectorganic horizons after afforestation, which could be due to the mechanical site 

preparation (Paul et al., 2002), and/or a decrease in the density of the original peat 

(Braekke, 1987); however with increasing time, enhanced bulk densities are most likely 

due to increasing compression and stabilisation of the soil (Holden et al., 2007) and an 

increased density of roots (Braekke, 1987), in addition to higher water table uptake by 

trees and peat drying and compaction (Vanguelova, unpublished data). 

 

3.3.1.3  Organic Carbon Storage  

 

The changes in mean mass of organic carbon in each horizon down to 45 cm are 

displayed as t C ha
-1

 and are shown in Fig. 3.1. This conversion from wt% to t C ha
-1

 

highlights the importance of taking into consideration the boundary depths of the 

horizons and the relative bulk densities in addition to stone content.  

The planting of Sitka spruce on the peaty gley soils led to a significant decrease in OC 

from 364.8 ± 36.6 t C ha
-1 

in the unplanted moorland (ML) to 117.8 ± 9.5 t C ha
-1

 in the 

first rotation stand (SS1) (Table 3.1). This represents an average annual decrease  
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(ΔSOM) of 6.2 t C ha
-1

 year
-1

 over the first 40 years of the land-use change from 

moorland to forest, causing the soil to become a carbon source. Although this acute loss 

of carbon has previously been observed by Zerva et al. (2005), a loss of 5 t C ha
-1

 year
-1

 

is normally associated with heavily disturbed peaty gley soils which have been 

destumped and the whole peat horizon mixed with the mineral subsoil (E. Vanguelova, 

pers. comm.).  

Previous measurements of carbon storage at Coalburn Forest by Forest Research found 

an average carbon storage of 199 t C ha
-1 

based on 30 sample pits (E. Vanguelova, pers. 

comm.). Therefore although observed at a higher than normal rate, the carbon loss has 

undoubtedly occurred after afforestation, and can be attributed to the accelerated 

decomposition of the SOM caused by the improved aeration, a direct result of drainage 

at the site (Zerva et al., 2005).  

The introduction of the drainage ditches at Coalburn Forest resulted in increased 

streamflow and peak flows after afforestation at the catchment outlet, with streamflow 

levels only falling below pre-forestry levels several decades after afforestation, whilst 

peak flows were reduced as the drainage ditches deteriorated (Robinson, 1998). This 

increased stream flow during the first rotation could increase the loss of POM from the 

site and therefore enhance the loss of OC from the SS1 site. However, in an extensive 

literature study carried out by Paul et al. (2002), it was suggested that the soil carbon 

losses observed after afforestation (<10 year old) could be predominantly attributed to 

the lack of plant growth rather than soil disturbance, as land disturbance yielded no 

significant changes in soil carbon. 

The significant increase of OC to 484.8 ± 58.9 t C ha
-1 

in the second rotation site (SS2) 

indicates the ability of the carbon stocks to recover approximately 80 years after initial 

afforestation and even exceed the carbon stock of the unplanted ML, once again 

becoming a carbon sink, supporting previous findings by Zerva et al. (2005) (Table 3.1 

and Fig. 3.1c) (p=0.001). Before replanting, mounding was used to prepare the land 

prior to the second rotation (M. Mencuccini, pers. comm.), in agreement with the review 

paper by Paul et al. (2002), this land disturbance did not significantly reduce the OC 

into the second rotation as was seen for the first rotation, suggesting that the change 

from moorland to forest including the drainage of the soil, has a greater impact than the 

repeated disturbance during second rotation planting on the soil carbon.  
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Fig. 3.1: Soil organic carbon contents (t C ha
-1

) of the a) Coalburn ML, b) Coalburn SS1 and c) 

Harwood SS2 soils. Error bars represent the standard error of the mean for two (SS2) and three 

(ML+SS1) analytical replicates. Means followed by the same letter are not significantly different 

(Tukey’s HSD, p>0.05). 

 

OC storage in the litter of the SS2 soil was significantly larger than that of the SS1 and 

ML soil (p=0.004). The increased litter OC from the ML to the SS1 suggests an 

elevated litterfall after afforestation (Zerva et al., 2005), however the increased litter OC 

into the second rotation is unlikely to be a continued increase of litterfall due to similar 

ages of the two stands. Instead, the higher carbon storage could be a result of changing 

decomposition rates as the soil becomes more acidified. Furthermore, the amount of 

litterfall can be influenced by the forest age, and also biological influences (e.g. aphid 

infestations) (Pitman et al., 2010).               

OC storage in the histic (Hf) horizons significantly decreased after afforestation as 

observed by Zerva and Mencuccini (2005), and Mason et al. (2009), however stocks 

displayed an increase into the second rotation (p=0.045). 

The OC storage of 140.8 t C ha
-1

 in the humified (Hs) horizon in the ML was 

significantly similar to the OC storage of 144.4 t C ha
-1

 in the SS2. However there was 

also a buried Hs horizon with 155.7 t C ha
-1 

in SS2 (Hs2), resulting in a total Hs OC of 

300.1 t C ha
-1

, significantly higher than the ML soil (p=0.001) (Fig. 3.1). The 

significantly reduced carbon storage of the Hs horizon in the first rotation SS stand 

could be a reflection of increased decomposition rates as a result of the land preparation 

that occurred prior to planting the Sitka spruce (Zerva and Mencuccini, 2005), whilst  
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the SS2 profile shows that this OC content has recovered and exceeds the natural ML 

conditions. This decrease of Hs OC in the first rotation stand,  followed by a subsequent 

increase in the second rotation has previously been observed in Harwood forest (Zerva 

and Mencuccini, 2005). 

The OC content of the mineral horizons (A+B) significantly decreases from the ML soil 

to the first and second rotation soils, with 64.2, 26.1 and 11.5 t C ha
-1

, respectively 

(p=0.002). This progressive decrease is coupled with the decrease in horizon depth 

across the three sites.  

Paul et al. (2002) highlighted the importance of stratified sampling (i.e. disturbed and 

undisturbed soils) which would provide direct evidence oF the effect of site preparation 

during forest establishment on soil carbon. Disturbed soil from the mound was sampled 

at the Coalburn Forest site, however a visual assessment of the site drew attention to the 

large spatial variability of this area, and emphasised the need for a much larger scale 

sampling layout to account for the soil heterogeneity. It was evident that the soil had 

been lifted from the drain and laterally placed creating the mound. In effect, the soil 

profile had been laid out across the mound, exposing both the organic and mineral 

horizons. TOC measurements of the organic and mineral exposed soils were 11.4 ± 2.13 

and 0.67 ± 0.04%, respectively, indicating major soil mixing on the mounds. Further 

work should be carried out using multiple sample points across the heavily disturbed 

mounds. Indeed, Forest Research is currently carrying out a detailed chronosequence 

experiment in Kielder Forest, with 26 stands of different ages; moorland, first and 

second rotation Sitka spruce, which employs a stratified soil sampling design with >30 

sampling points per stand, taking into account the heterogeneity of the stands and 

calculating the difference between soil carbon stocks in mounds compared to 

undisturbed flat areas between tree mounds (E. Vanguelova, pers. comm.). 

 

3.3.2 THM 

3.3.2.1  Lignin Thermochemolysis Products 

 

THM in the presence of TMAH of solvent-extracted powdered soil from Coalburn 

Forest ML causes decomposition of its polymeric network yielding a range of 

methylated phenolic and other oxygenated aromatic products (Fig. 3.2, Table 3.2).  
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Table 3.2: The main thermochemolysis products 

Peak Label Compound 

P1 methoxybenzene 

P2 4-methoxytoluene 

G1 1,2-dimethoxybenzene 

P3 4-methoxybenzeneethylene 

1 cellulose derivative* 

2 cellulose derivative* 

3 cellulose derivative* 

G2 3,4-dimethoxytoluene 

I 4-isopropenyl phenol  

4 cellulose derivative* 

P4 4-methoxybenzaldehyde 

P5 4-methoxyacetophenone 

G3 3,4-dimethoxybenzeneethylene 

1,2,4-TMB 1,2,4-trimethoxybenzene* 

P6 4-methoxybenzoic acid methyl ester 

1,3,5-TMB 1,3,5-trimethoxybenzene 

MC1 methylated carbohydrate derivative* 

G4 3,4-dimethoxybenzaldehyde 

MC2 methylated carbohydrate derivative*  

MC3 methylated carbohydrate derivative* 

MC4 methylated carbohydrate derivative* 

G5 3,4-dimethoxyacetophenone 

P17 (Z)- 3-(4-methoxyphenyl)-3-propenoic acid methyl ester 

G6 3,4-dimethoxybenzoic acid methyl ester 

S4 3,4,5-trimethoxybenzaldehyde 

G7 (Z)- 1-(3,4-dimethoxyphenyl)-2-methoxyethylene 

G24 3,4-dimethoxybenzene acetic acid methyl ester 

G8 (E)- 1-(3,4-dimethoxyphenyl)-2-methoxyethylene 

G9 (Z)- 1-(3,4-dimethoxyphenyl)-3-methoxyprop-1-ene 

G10 (Z)- 1-(3,4-dimethoxyphenyl)-3-methoxyprop-1-ene 

P18 (E)- 3-(4-methoxyphenyl)-3-propenoic acid methyl ester 

S5 3,4,5-trimethoxyacetophenone 

S6 3,4,5-trimethoxybenzoic acid methyl ester 

G13 (E)- 1-(3,4-dimethoxyphenyl)-3-methoxyprop-1-ene 

S7 (Z)- 1-(3,4,5-trimethoxyphenyl)-2-methoxyethylene 

S8 (E)- 1-(3,4,5-trimethoxyphenyl)-2-methoxyethylene 

G14 threo/erythro 1-(3,4-dimethoxyphenyl)-1,2,3-trimethoxypropane 

G15 threo/erythro 1-(3,4-dimethoxyphenyl)-1,2,3-trimethoxypropane 

G18 (E)- 3-(3,4-dimethoxyphenyl)-3-propenoic acid methyl ester 

S14 threo/erythro 1-(3,4,5-trimethoxyphenyl)-1,2,3-trimethoxybenzene 

C16:0 FAME C16:0 fatty acid methyl ester 

S15 threo/erythro 1-(3,4,5-trimethoxyphenyl)-1,2,3-trimethoxybenzene 

IS 5α-androstane 

*see Chapter 7 for further interpretation of these compounds 

 

 

 

 



 

61 

 

 

 

 

Fig. 3.2: Partial trace for the total ion current (TIC) of the thermochemolysis products from the (a) 

Litter (L+F), (b) Histic (fibric) (Hf) and (c) Mineral (Ae) horizons of the Coalburn Forest ML. Peak 

identities and symbols are listed in Table 3.2. 
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Fig. 3.3: Partial trace for the total ion current (TIC) of the thermochemolysis products from the (a) 

Litter (L+F), (b) Histic (fibric) (Hf) and (c) Mineral (Ae) horizons of the Coalburn Forest SS1. Peak 

identities and symbols are listed in Table 3.2. 
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Fig. 3.4: Partial trace for the total ion current (TIC) of the thermochemolysis products from the (a) 

Litter (L+F), (b) Histic (fibric) (Hf) and (c) Mineral (Ae) horizons of the Harwood Forest SS2. Peak 

identities and symbols are listed in Table 3.2. 
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Fig. 3.5: Partial trace for the total ion current (TIC) of the thermochemolysis products from the 

Coalburn Forest Sitka spruce roots. Peak identities and symbols are listed in Table 3.2. 

 

The most abundant THM components included p-coumaric acid (P18) and ferulic acid 

(G18), abundant down the ectorganic horizons and the mineral A horizon of the ML 

core (Fig. 3.2). The consistent dominance of P18 and G18 down core indicates a 

prolonged graminaceous input to the soil typical of a moorland habitat that has not 

undergone any recent vegetation or land-use changes (Hedges and Mann, 1979a). 

There were also smaller amounts of other vascular plant-derived phenols produced 

during the thermochemolysis of the Coalburn Forest ML soil, including the methylated 

guaiacyl (G) lignin phenols 3,4-dimethoxytoluene (G2), 3,4-dimethoxybenzaldehyde 

(G4), 3,4-dimethoxyacetophenone (G5), 3,4-dimethoxybenzoic acid methyl ester (G6), 

and syringyl (S) lignin phenols 3,4,5-trimethoxyacetophenone (S5) and 3,4,5-

trimethoxybenzoic acid methyl ester (S6) (Fig. 3.2). Relatively large quantities of  p-

hydroxyphenols were also observed in the organic horizons of the ML core, including 

4-methoxytoluene (P2), 4-methoxybenzeneethylene (P3), 4-methoxybenzaldehyde (P4), 

4-methyoxyaceophenone (P5), and 4-methoxybenzoic acid methyl ester (P6) (Fig. 3.2a 

and b). Small quantities of THM products threo/erythro 1-(3,4-dimethoxyphenyl)-1,2,3-

trimethoxypropane (G14/15) and threo/erythro 1-(3,4,5-trimethoxyphenyl)-1,2,3-

trimethoxybenzene (S14/15) are observed down the entire core of ML soils indicating 

the rapid side chain oxidation of lignin at the surface of the soil (Fig. 3.2).  

The THM products identified from the organic horizons of the Coalburn Forest SS1 site 

are dominated by G6; indicating the presence of gymnosperm vegetation (Fig. 3.3a and  
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b). There were also smaller amounts of other vascular plant-derived phenols produced 

during the thermochemolysis of Coalburn Forest SS1 soil, including the methylated 

guaiacyl lignin phenols; 1,2-dimethoxybenzene (G1), 3,4-dimethoxytoluene (G2), 4-

dimethoxybenzaldehyde (G4), 3,4-dimethoxyacetophenone (G5), (E/Z)- 1-(3,4-

dimethoxyphenyl)-2-methoxyethylene (G7/G8), and 3,4-dimethoxybenzeneacetic acid 

methyl ester (G24); syringyl lignin phenols; 3,4,5-trimethoxyacetophenone (S5) and 

3,4,5-trimethoxybenzoic acid methyl ester (S6) and the methyl esters of the cinnamyl (C) 

phenols; P18 and G18 (Fig. 3.3). 1,2,4-trimethoxybenzene (1,2,4-TMB) was also 

observed with a high abundance in the organic horizons; a thermochemolysis product 

which can be derived from both carbohydrates (Fabbri and Helleur, 1999) and 

condensed tannins (CT), specifically a procyanidin B ring (Nierop et al., 2005). 

In the Hf horizon, the abundance of guaiacyl lignins has decreased so that they are of 

similar abundance to the cinnamyl phenols, an indication of the previous vegetation 

cover of grasses prior to planting (Fig. 3.3b). Small quantities of intact lignin phenols 

G14/15 and S14/15 are observed down the organic horizons of SS1 soil indicating the 

rapid side chain oxidation of lignin (Fig. 3.3). 4-isopropenyl phenol (I) was also 

observed in the Ae horizon, a pyrolysis product of sphagnum acid, an indication that 

Sphagnum species, albeit in small quantities have previously grown at this site (the 

pyrolysis products of sphagnum acid are discussed in more detail in Chapter 4). The A 

horizon shows very low abundances of lignin phenols (Fig. 3.3c), consistent with other 

peaty gley soils (Huang et al., 1998). As with the ML soil, the mineral Bg horizon does 

not contain any lignin phenols, an indication of the degradation of lignin phenols. 

The THM products identified from the Harwood Forest SS2 soil revealed similar lignin 

phenols to those observed in the first rotation (SS1); however the dominant lignin 

phenol G6 persists into the mineral Ae horizon, an indication of the long term presence 

of the Sitka spruce vegetation growth at this site (Fig. 3.4a and b). G14/15 are observed 

throughout the SS2 profile with a marked absence of S14/15, indicating the inputs from 

the dominant gymnosperm vegetation. There were also smaller amounts of other 

vascular plant-derived phenols including primarily the methylated guaiacyl lignin 

phenols; G2, G4, G5, G7/G8, and G24, and the methyl esters of the cinnamyl phenols; 

P18 and G18 (Fig. 3.4). 1,3,5-trimethoxybenzene (1,3,5-TMB) was also observed with a 

high abundance in the litter, previously identified as a marker for condensed tannins  
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(Nierop et al., 2005). Although this product has been observed in cutan (McKinney et 

al., 1996), cutan is only found in drought-adapted plants (Boom et al., 2005), and 

therefore 1,3,5-TMB can be used as an unequivocal CT marker in these samples 

(Hernes and Hedges, 2004). Methylated carbohydrate (MC) thermochemolysis products 

were also observed throughout the samples (Figs. 3.2, 3.3 and 3.4). These compounds 

are discussed in more detail in Chapter 7. 

THM in the presence of TMAH of the Soxhlet-extracted Sitka spruce roots yielded a 

wide range of guaiacyl phenols (Fig. 3.5). The large abundance of 1,3,5-TMB,  

indicates CTs are a major product from the THM of SS roots. C16:0 fatty acid methyl 

ester and four cellulose derived products (1-4) were also major components detected by 

GC-MS. These compounds are discussed in more detail in Chapter 7. 

 

3.3.2.2   Lignin Yield () 

 

Owing to the use of unlabelled TMAH, the differentiation between lignin, degraded 

lignin and non-lignin phenols (i.e. tannins) cannot be made. However tannin phenols as 

with lignin phenols are exclusive to vascular plants (Hernes and Hedges, 2004). 

Therefore the lignin yield () parameter represents an input from vascular plant rather 

than that solely from lignin. 

In the ML and SS1,  decreases from the surface down through the organic horizons, 

decreasing to zero in the mineral B horizon. This decrease is most pronounced in the 

ML (decreasing from 2.60 ± 0.58 mg /100 mg OC in the litter to 0 mg in the Bg 

horizon), most of the decrease occurred in the litter and Hf horizons (Fig. 3.6a and b). 

For the SS2 core, the  profile was rather different, displaying an initial decrease from 

0.77 ± 0.04 in the litter to 0.36 ± 0.08 mg/100 mg OC in the Hs horizon consistent with 

the ML and SS1 sites. However with increasing depth,  increases in the mineral A 

horizon to 2.49 ± 1.5 mg/100 mg OC, before decreasing again in the Hs2 horizon to 

0.53 ± 0.01 mg/100 mg OC (Fig. 3.6c). The linear deposition of horizons in the ML and 

SS1 soils together with the progressive decrease in  with increasing burial depth 

suggests a relatively rapid decay of the lignin biopolymer in the upper organic horizons, 

with the mineral horizons containing only a few lignin monomers.  
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Fig. 3.6: The depth profile showing changes in the lignin content () (mg/100 mg OC) in (a) 

Coalburn ML, (b) Coalburn SS1 and (c) Harwood SS2 soil. The error bars indicate the standard error 

from three/two analytical replicates. Lettering indicates significant differences from the Tukey’s test. 

 

Tukey’s test at the 95 % confidence level highlighted that the litter has a significantly 

higher  than the deeper horizons in the ML and the SS1 (p<0.05). These results are 

consistent with those from other studies and suggests that lignin may not be as 

refractory as conventionally perceived (Huang et al., 1998; Kiem and Kögel-Knabner, 

2003; Bahri et al., 2006; Heim and Schmidt, 2007; Mason, 2009).  

The  in the mineral A horizon at SS2 was higher than the organic horizons, although 

differences were not significant (p=0.273). This lambda maximum has previously been 

observed in the buried Hs2 horizon at this site, and was put down to either the horizon 

inversion that occurred prior to planting at this site, the input of root material, the 

leaching of phenolics or a change in vegetation (Mason et al., 2009).  

THM of the SS roots reveals a lignin yield of 0.22 mg/100 mg OC, which will be 

contributing to the soil lignin yield down the profile. However, the THM product 

distribution and abundance from the SS roots does not match the TIC from the mineral 

A horizon of the SS1 or SS2 profile, primarily due to the lack of compounds 1-4, and 

low abundances of G4 in the soil, suggesting that the root input alone is not causing the 

lignin maximum (Figs. 3.3, 3,4 and 3.5). Zerva et al. (2005), found that the modelled  
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change in fine root biomass after afforestation increased from 2.4 to 3.6 t C ha
-1

 from 

the first rotation to second rotation stand, whilst the coarse root biomass decreased from 

56.3 to 27.1 t C ha
-1

, reflecting a total modelled decrease of 28 t C ha
-1

. However, Rasse 

et al. (2006) has shown that root carbon has a longer residence time in soil compared to 

shoot carbon, which could be due to physical protection through mycorrhiza and root-

hair activities, physico-chemical production particularly in deeper soil horizons, or the 

chemical interactions with metal ions. Further research is clearly needed at the 

molecular level to help unravel the fate of individual shoot and root compounds, such a  

cutins and suberins, throughout soil profiles.  

The lignin maximum is not observed in the SS1 site, however the significant increase in 

dissolved organic matter (DOC) between 2002 and 2006 at Coalburn Forest 

(Vanguelova et al., 2010), coupled with the increased streamflow and peak flow levels 

due to the draining of the site after the land-use change (Robinson, 1998), would 

suggest that the leaching of phenolics is occurring under the first rotation. The change in 

vegetation input from grassy species at the moorland to gymnosperm litter at the forest 

occurred at both SS sites, and this change is reflected in the increased dominance of 

guaiacyl phenols at the surface with respect to cinnamyl phenols (Figs. 3.3 and 3.4) (see 

Section 3.3.2.3 for vegetation source proxy results and discussion). As the same 

changes have occurred at both sites, it is unlikely that the change in vegetation input is 

causing the lignin maximum at SS2. Therefore, the lignin maximum can be largely 

attributed to the horizon inversion that occurred between the first and second rotation at 

Harwood Forest. However root input could also be a contributory explanation. 

Tukeys tests revealed that the SS2 profile exhibits a significantly larger yield of lignin 

monomers compared to SS1, with ML showing a medium lignin yield (Fig. 3.6). This 

suggests that after afforestation, the yield of lignin monomers is greatly reduced, most 

likely due to a combination of a reduced litter input (Paul et al., 2002), increased 

aeration and degradation (Guo and Gifford, 2002) and the increased DOC and 

streamflow experienced at this site (Robinson, 1998), however the yield increases in the 

second rotation to levels exceeding the ML, with the majority held deeper in the 

horizons of SS2 predominantly in mineral clay rich A horizon. Clay soils have been 

shown to be able to sequester the most stable C compared to other soil types (Villada et 

al., 2012). 
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Fig. 3.7: Depth profile showing changes in yield of lignin phenols that contribute to the  parameter; 

ML soil (a) G phenols (b) S phenols (c) G18 and P18; SS1 soil (d) G phenols (e) S phenols (f) G18 

and P18, and SS2 soil (g) G phenols (h) S phenols (i) G18 and P18. The error bars indicate the 

standard error from three/two analytical replicates. 

 

Plotting  the  individual  amounts  of  guaiacyl,  syringyl  and  cinnamyl  phenols  that 

contribute  to  the  value allows  the assessment of  the changes  in  lignin monomer 

amounts that govern the changes in total lignin (Fig. 3.7). A progressive degradation of 

cinnamyl phenols (P18 & G18) is observed in the ML and SS1 soils (Fig. 3.7c and f), 

whereas the cinnamyl phenol amounts pass through a maximum in the SS2 soil (Fig. 

3.4i). The guaiacyl (G) and syringyl (S) phenol yield in the SS2 also display a 

maximum at the A horizon (Fig. 3.7g and h), consistent with the  profile.  
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The absence of the syringyl aldehyde (S4) and S14/15 in the SS2 soil, indicates that the 

remaining syringyl phenols are highly degraded, with no fresh input of angiosperm 

vegetation, signifying the dominance of the guaiacyl containing gymnosperm Sitka 

spruce at this site. However, it is important to note that the S6 present at SS2 could be 

derived from gallic acid, which has been shown to occur in abundance in Sitka spruce 

needles (Hernes and Hedges, 2004). 

In the ML soil, the mass of G and S phenols gradually decrease down the profile to 

almost zero in the deeper mineral horizons (Fig. 3.7a and b). The absolute amount of C 

phenols exceeds the G and S phenol yield, indicating the graminaceous input at the ML.  

In the SS1 soil, the mass of syringyl phenols remain constant in the litter and Hf 

horizons, which then reduce down to almost zero in the deeper mineral horizons (Fig. 

3.7e). The G moieties, however, show a progressive decrease down the profile (Fig. 

3.7d), evidence of their relatively recent introduction at the site. The low levels of S 

phenols relative to G phenols in the SS soils reflect the dominant gymnosperm input.  

Of the aromatic compounds investigated, G14/15 and S14/15 represent the only true 

lignin phenols with intact β-O-4 linkages bearing adjacent hydroxyl groups, which are 

derived solely from lignin (Filley et al., 1999; Nierop and Filley, 2007). The aldehydes 

(G4 and S4) and the acids (G6 and S6) can be derived from non-lignin sources, such as 

tannins (Garnier et al., 2003). The remaining phenols are derived from the breakdown of 

lignin as a thermochemolysis by-product (Clifford et al., 1995; Filley et al., 1999). 

Therefore, it is important to consider that the yields shown in Fig. 3.7 will show both 

the lignin and non-lignin yield, which cannot be differentiated between without 
13

C-

labelled TMAH.  

It must also be noted that the fractionation of lignin has been identified by Hernes et al. 

(2007). Hernes et al. displayed the preferential removal of acidic phenols from the 

process of dissolution and sorption from POM to DOM. This can result in elevated 

[Ad/Al] and C/G ratios, however is most significant when comparing between systems 

whereby leaching is a significant process, i.e. between POM in soils and DOM in 

riverine systems (e.g. Ertel et al., 1986). 
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3.3.2.3  Lignin Source Proxies 

 Fig. 3.8: The depth profile showing changes in the S/G ratio in (a) Coalburn ML, (b) Coalburn SS1 

and (c) Harwood SS2 soil. The error bars indicate the standard error from three/two analytical 

replicates. Lettering indicates significant differences from the Tukey’s test.  

Fig. 3.9: The depth profile showing changes in the C/G ratio in (a) Coalburn ML, (b) Coalburn SS1 

and (c) Harwood SS2 soil. The error bars indicate the standard error from three/two analytical 

replicates. Lettering indicates significant differences from the Tukey’s test. The dashed line indicates 

the C/G ratio from the THM of SS roots (C/G = 0.09). 
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The ML soil profile shows a classic S/G degradation profile, significantly decreasing 

from 0.63 ± 0.1 in the L to 0.14 ± 0.07 in the Ae horizon (p=0.001) (Fig. 3.8a). It can be 

assumed that there has been no change in the vegetation over the course of humification 

at the moorland, therefore the structural changes in the lignin ratios are due to the 

biodegradation and humification processes, resulting in the transformation of SOM with 

a preferential degradation of syringyl over guaiacyl moieties (Chefetz et al., 2000).  

The C/G ratio in the ML decreases from 2.3 ± 0.25 in the litter to 1.1 ± 0.2 in the Hf and 

Hs horizons, then the ratio increases again to 1.9 ± 0.4 in the A horizon, however these 

changes are not significant, (p=0.155) (Fig. 3.9a). The relatively high C/G values are an 

indication of an input of grass lignin with a large contribution of cinnamyl moieties, 

concomitant with the moorland habitat.  

The SS1 profile shows significant increases in both the S/G (p=0.002) and C/G ratios 

(p=0.001) down the profile (Figs. 3.8b and 9b). The initial low values of the S/G and 

C/G ratios of only 0.04 ± 0.01 and 0.28 ± 0.05, respectively, is a direct result of the 

input of Sitka spruce litter to the upper horizons since afforestation (Figs. 3.8b and 9b). 

The S/G increases in the Hf horizon to 0.19 ± 0.04, a result of decreasing guaiacyl (Fig. 

3.7a) and a constant syringyl (Fig. 3.7b) contribution, which could be due to the input 

from the grasses in the previous vegetation cover into the deeper horizons prior to 

afforestation. The S/G ratio in the mineral horizons could not be determined primarily 

due to very low/absence of syringyl phenols, thus preventing the calculation of accurate 

ratios. This is reflected in the low lignin content at increasing depth (Fig. 3.7). The C/G 

ratio increases into the Ae horizon to 1.6 ± 0.21 due to an increased proportion of 

cinnamyl phenols (Fig. 3.7c) to guaiacyl phenols (Fig. 3.7a). No lignin phenols were 

observed in the Bg horizon in both sites therefore no ratios could be calculated.  

The SS2 profile has a statistically similar S/G ratio of 0.16 ± 0.02 down core, increasing 

only in the deepest Hs 2 horizon to 0.32 ± 0.03 (Fig. 3.8c). The C/G is also significantly 

similar down core; 0.64 ± 0.19 (Fig. 3.9c). The C/G ratio for SS roots produced a low 

ratio of 0.09 (marked on the profiles of SS1 and SS2 (Fig. 3.8)), which maybe the cause 

of the reduced C/G ratio at the SS2 profile.  

Tukey’s test at the 95% confidence level highlighted that both the S/G ratio and C/G 

ratio in the ML soil is significantly higher than at the SS1 and SS2 soils (p<0.05). This 

increase at the ML is due to the grassy vegetation prevailing at this site, whilst the  



 

73 

 

0.0 2.0 4.0 6.0

L+F

Hf

Hs

Ae

Bg

a)                [Ad/Al]G

a

b

c

b

ML

0.0 2.0 4.0 6.0

L+F

Hf

Ae

Bg

b)                [Ad/Al]G

SS1

0.0 2.0 4.0 6.0

L+F

Hf

Hs

A

Hs 2

c)                [Ad/Al]G

SS2

 

reduced S/G ratio under Sitka spruce is a direct result of a changing vegetation from 

cinnamyl and syringyl rich grasses to guaiacyl rich gymnosperms, with reduced C/G 

values reaching progressively deeper into the profile with increasing time from the land 

use change.  

Fig. 3.10a shows that ML [Ad/Al]G values were lowest in the litter (1.5 ± 0.09) where 

no/little microbial degradation had yet occurred (Nierop and Filley, 2007). An increase 

of the [Ad/Al]G ratio in the Hf horizon to 5.1 ± 0.28 indicates increased oxidation of 

lignin (Nierop and Filley, 2008). However there is a subsequent significant decrease in 

the Hs and A horizons with an average [Ad/Al]G of 3.5 ± 0.3, which could be due to an 

input of fresh organic matter such as root material (Nierop and Filley, 2007), but could 

also be due to the preservation of lignin phenols as a result of anoxic conditions caused 

by a naturally higher water table than the afforested site (Robinson, 1998).  

The two SS soils both show a statistically constant [Ad/Al]G  ratio down core of 2.5 ± 

0.3 and 3.2 ± 0.2, respectively (Figs. 3.10b and c). The horizon inversion observed at 

SS2 would expect to cause a lower [Ad/Al]G at the Hs 2 horizon due to the burial of 

fresher OM as observed by Mason et al. (2009), however this is not the case.  

Fig. 3.10: The depth profile showing changes in the [Ad/Al]G ratio in (a) Coalburn ML, (b) 

Coalburn SS1 and (c) Harwood SS2 soil. The error bars indicate the standard error from three/two 

analytical replicates. Lettering indicates significant differences from the Tukey’s test. 
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This suggests that after 40 years, the entire SS1 soil profile has degraded to the same 

degree, potentially due to the consistent oxic conditions down core, however 

measurements at Coalburn Forest have revealed the water table can be as shallow as 20 

cm from the soil surface in the winter, subjecting shallow soils to anoxic conditions (E. 

Vanguelova, pers. comm.).  

In the mineral Bg horizons of the ML and SS soil [Ad/Al]G ratios could not be 

determined primarily due to very low/absence of G4, thus  preventing  calculation  of  

accurate  values. The SS roots show a very low [Ad/Al]G ratio of 0.74, indicating very 

little microbial decay has occurred. There is no [Ad/Al]G decrease in the two SS profiles, 

suggesting that the input of SS roots cannot be detected over the bulk soil lignin signal. 

ANOVA revealed that ML had a significantly higher [Ad/Al]G ratio (p<0.05) compared 

to SS1, with the SS2 similar to both, indicating an input of fresh material at the SS1 site, 

which degraded over time into the second rotation.  

The [Ad/Al]S ratio can also be used to illustrate the oxidation of the syringyl lignin 

phenols in soil. The [Ad/Al]S for the ML gave an average of 5.49 ± 0.89 in the 

ectorganic horizons only (p>0.05). The ratio could only be calculated for the Hf horizon 

in the SS1 soil due to the lack of S4 in the deeper horizons;7.7 ± 3.2 with the large error 

due to the small quantities of S4. The [Ad/Al]S ratio could not be calculated for SS2 due 

to the absence of S4. This further indicates the gradual oxidation and loss of syringyl 

phenols from the ML to the SS1 and finally completely lost from the SS2 soil. 

The ΓG/S is another proxy to indicate lignin oxidation (ΓG shown in Fig. 3.11).This 

proxy provides an indication of the extent of side-chain oxidation (Vane et al., 2001). 

The ΓG shows a significant increase of side chain oxidation with increasing depth at the 

ML and first rotation stand (SS1) (p<0.05). The very low quantities/total absence of 

G14/15 in the deeper horizons at the ML and SS1 sites is due to the complete side chain 

oxidation. Fig. 3.11c shows that these phenols are present down the entire core of SS2 

suggesting a degree of preservation at depth potentially due to the increased input of 

guaiacyl lignin coupled with the horizon inversion.  

No ΓS can be calculated for the two SS soils, due to the total absence of S14/15 in the 

soil. This is not unusual as the current dominant land cover does not contain syringyl 

lignin and therefore any presence of syringyl lignin would be from a previous land 

cover which would have be heavily oxidised and the side chains subsequently lost. 
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  Fig. 3.11: The depth profile showing changes in the ΓG in (a) Coalburn ML, (b) Coalburn SS1 and 

(c) Harwood SS2 soil. The error bars indicate the standard error from three analytical replicates. 

Lettering indicates significant differences from the Tukey’s test. 

 

The ΓS at the ML significantly decreases with increasing depth, from 15.9 ± 1.0 in the L 

and F horizons to 4.8 ± 1.9 in the deeper H horizon (p<0.05) (data not shown), this is the 

opposite trend to what is observed with ΓG at the ML, further indication of anoxic 

conditions at this site. 

 

3.3.2.4  Non-Lignin Phenols 

 

1,2,4-trimethoxybenzene (1,2,4-TMB) was observed in the THM products from the 

thermochemolysis of all the samples, a compound with two known sources; tannin and 

polysaccharide (Fabbri and Helleur, 1999; Nierop et al., 2005). The 1,2,4-TMB yield 

decreases with increasing depth in the ML and SS1 sites. Within the SS2 profile, there 

was a maximum concentration of 1,2,4-TMB in the mineral A horizon (Fig. 3.12). The 

yield of 1,2,4-TMB is significantly lower in the SS1 compared to SS2, with the ML 

displaying an intermediate yield. This suggests that this water-soluble polyphenol is lost 

during site drainage and preparation for planting. However with increasing time after 

the land-use change, the sources of 1,2,4-TMB begins to build up again to levels 

exceeding the original yield, preferentially in the mineral horizon.  
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Fig. 3.12: The depth profile showing changes in the 1,2,4-TMB (mg/100 mg OC) in (a) Coalburn 

ML, (b) Coalburn SS1 and (c) Harwood SS2 soil. The error bars indicate the standard error from 

three/two analytical replicates. Lettering indicates significant differences from the Tukey’s test. 

Fig. 3.13: The depth profile showing changes in the 1,3,5-TMB (mg/100 mg OC) in (a) Coalburn 

ML, (b) Coalburn SS1 and (c) Harwood SS2 soil. The error bars indicate the standard error from 

three/two analytical replicates. Lettering indicates significant differences from the from Tukey’s test.     
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The ML and SS1 display similar trends of 1,3,5-TMB yield, decreasing with increasing 

depth. The SS2 profile however displays two maximum concentrations of 1,3,5-TMB; 

in the litter horizon and the mineral A horizon (Fig. 3.13). 

Small increases are observed in the mineral horizons of both the ML and SS1, although 

they are not significant. The yield of 1,3,5-TMB significantly increases from ML to SS2, 

with the SS1 similar to both, suggesting that the land cover of Sitka spruce releases 

more 1,3,5-TMB to the soil which builds up in the litter horizon. The SS roots yielded 

low quantities of 1,3,5-TMB (0.06 mg/100 mg OC ), which could explain the low yield 

observed in the deeper horizons of SS1 and SS2. Alternatively, this decrease with 

increasing depth could indicate a rapid loss of CTs in the upper soil profile. As with 

1,2,4-TMB and , there is a recovery of 1,3,5-TMB in the A horizon of SS2. 1,2,4-

TMB is discussed in further detail in Chapter 7. 

 

3.4 Conclusions 

 

The establishment of Sitka spruce (Picea sitchensis) forests on a previous moorland had 

a significant effect of the soil carbon stocks and phenol contents in these 

Northumberland peaty gley soils. The depth-related profiles of the lignin phenols and 

proxies changed after the afforestation of the moorland and again during the second 

rotation of Sitka spruce. 

The establishment of Sitka spruce forests on a moorland habitat led to a decrease in soil 

carbon during the first rotation but also a net increase of soil carbon during the second 

rotation, accumulating the soil OC stock to levels above that of the former unplanted 

moorland. This recovery is, in part, due to the increased bulk density of the soil due to 

the increased compression caused by the growing trees, coupled with the increasing 

depth of the ectorganic horizons. The absence of a buried organic horizon at SS1, 

confirms that the horizon inversion, as identified by the buried Hs horizon, occurred 

after the clearfelling of the first stand to prepare the land for the second rotation (Mason 

et al., 2009), and therefore is only observed in SS2. This shows that both Sitka spruce 

stands experienced land disturbance prior to planting, but displayed very different 

carbon storage capacities. This is attributed to the initial land-use change including the 

change of vegetation and the introduction of drainage systems and site preparation for 

planting that cause increased degradation and loss of OC in the first rotation stand only.  
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Therefore despite major land disturbance occurring at the SS2 site, large quantities of 

carbon are able to accumulate. 

Progressive decreases in  with increasing burial depth were observed across the soil 

profiles, with the second rotation showing a maximum peak at the mineral horizon 

which is located above an organic horizon, further evidence of the horizon inversion 

that occurred prior to planting the second stand. After afforestation, the lignin yield is 

greatly reduced, however it shows a recovery in the second rotation, increasing to 

quantities larger than at the ML. The depth-related profiles indicate progressive lignin 

degradation at the ML, whereas the soil beneath the two Sitka spruce stands record 

changes in vegetation input, land preparation and land disturbance. The increase of 

lignin and non-lignin phenols in the overturned mineral A horizon of the second rotation 

SS suggests that mineral horizons have the potential to store vast quantities of phenols 

despite low levels of TOC and OC. 

The prevailing paradigm has been that drainage of peat will increase carbon losses to 

the atmosphere. However it appears that the afforestation on peaty gley soils, has the 

potential to increase carbon storage and stabilise lignin yields, however only once the 

new vegetation has become established and the soils processes have settled and allowed 

soil carbon equilibrium and accumulation again (i.e. 80 years). Analysis of self seeded 

Sitka spruce (Chapter 6) will help further assess the degradation and turnover of lignin 

with respect to vegetation source, with the absence of land preparation. 

It is important to note that soil temperature has not been considered in this study, which 

will ultimately increase reaction rates within soils. Increased soil temperature can 

stimulate microbial activity and release carbon from the soil into the atmosphere. 

Meteorological measurements for the last 20-30 years suggest that there has been an 

annual increase in soil temperature of 1-2 °C average at 30 cm soil depth, which could 

have also stimulated a release of organic carbon from topsoil to soil solution 

(Vanguelova et al., 2010). However, the changes likely to occur due to temperature 

change will be much smaller than changes expected from land-use change, so it is 

believed that the change observed in this study are realistic. 
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4  Sphagnum Biomarkers from a Typical Northern Latitude  

           Peatland: Ryggmossen, Sweden      

 

4.1  Introduction    

 

In order to understand the processes that occur within soil after the afforestation of 

peaty soils, it is vital to have a thorough understanding of the processes occurring prior 

to afforestation; including those that control the stabilisation and release at both the bulk 

soil organic carbon (SOC) level, and at the molecular level (lignin, non-lignin phenolics 

and other organic compounds).  

The dominant peat forming species, Sphagnum mosses, are considered to be important 

in regulating the environment to their advantage at the expense of other vegetation 

(Clymo, 1970; van Breemen, 1995). Sphagnum mosses are believed to store more 

carbon in both dead and living biomass, than any other genus of plant (Clymo and 

Hayward, 1982), despite being completely devoid of lignin phenols (Weng and Chapple, 

2010). Instead,  Sphagnum mosses biosynthesize other phenylpropanoids including 

trans-sphagnum acid (Rasmussen et al., 1995) (Chapter 1,  Fig. 1.1). Similar to lignin 

phenols observed in vascular species, these Sphagnum phenolics act both as structural 

support components and as inhibitors of microbial decomposition of the organic matter 

(Verhoeven and Liefveld, 1997; Freeman et al., 2001a). The vascular plants associated 

with peatlands will contribute lignin and other polyphenols to the peat litter, including 

non-Sphagnum mosses (e.g. Polytrichum commune, Pleurozium schreberi), heather 

(Calluna vulgaris) and grasses (e.g. Eriophorum vaginatum, Festuca ovina, and 

Deschampsia flexuosa).  

The different assemblages of peatland species (Coulson and Butterfield, 1978; Johnson 

and Damman, 1991; van der Heijden, 1994; van der Heijden and Boon, 1994; Turetsky 

et al., 2008) have been shown to affect the degree of peat degradation (Yeloff and 

Mauquoy, 2006). Therefore, there are species-specific rates and degrees of degradation, 

which can mean that any humification measurements of bulk peat can be misleading 

(Yeloff and Mauquoy, 2006). As a result, the omission of Sphagnum vegetation in many 

of the global models of ecosystem response to climate change may be erroneous when 

applied to Sphagnum-dominated peatlands (Limpens et al., 2008).  
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Within peatlands, the phenol oxidase producing microorganisms that degrade lignin 

phenols are limited, primarily due to the acidic and low molecular oxygen conditions 

(Freeman et al., 2001b; Thormann et al., 2002). In addition, the activities of other 

degrading enzymes such as hydrolases (β-glucosidase, phosphatase, sulphatase, 

xylosidase, and chitinase), which do not normally require molecular oxygen, are also 

depleted in peatlands (Freeman et al., 2004), providing ideal conditions for phenol and 

carbon accumulation.  

In a study carried out by Williams et al. (1998), the alkaline cupric oxide (CuO) 

oxidation of 15 species of Sphagnum moss released large quantities of unsubstituted p-

hydroxyl phenolic compounds as well as sphagnum acid, although in minor quantities,  

in contrast to the large quantities of lignin oxidation products released by 14 species of 

vascular plants. The analysis of lignin in vascular species with CuO oxidation (Hedges 

and Parker, 1976; Hedges and Mann, 1979a; Hedges et al., 1982; Kögel, 1986) has 

shown that lignin phenols with a C3 side chain are lost during the CuO treatment, 

whereas these side chains are retained when thermally assisted hydrolysis and 

methylation (THM) in the presence of tetramethylammonium hydroxide (TMAH) is 

used (Hatcher et al., 1995; Filley et al., 2000). Wysocki et al. (2008) found that CuO 

oxidation was best suited to lignin-rich, but carbon poor systems, such as marine 

systems, indicating that CuO oxidation is not best suited for the analysis of Sphagnum 

species and carbon-rich Sphagnum peat. 

THM in the presence of TMAH, otherwise known as TMAH thermochemolysis, was 

first introduced as an analytical pyrolysis technique because highly polar pyrolysis 

products from biopolymers are either difficult or impossible to detect using 

conventional pyrolysis with combined gas chromatography – mass spectrometry (Py 

GC-MS) (Challinor, 1989; Kaal and Janssen, 2008). TMAH thermochemolysis has 

therefore been widely used to characterize substituted phenolic compounds from lignin 

and tannins in soil organic carbon (e.g. Chapter 3; Mason et al., 2012). In order to make 

the distinction between lignin, altered lignin and non-lignin phenols including tannins, 

THM in the presence of 
13

C-labelled TMAH is used (Filley et al., 1999). This technique 

has been successfully used to analyse both litter and SOM (Filley et al., 2000; Filley et 

al., 2002; Filley et al., 2006; Nierop and Filley, 2007; Mason et al., 2012). 
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The application of flash pyrolysis on peat samples led to the identification of a 

compound with the M
+
·
 
(molecular ion) at m/z 134, termed 4-isopropenyl phenol (van 

Smeerdijk and Boon, 1987; van der Heijden et al., 1997). This compound is derived 

from sphagnum acid, and is considered specific to Sphagnum mosses (van Smeerdijk 

and Boon, 1987; van der Heijden et al., 1997). The single product from the flash 

pyrolysis of sphagnum acid at 610 °C; 4-isopropenyl phenol reveals complete 

decarboxylation [-2CO2]
+ 

of sphagnum acid
 
under elevated temperatures (van der 

Heijden et al., 1997). Furthermore, van der Heijden et al., (1997) identified  six 

thermochemolysis products of sphagnum acid, including phenolic acids with C3 side 

chains, during THM treatment of a limited set of Sphagnum samples including living S. 

fallax, recent S. capillifolium and peatified Sphagnum from the Holocene, however no 

vascular plants were analysed for comparison (van der Heijden et al., 1997). 

Several studies have investigated the molecular biomarkers of the Sphagnum mosses in 

peat vegetation (e.g. van der Heijden et al., 1997; McClymont et al., 2011), although 

none have demonstrated the exclusivity of sphagnum acid to Sphagnum species using 

THM in the presence of TMAH. Considering Sphagnum tissue is regarded as 

recalcitrant due in part to the high content of sphagnum acid and phenolics in the cell 

walls (Rudolph and Samland, 1985), it is imperative to understand the distinctive 

biochemistry of Sphagnum and its degradation pathways in order to elucidate the 

dynamics of organic carbon degradation in peat.  

McClymont et al. (2011) have recently postulated a proxy for the total input of 

Sphagnum into peat archives using flash pyrolysis, however due to the technique 

employed, the data available for use in this proxy is rather limited and therefore 

potentially missing the added detail that comes with TMAH thermochemolysis. For 

example, the acid and aldehydes lignin sub-units are not observed with pyrolysis, 

therefore the [Ad/Al]G/S vascular species degradation proxy cannot be utilised alongside 

the Sphagnum proxy. The main advantage of THM is the possibility to analyse the 

individual sphagnum acid products which could add further detail of the Sphagnum 

litter degradation dynamics due to the natural and TMAH induced decarboxylation (van 

der Heijden et al., 1997).  
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In this Chapter, the behaviour of sphagnum acid under unlabelled and 
13

C-labelled THM 

conditions is assessed, in order to identify and confirm the presence of the characteristic 

biomarkers specific to Sphagnum mosses as identified by van der Heijden (1994). 

Second, the THM products from the capitula of peat-forming Sphagnum plants from 

Ryggmossen peatland are investigated, together with typical peat-forming vascular 

species that will allow an index to be developed that would quantify the proportion of 

Sphagnum phenols in the total phenols measured in the litter and peat samples and thus 

provide a measure of the botanical composition in the peat cores (Chapter 5). Lastly, a 

range of peat substrates from Ryggmossen bog will be analysed which will allow the 

proxy to be tested on the litter and thus provide a measure of the botanical composition 

across the peat.  

Ryggmossen bog, in the boreonemoral zone of central Sweden, is an ideal sample site 

due to the pristine nature of the peatland, which otherwise has the potential to be 

particularly sensitive to climate change including changing temperature, precipitation 

and nitrogen deposition patterns which could result in changes in the dominant plant 

communities (Gorham, 1991), that could switch the role of peatlands from carbon sinks 

to carbon sources (Knorr et al., 2005). Over 95% of the total global peatlands are found 

in the temperate belt of the Northern Hemisphere (Olenin, 1980), therefore this chapter 

and the following chapter will provide an unprecedented database for inferring the 

processes of physical and chemical digenesis of peat SOM that is broadly representative 

of that for a wide class of peatlands in the boreal zone. 

 

4. 2 Overview of Sites and Methods  

4.2.1 Sphagnum Acid Standard  

 

An authentic sample of Sphagnum acid was purchased from Exclusive Chemistry Ltd 

(Russia; 95% purity). The compound was analysed at a ratio of 0.1 mg IS/5 μg TMAH. 

 

4.2.2 Taxon Sampling 

 

Living plant matter and freshly-deposited litter were collected for a range of Sphagnum 

and other species across the micro- and macro-topographic gradients of Ryggmossen 

(60° 3`N, 17° 20`E; 60 m AOD) by Dr. Lisa Belyea, Dr. Kathryn Allton and Dr. Chris  
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Laing (Queen Mary, University of London) (Fig. 2.10). The four stages included the 

bog plateau (BP), bog margin (BM), fen lagg (FL) and swamp forest (SF) (see Table 2.1 

for detailed stage descriptions).  

Living material was collected from the capitulum (i.e. the cluster of leaves at the top of 

the plant) of six different Sphagnum spp. across the peatland ecotone; S. angustifolium 

(BM, FL), S. balticum (BP), S. fallax (FL), S. fuscum (BP, BM), S. magellanicum (BM) 

and S. papillosum (FL). Living material was also collected from two non-Sphagnum 

moss species (Polytrichum commune (SF), Pleurozium schreberi (FL)), one species of 

sedge (Eriophorum vaginatum (FL)), and several dwarf shrubs (Andromeda polifolia, 

Empetrum nigrum, Rhododendron tomentosum, Vaccinium microcarpum (from BM), 

and Calluna vulgaris (from BP)). Nine litter samples (i.e. a section of stem just below 

the photosynthesising part), all dominated by Sphagnum, were also collected; for these 

samples, an attempt was made to separate out the Sphagnum, but small quantities of 

fungi, vascular plant roots and non-Sphagnum bryophytes are likely to be present (S. 

angustifolium from BM and SF; S. balticum from BP; S. fallax from FL; S. fuscum from 

BP, BM and FL; S. magellanicum from BM and; S. papillosum from FL). See Chapter 2, 

Section 2.7.6 for detailed site description. 

The freeze-dried plant material (300-500 mg) was extracted by repeated sonication 

using a mixture of DCM/MeOH (1:1, v/v) by Dr. Aminu Muhammad (Newcastle 

University) (Chapter 2, Section 2.8). The insoluble residues were then analysed using 

on-line THM in the presence of either unlabelled or 
13

C-labelled TMAH. The capitula 

were analysed in triplicate with unlabelled TMAH. One species; S. fallax was also 

analysed with 
13

C-labelled TMAH. The non-Sphagnum living samples and the 

Sphagnum-dominated litter samples were analysed in duplicate with unlabelled and 
13

C-

labelled TMAH.  

 

4.2.3  THM in the Presence of Unlabelled and 
13

C-Labelled TMAH 

 

On-line THM in the presence of unlabelled and 
13

C-labelled TMAH was performed at 

610 °C for 10 s (20 °C/ms temperature ramp) using the method set out in Chapter 2  

(Section 2.2). The total organic carbon (TOC) contents of the plants and litter, used to 

normalise yield calculations per 100 mg of organic carbon, were provided by Dr. Greg 

Cowie (University of Edinburgh, UK) (Hedges and Mann, 1979b; Hedges et al., 1982;  
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Kögel, 1986). Percent aromatic hydroxyl content was determined with 
13

C-labelled 

TMAH using previously established equations and mass spectral methods (Filley et al., 

1999; Filley et al., 2006; Mason et al., 2009) (Chapter 2, Section 2.2.1; Appendix A1). 

Unlabelled TMAH thermochemolysis of samples allowed the structures of products to 

be identified and determine the appropriate baseline fragment ion ratios needed to 

accurately calculate % 
13

C addition when the 
13

C-labelled TMAH was used.  

 

4. 3 Results and Discussion 

4.3.1 THM in the Presence of TMAH of Authentic Sphagnum Acid 

 

Pyrolysis cleaves the bonds of biomacromolecules under elevated temperatures in the 

absence of oxygen (Chapter 1, Section 1.2.8), however van der Heijden (1997) 

demonstrated the complete decarboxylation which occurs to sphagnum acid during 

pyrolysis, which was attributed to its thermal lability. THM employs the additional use 

of a methylating agent (i.e. TMAH), which permits the cleavage of chemical bonds 

(including the β-O-4 link in lignin), together with preventing decarboxylation, which 

lends itself to the analysis of sphagnum acid. A partial trace for the TIC of the 

thermochemolysis products from sphagnum acid is presented in Fig. 4.1.  

The chromatogram contained a mix of partially decarboxylated and methylated 

sphagnum acid dissociation products including; methylated 4-isopropenylphenol 

(IUPAC name: 1-methoxy-4-(prop-1-en-2-yl)benzene) (m/z 133, 148) (I), methylated 

(E) and (Z)- 3-(4'-hydroxyphen-1-yl)but-2-enoic acid (IUPAC names: (E/Z)-methyl 3-

(4-methoxyphenyl)but-2-enoate) (m/z 175, 206) (IIa/b), as well as methylated 3-(4'-

hydroxyphen-1-yl)but-3-enoic acid (IUPAC name: methyl 3-(4-methoxyphenyl)but-3-

enoate) (m/z 133, 148, 206) (III) in major quantities (van der Heijden, 1994).  

Methylated (E) and (Z)- 2-methyl-3-(4'-hydroxy-phen-1-yl)but-2-enoic acid (ia/b) (m/z 

160, 188, 220) and methylated 3-(4'-hydroxyphen-1-yl)pent-3-enoic acid (ii) (m/z 133, 

160, 220) were also present in the thermochemolysate in significant amounts (van der 

Heijden, 1994). The underlined ions represent the base peak. The absence of intact 

sphagnum acid highlights the thermal instability of the compound. The structures and 

mass spectra for the sphagnum acid THM products are shown in Fig. 4.2.  
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Fig. 4.1: The TIC of the pyrolysed authentic sphagnum acid with unlabelled TMAH. IS denotes internal standard
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Fig. 4.2: The structure and mass spectra of the sphagnum acid products formed during TMAH 

treatment: (a) I; methylated 4-isopropenylphenol, (b) IIa and IIb; (E) and (Z)- methylated 3-(4'-

hydroxyphen-1-yl)but-2-enoic acid, (c) III; methylated 3-(4'-hydroxyphen-1-yl)but-3-enoic acid, (d) 

ia and ib; methylated (E) and (Z)- 2-methyl-3-(4'-hydroxyphen-1-yl)but-2-enoic acid and (e) ii; 

methylated 3-(4'-hydroxyphen-1-yl)pent-3-enoic acid (van der Heijden, 1994).  
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4.3.2  THM in the Presence of 
13

C-TMAH of Authentic Sphagnum Acid 

 

This chapter reports the data from the analyses of Sphagnum litter and sphagnum acid 

with 
13

C-labelled TMAH, whereby a 
13

C-labelled methyl group is used as the 

methylating agent, to test the yield of phenolic groups (i.e. determine the purity of input 

of the known sphagnum acid products to the TIC).
13

C-labelled TMAH has been 

previously used to distinguish between lignin, altered lignin and non-lignin phenolic 

input (Filley et al., 1999; Filley et al., 2000; Filley, 2003), and will be used for the first 

time on authentic sphagnum acid. 

The five sphagnum acid THM products were identified (Fig. 4.3), however compounds 

ia/b and ii were present in low abundances therefore the 
13

C enrichment equation was 

performed on the four major peaks only; I, IIa/b and III. Structural mass spectrometry 

was used to determine 
13

C-enrichment levels (% 
13

C) of the individual monomers, using 

a modification of the equations outlined in Filley et al. 1999 (Eq. 4.1). The 
13

C-labelled 

mass spectrum of these dominant products (I, IIa/b and III) are illustrated in Fig. 4.4.  

 

 

% Hydroxyl (I, IIa/b, III) 

     x  
                 

                  

  

   Where         Eq. 4.1 

               x  
     

   
  x  

  

   
  

 

 

Where ML is the molecular ion of the mono labelled product, M is the molecular ion of 

the unlabelled product, and (ML+1)calc is the calculated intensity of the molecular ion or 

appropriate fragment ion which is +1 mass unit higher than ML. The value for (ML+1)calc 

is determined by multiplication of (ML) by the ratio (MUL+1)/M of the same compound 

obtained from unlabelled TMAH thermochemolysis (Filley et al., 1999). The terms NL 

and NUL represent the number of carbon atoms in a labelled product that are not 
13

C 

atoms, and the number of carbon atoms in an unlabelled product, respectively. 
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For example, 4-isopropenyl phenol (I) has a MUL of 148 as shown in Fig. 4.2, and a ML 

of 149 as shown in Fig 4.4. This shift in one mass unit reflects the contribution of one 

labelled methoxyl group. 

In the 
13

C-labelled TMAH experiment, the acidic oxygen functional groups on the 

sphagnum acid products are methylated with the 
13

C-labelled methyl groups. Therefore, 

the number of 
13

C-labelled methyl groups added to the TMAH thermochemolysis 

reaction products as shown in Fig. 4.4, should be equivalent to the number of acidic 

oxygen functional groups on the molecule. Figs. 4.2 and 4.4 show the molecular ion for 

each of the unlabelled and 
13

C-labelled THM products respectively and the number of 

13
C-labelled methyl groups added to each compound as determined by GC-MS. The 

increase in molecular weight upon 
13

C-TMAH thermochemolysis corresponds to the 

number of available sites for methylation for all compounds (Appendix A2); one for I, 

and two for IIa/b and III. Based upon these measurements it is determined that there 

are no other contributing compounds to the observed peaks, unlike lignin phenols, 

whereby non-lignin phenols produce the same mass spectra under THM conditions. 

 

 

 

 

Fig. 4.3: The TIC of the pyrolysed authentic sphagnum acid with 
13

C-labelled TMAH. IS denotes 

internal standard.  
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Fig. 4.4: The mass spectra of the dominant sphagnum acid products formed during 
13

C-TMAH 

treatment. Numbers in red with a plus prefix reflect the change in ML from Fig. 4.2.  

 

4.3.3  Sphagnum Acid in Sphagnum capitula 

 

THM in the presence of TMAH of extracted powdered capitulum of Sphagnum fallax 

yielded a range of methylated phenolic and other oxygenated aromatic products (Fig. 

4.5) which are consistent with those found by van der Heijden & Boon (1994).  

The four dominant sphagnum acid pyrolysis products were observed in S. fallax; I, 

IIa/b and III (see Fig. 4.2 for structures). The sphagnum acid THM products ia/b and ii 

are not observed in the capitula trace, which could be due to their small abundance as 

observed in Fig. 4.1.  

Together with the sphagnum acid products, there were also large quantities of 

unsubstituted p-hydroxy phenols as first confirmed by Lindberg and Theander (1952), 

including; methoxybenzene (P1), 4-methoxytoluene (P2), 1-ethyl-4-methoxybenzene, 1-

ethenyl-4-methoxybenzene (P3), 4-methoxyacetophenone (P5), and 4-methoxybenzoic 

acid methyl ester (P6). Compounds 1, 2, 3, 4 and 1,2,4-trimethoxybenzene (1,2,4-TMB) 

were also identified as major THM products during the thermochemolysis of an 

authentic standard of cellulose (Chapter 7). The relative abundance of peaks 1-4 and 

1,2,4-TMB in Fig. 4.5 reflects significant amounts of cellulose in S. fallax. These THM 

products are discussed in detail in Chapter 7.  
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There were also smaller amounts of vascular plant-derived phenols produced during the 

thermochemolysis of S. fallax, including the methylated guaiacyl (G) lignin phenols; G1 

(1,2-dimethoxybenzene), G4 (3,4-dimethoxybenzaldehyde), G5 (3,4-

dimethoxyacetophenone) and G6 (3,4-dimethoxybenzoic acid methyl ester) (Fig. 4.5 

and Table 4.1). However, these phenols were not derived solely from undegraded lignin 

(e.g. Filley et al., 2006; Mason et al., 2009), given that the thermochemolysis of S. 

fallax with 
13

C-labelled TMAH revealed that only 13.7, 22.0 and 19.2% (± 2.7, 2.3 and 

1.6%, respectively, n = 4) of G4, G5 and G6 respectively are sourced from 

methoxylated phenolic sub-units. Therefore, there are only trace quantities of phenols 

derived from intact guaiacyl lignin. Guaiacyl and syringyl derivatives that have been 

detected previously in sub-fossil Sphagnum was attributed to contamination from the 

rootlets of Ericaceae (van Smeerdijk and Boon, 1987). 

 

 

 

 

 

Fig. 4.5: Partial chromatogram for the total ion current (TIC) of the thermochemolysis products from 

S. fallax capitula. Numbers I, IIa/b and III correspond to structures in Fig. 4.2. IS denotes internal 

standard. 
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Whilst vascular plants were observed across Ryggmossen bog (see Chapter 5, Table 

5.1), Sphagnum capitula can be discretely sampled with no physical input from rootlets 

or other vascular plant tissue. However, it has also been shown that water from the 

surface of the peatland is used by the living Sphagnum (Nichols et al., 2010), where it is 

held in intercellular spaces known as hyaline cells (Hayward and Clymo, 1982). Given 

the large water holding capacity of Sphagnum species (van Breemen, 1995), coupled 

with the solubility of vascular plant-derived phenols in water (e.g. Hernes and Benner, 

2003) as well as possibly being sourced by root material (van Smeerdijk and Boon, 

1987), it is likely that the vascular plant-derived phenols have been mobilized into the 

Sphagnum capitula from dissolved organic carbon (DOC) in the peat water, and have 

become physically bound and/or protected to the Sphagnum, and therefore remain 

detectable despite the samples undergoing solvent extraction. 

Combined THM in the presence of TMAH of the extracted S. fallax capitula mixed with 

the authentic sphagnum acid confirmed the presence of I and IIb, together with smaller 

amounts of IIa and III, in the Sphagnum. TMAH thermochemolysis also revealed 

significant amounts of the sphagnum acid products (I-III) in the capitula from harvested 

specimens of  five other species of extant Sphagnum (S. fuscum,  S. balticum, S. 

magellanicum, S. angustifolium, and S. papillosum), which were growing in one or 

other of the FL, BM and BP stages at the Ryggmossen site (Table 4.1). The four 

cellulose-derived products (1-4) were also significant thermochemolysis products for all 

of the Sphagnum capitula studied. The average individual yields for I, IIa, III and IIb 

across the eight Sphagnum samples were 0.09, 0.02, 0.03 and 0.09 mg/100 mg OC 

respectively (± 0.01, 0.002, 0.003, 0.01 mg/100 mg OC) (Table 4.1). The relative 

proportion of the individual phenols to the sum of Sphagnum phenols are 39.7, 7.9, 11.1 

and 41.3 % (± 2.3, 0.4, 0.4, 2.4%) for I, IIa, III and IIb respectively. 

The presence of I after thermochemolysis indicates a degree of decarboxylation brought 

on by thermal decomposition, despite the use of TMAH. However, the presence of II 

and III indicate incomplete decarboxylation of the sphagnum acid. The formation 

pathways of II and III from sphagnum acid as identified by Dallinga et al. (1984) and 

van der Heijden et al. (1997), involve 1,3-H and 1,5-H shifts and the loss of CO2 from 

the sphagnum acid respectively. These elimination steps can be repeated to form I, 

however THM suppresses this second step via transesterification processes, resulting in  
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 Table 4.1. The yield (mg/100 mg OC) of the dominant lignin-phenol products, cellulose derived products (1-4) and sphagnum acid derived products (I-III) within the 8 

Sphagnum capitula samples. Values are an average taken from three replicates, stated to 2 significant figures (s.f.) 

 

 n.d = none detected. * 
13

C-labelled, and therefore the lignin phenols (G 4, G5, G6; S4, S5, S6 and G18) are corrected for non-lignin phenols

Stage Species P1 P2 P3 P5 P6 P18 G1 G4 G5 G6 G18 S6 1 2 3 4 I IIa III IIb 

  

(mg/100mg OC) 

BM S. angustifolium 0.033 0.061 0.068 0.027 0.018 0.008 0.020 0.0069 0.0019 0.012 n.d 0.0026 0.11 0.12 0.056 0.031 0.14 0.023 0.033 0.14 

BM S. fuscum 0.036 0.071 0.074 0.014 0.031 0.020 0.018 0.013 0.0044 0.026 0.015 0.0040 0.13 0.042 0.031 0.018 0.10 0.016 0.024 0.078 

BM S. magellanicum 0.077 0.095 0.11 0.005 0.016 0.024 0.025 0.011 0.0028 0.024 n.d 0.0061 0.12 0.063 0.044 0.019 0.11 0.030 0.031 0.12 

BP S. balticum 0.030 0.062 0.050 0.032 n.d 0.011 0.024 0.0049 0.00084 0.013 0.0029 0.0024 0.10 0.069 0.075 0.016 0.042 0.0071 0.013 0.037 

BP S. fuscum 0.069 0.13 0.12 0.010 0.014 0.021 0.022 0.021 0.0028 0.044 0.013 0.0045 0.22 0.069 0.072 0.027 0.12 0.022 0.034 0.11 

FL S. angustifolium 0.021 0.036 0.050 0.015 0.034 0.013 0.0088 0.0014 0.0011 0.0050 n.d 0.0010 0.089 0.040 0.027 0.020 0.080 0.014 0.023 0.073 

FL S. papillosum 0.035 0.076 0.069 0.015 0.044 0.018 0.016 0.0058 0.0017 0.019 0.015 0.0042 0.11 0.06 0.051 0.026 0.080 0.014 0.022 0.080 

FL S. fallax* 0.061 0.078 0.040 0.010 0.087 0.017 0.080 0.0012 0.00070 0.0033 n.d n.d 0.18 0.059 0.078 0.044 0.078 0.018 0.024 0.080 

 

Mean  

SE 

0.045 

±0.01 

0.076 

±0.01 

0.072 

±0.01 

0.016 

±0.003 

0.030 

±0.01 

0.016 

±0.002 

0.027 

±0.01 

0.008 

±0.002 

0.002 

±0.0004 

0.018 

±0.005 

0.006 

±0.003 

0.003 

±0.001 

0.12 

±0.02 

0.08 

±0.01 

0.05 

±0.01 

0.03 

±0.01 

0.09 

±0.01 

0.02 

±0.002 

0.03 

±0.003 

0.09 

±0.01 
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the stabilisation of the remaining carboxylic acid methyl esters II and III (van der 

Heijden et al., 1997). Therefore, any increase in I, beyond that observed in fresh 

Sphagnum-dominated peat, may be assumed to derive from sphagnum acid 

decarboxylated in situ. Hence, the individual analysis of the four sphagnum acid THM 

products, rather than the one product from the flash pyrolysis in the absence of TMAH, 

may be able to reveal the degree of decarboxylation that occurs to the sphagnum acid in 

the peat. The remainder of this chapter extends this hypothesis to cover vascular species 

and Sphagnum litter to confirm the exclusivity of sphagnum acid pyrolysis products to 

Sphagnum species. 

 

4.3.4    Sphagnum Acid in Non-Sphagnum Plants 

 

Analysis of non-Sphagnum species has shown that the four sphagnum acid 

thermochemolysis products were absent from both the two species of living bryophytes 

(Polytrichum commune and  Pleurozium schreberi) as well as from six vascular species 

(Calluna vulgaris, Andromeda polifolia, Vaccinium microcarpum, Eriophorum 

vaginatum, , Rhododendron tomentosum and Empetrum nigrum) (Fig. 4.6).  

The phenolic distribution released during THM of the sampled vascular species were 

dominated by the cinnamyl phenol; P18, and the guaiacyl phenol; G6 (Table 4.2). The 

non-Sphagnum moss species show very specific compound distributions; Polytrichum 

commune is dominated by one compound; G12, 3-(3,4-dimethoxyphenyl)-propanoic 

acid methyl ester (Fig. 4.6a), whereas Pleurozium schreberi is dominated by the 

guaiacyl ketone (G5) and acid (G6) (Fig. 4.6b). However 
13

C-TMAH revealed that only 

4.7 and 8.5% (± 0.26 and 0.09) of G5 and G6 are sourced from methoxylated phenolic 

subunits. The high yields of poly-hydroxylated compounds in Pl. schreberi most likely 

originate from non-lignin phenols (Filley et al., 2006) rather than microbially 

demethylated lignin, due to the fresh nature of the living specimen. However, 

hydrolysable and condensed tannins are not observed in non-vascular species, therefore 

these non-lignin phenols display a third source (i.e. phlorotannin, a third type of tannin 

found in brown algae) (Ragan and Glombitza, 1986). The non-Sphagnum mosses 

display a low lignin yield () after correction for non-lignin phenols (0.016 and 0.096 

mg/100 mg OC; Table 4.2), with Sphagnum markers completely absent.  
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Fig. 4.6: Partial chromatogram for the total ion current (TIC) of the thermochemolysis products from 

non-Sphagnum peat forming plants; (a) Polytrichum commune, (b) Pleurozium schreberi, (c) 

Calluna vulgaris, (d) Andromeda polifolia, (e) Vaccinium microcarpum, (f) Eriophorum vaginatum, 

(g) Rhododendron tometosum, and (h) Empetrum nigrum. IS denotes internal standard. 

f) Eriophorum vaginatum
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Table 4.2: The yield (mg/100 mg OC) of the dominant lignin-phenol products, and cellulose derived products (1-4), and the corrected [Ad/Al]G ratio (uncorrected value in 

brackets) within the 8 non-Sphagnum samples. All samples have been analysed with 
13

C-labelled TMAH, and therefore are corrected for non-lignin phenols. Yields in 

brackets state the percent (%) of intact lignin. Yields stated to 2 s.f. (n.d = not detected)

Stage and Species P1 P2 P3 P6 P18 G1 G2 G3 G4 G5 G6 G12 G18 S4 S5 S6 1 2 3 4 [Ad/Al]G 

 

mg/100mg OC  

SF Polytrichum commune 0.020 0.061 0.014 n.d n.d n.d n.d n.d n.d n.d 0.016 0.98 n.d n.d n.d n.d 0.044 0.012 0.012 0.010 n.d 

 

          (16.2)           

FL Pleurozium schreberi 0.028 0.051 0.028 n.d 0.03 0.031 n.d n.d 0.0077 0.034 0.024 n.d n.d n.d n.d n.d 0.16 0.089 0.076 0.10 3.09 

 

        (21.2) (4.7) (8.5)          (7.70) 

FL Eriophorum vaginatum 0.019 0.067 0.32 0.015 0.41 0.024 0.018 0.025 0.022 0.012 0.018 n.d 0.13 0.0045 n.d 0.016 0.042 0.043 0.025 0.032 0.83 

 

        (72.2) (60.3) (36.1)  (87.6) (30.6)  (79.2)     (1.65) 

BP Calluna vulgaris 0.025 0.13 0.29 n.d 0.59 0.032 0.092 n.d 0.0072 0.013 0.028 n.d n.d n.d n.d n.d 0.030 0.018 n.d 0.022 3.93 

 

        (23.6) (28.6) (8.0)          (11.6) 

BM Rhododendron tomentosum 0.019 0.11 0.11 0.048 0.44 0.045 0.12 n.d 0.031 0.032 0.061 n.d n.d 0.010 n.d 0.022 0.053 n.d n.d 0.011 1.96 

 

        (48.6) (41.7) (16.0)   (34.3)  (26.5)     (5.93) 

BM Andromeda polifolia 0.016 0.077 0.048 0.0039 0.12 0.047 0.14 0.034 0.12 0.075 0.083 n.d 0.050 0.021 0.027 0.049 0.094 0.029 n.d 0.029 0.70 

 

        (71.8) (70.2) (28.6)  (81.9) (42.4) (87.2) (83.9)     (1.75) 

BM Empetrum nigrum  0.023 0.14 0.10 0.013 0.37 0.039 0.11 0.037 0.042 0.033 0.098 n.d 0.028 0.0038 0.0063 n.d 0.031 0.014 0.0069 0.012 2.32 

 

        (37.3) (36.6) (17.1)  (40.8) (31.3) (80.1)      (5.06) 

BM Vaccinium microcarpum 0.016 0.055 0.065 n.d 0.15 0.034 0.17 0.18 0.042 0.020 0.053 n.d 0.056 0.0031 0.0060 n.d 0.11 0.031 0.015 0.012 1.26 

 

        (47.6) (52.3) (23.5)  (33.8) (18.1) (59.4)      (2.56) 
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The vascular plants show similar traces to one another with a range of P, S and G-type 

lignin phenolics and an average corrected lignin yield of 0.55 ± 0.046 mg/100 mg OC. 

But as with the non-Sphagnum mosses, are completely devoid of the Sphagnum specific 

markers (I, IIa/b and III). Unlike the Sphagnum species, whereby their large water 

holding capacity has been attributed to the presence of vascular-plant derived phenols in 

the plant tissue (Section 4.3.3), the vascular species have a much lower water holding 

capacity. Vascular species have a developed a water transport system consisting 

primarily of roots and xylem (Boyer, 1985), therefore any soluble sphagnum acid within 

the DOM will not be held in the vascular tissue, and therefore is not observed in the 

thermochemolysate of the extracted vascular species.  

 

4.3.5  Sphagnum Parameters 

 

The presence of four sphagnum acid pyrolysis products has been confirmed in all of the 

dominant Ryggmossen peatland Sphagnum species, and are absent in the non-

Sphagnum species (Sections 4.3.3 and 4.3.4). I, IIa/b and III are therefore putative 

biomarkers for inputs of Sphagnum moss, and these products can be utilised in the same 

way that lignin phenols are used for vascular vegetation source proxies. Hedges and 

Parker (1976) proposed a parameter for the total amount of lignin in a sediment () by 

summing the concentrations of syringyl and guaiacyl moieties (Hedges and Mann, 

1979b). We propose a Sphagnum yield represented by sigma (σ) that is equal to the sum 

of the individual amounts of the Sphagnum-derived phenols (I + IIa + IIb + III) 

normalised to 100 mg of organic carbon (OC), Eq. 4.2. 

 

σ (mg/100 mg TOC) = I + IIa + IIb + III    Eq. 4.2 

 

McClymont et al. (2011) have recently proposed a proxy for the input of Sphagnum into 

peat archives, using a ratio between flash pyrolysis products;  4-isopropenylphenol and 

two lignin derivatives (2-methoxyphenol and 2,6-methoxyphenol). However, the ratio 

does not contain all lignin and sphagnum acid sub-units that can be observed after THM, 

and therefore may not provide information that is as detailed as information obtained 

from thermochemolysis data. 
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In order to overcome the differing eluting compounds from pyrolysis and 

thermochemolysis, the ratio of σ to the sum of itself and the total OC-normalised yield 

of lignin phenols ( = [G4+G5+G6] + [S4+S5+S6] + [P18+G18]), represented as a 

percentage, will give a measure of the relative contributions of Sphagnum- and lignin-

derived phenols present in litter or peat. This is termed the Sphagnum ratio (SR%). 

 

SR% = [σ /( σ + )]*100      Eq. 4.3 

 

The Sphagnum ratio provides a parameter to assess the relative amounts of Sphagnum 

derived and vascular-plant derived phenols after thermochemolysis, or Sphagnum 

derived and lignin derived phenols after 
13

C-labelled thermochemolysis.  

 

4.3.6 Sphagnum Markers in Ryggmossen Peat Litter  

 

The major compounds in the thermochemolysate of the litter sample dominated by S. 

fallax are consistent with the products derived from the S. fallax capitula; P1, P2, 1-

ethyl-4-methoxybenzene (P3), I, IIb and the cellulose derived products (1-4 and 1,2,4-

TMB) (Fig. 4.7 and Table 4.3).  

The presence of the four dominant Sphagnum markers was observed in all the 

Sphagnum litter species with an average σ yield of 0.70 ± 0.08 mg/100 mg OC. The 

average individual yields for I, IIa, III and IIb across the nine Sphagnum litter samples 

were 0.26, 0.06, 0.08 and 0.30 mg/100 mg OC respectively (± 0.03, 0.01, 0.012, 0.04), 

with a relative percent contribution to the total yield of 37.0, 8.8, 11.6 and 42.6 % (± 2.2, 

0.4, 0.6, 1.6%) for I, IIa, III and IIb respectively (Table 4.3).  

Sphagnum-dominated litter also yielded small amounts of lignin sourced phenols which 

are attributed to both to the large water-holding capacity in the living Sphagnum as well 

as the possibility of macromolecular organic carbon input from vascular plant material 

(van Smeerdijk and Boon, 1987). Thermochemolysis with 
13

C-labelled TMAH of the 

Sphagnum dominated litter from all of the species shown in Table 4.3 revealed that on 

average only 17.3, 24.5 and 22.5% (± 2.0, 2.2 and 2.7% respectively from 4 analytical 

replicates from each species) of G4, G5 and G6 respectively are composed of intact 

lignin phenols. This correction for non-lignin phenols indicated that the guaiacyl lignin 

phenols released from all of the Sphagnum dominated litter samples were present only  
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in trace amounts and G18 was absent in all but two litter-types (S. fuscum, BM and FL; 

S. fallax, FL) where it is present in only trace amounts (Table 4.3). Phenols from intact 

syringyl lignin were absent in all but two of the litter samples (S. magellanicum and S. 

fuscum; both BM) and in these exceptions the only component detected was S6 which 

was also only present in trace amounts (Table 4.3). Following the correction for the 

contribution of non-lignin phenols and altered lignin phenols, it was found that the 

averaged  for the Sphagnum dominated litter is 0.12 mg/100 mg OC compared to a σ 

of 0.70 mg/100 mg OC (± 0.12 and 0.08, respectively), resulting in an average SR of 85% 

(± 1.1%;Table 4.3).  

The percent of sphagnum acid products relative to vascular phenolics ranges from 80-88% 

across the peatland litter (Table 4.3). This is consistent with the concept of Sphagnum 

mosses as engineering species, therefore dominating the litter biomass (van Breemen, 

1995), with the peatlands also often inhabited to a small degree by different species of 

heathers, non-Sphagnum mosses and other vascular species, which will contribute lignin 

phenols to the bulk peat (e.g. Fig. 4.6) (van Smeerdijk and Boon, 1987; Turetsky, 2003).  

 

 

 

Fig. 4.7: Partial chromatogram for the total ion current (TIC) of the thermochemolysis products from 

S. fallax litter. Numbers I, IIa/b and III correspond to structures in Fig. 4.2. IS denotes internal 

standard. 
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Table 4.3: The yield (mg/100 mg OC) of (a) the dominant p-hydroxy lignin-phenol products, (b)  G, 

S and C lignin-phenol products and corrected [Ad/Al]G ratio (uncorrected value in brackets), and (c) 

cellulose derived products (1-4) and sphagnum acid derived products (I-III), together with the newly 

proposed SR% in the nine Sphagnum litter samples.  

a) Stage Species P1 P2 P3 P4 P5 P6 P12 P24 

  

mg/100 mg OC 

SF S.  angustifolium 0.20 0.18 0.12 0.079 0.047 0.040 0.023 0.044 

FL S. fuscum 0.18 0.19 0.13 0.053 0.051 0.034 0.034 0.052 

FL S. fallax 0.15 0.24 0.17 0.032 0.092 0.067 0.025 0.047 

FL S. papillosum 0.26 0.21 0.14 0.033 0.063 0.077 0.028 0.044 

BP S. fuscum 0.26 0.24 0.19 0.022 0.038 0.058 0.014 0.023 

BP S. balticum 0.26 0.21 0.16 0.021 0.043 0.064 0.014 0.023 

BM S. magellanicum 0.22 0.20 0.17 0.019 0.023 0.021 0.013 0.015 

BM S. angustifolium 0.23 0.26 0.20 0.029 0.038 0.040 0.018 0.030 

BM S. fuscum 0.27 0.23 0.19 0.025 0.019 0.062 0.016 0.026 

b) Stage Species G1 G4 G5 G6 G18 P18 S6 [Ad/Al]G 

  

mg/100 mg OC  

SF S.  angustifolium 0.044 0.021 0.0061 0.024 n.d 0.12 n.d 1.14 (0.70) 

FL S. fuscum 0.038 0.020 0.0062 0.023 0.0039 0.10 n.d 1.17 (0.52) 

FL S. fallax 0.057 0.0030 0.0022 0.0076 0.0086 0.064 n.d 2.53 (2.00) 

FL S. papillosum 0.034 0.0057 0.0035 0.012 n.d 0.091 n.d 2.05 (1.37) 

BP S. fuscum 0.042 0.0085 0.0052 0.012 n.d 0.10 n.d 1.45 (1.15) 

BP S. balticum 0.035 0.0032 0.0020 0.0071 n.d 0.070 n.d 2.22 (1.89) 

BM S. magellanicum 0.056 0.014 0.0028 0.018 n.d 0.087 0.0013 1.33 (1.68) 

BM S. angustifolium 0.066 0.015 0.0057 0.028 n.d 0.12 n.d 1.82 (1.11) 

BM S. fuscum 0.062 0.0028 0.0015 0.013 0.00093 0.085 0.00047 4.59 (2.44) 

c) Stage Species 1 2 3 4 I IIa III IIb SR% 

  

mg/100 mg OC  

SF S.  angustifolium 0.15 0.022 0.065 0.029 0.40 0.10 0.14 0.48 87 

FL S. fuscum 0.24 0.083 0.12 0.056 0.27 0.035 0.044 0.16 77 

FL S. fallax 0.17 0.19 0.21 0.14 0.12 0.034 0.050 0.19 84 

FL S. papillosum 0.10 0.091 0.085 0.078 0.18 0.049 0.064 0.26 83 

BP S. fuscum 0.063 0.048 0.047 0.029 0.24 0.067 0.076 0.31 85 

BP S. balticum 0.090 0.11 0.080 0.068 0.20 0.045 0.073 0.21 87 

BM S. magellanicum 0.085 0.075 0.074 0.044 0.28 0.061 0.072 0.33 86 

BM S. angustifolium 0.22 0.13 0.12 0.068 0.37 0.12 0.15 0.46 87 

BM S. fuscum 0.063 0.031 0.037 0.025 0.26 0.061 0.074 0.30 87 
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 All eight non-Sphagnum species display a higher proportion of intact G4 relative to G6, 

this is due to the increased input of non-lignin acids (i.e. protocatechuic acid) (Table 

4.2). The Sphagnum samples however display the opposite trend, with the proportion of 

intact G6 elevated with respect to G4 (Table 4.3). As a result, after correction for non-

lignin phenols, the [Ad/Al]G ratio for Sphagnum litter samples displays an increase from 

an average of 1.43 ± 0.21 across the nine samples to 2.03 ± 0.36 (Table 4.3). Opposite 

to the Sphagnum trend, the [Ad/Al]G ratio is decreased for the vascular plants after 

correction from 5.17 ± 1.37 to 2.01 ± 0.45, which is the usual trend seen after the use of  

13
C-TMAH (Mason et al., 2009) (Table 4.2).  

Many studies have displayed elevated [Ad/Al] ratios in DOM relative to the POM, 

particularly in riverine case studies (Ertel et al., 1986), however Hernes et al. (2007) 

suggested the elevated [Ad/Al] ratio was due to the preferential transfer of acidic 

phenols from the process of leaching from the POM into the DOM, i.e. lignin 

fractionation. There appears to be minimal fractionation of the intact lignin phenols (G6 

and G4) mobilized into the Sphagnum, as after correction for non-lignin phenols, the 

[Ad/Al]G ratio for both the Sphagnum litter and vascular species produces a similar 

value of 2.0. This oxidation ratio value represents the oxidation state of the vascular 

phenols, whereby the vascular species and assumed vascular phenols within the 

Sphagnum would be alike. Therefore it appears that the fractionation of OM during 

leaching and sorption is not unique to lignin. In fact, it suggests that the fractionation is 

occurring predominantly in the non-lignin phenols that are quantified prior to the 

correction applied by 
13

C-labelled TMAH. It appears that the non-lignin acid phenols 

are preferentially removed from the POM and solubilised in the DOM, which are 

subsequently mobilized into the Sphagnum, resulting in elevated levels of these non-

lignin acids within the Sphagnum. 

 

4.4 Conclusions 

 

Methylated 4-isopropenylphenol (I), methylated (E) and (Z)- 3-(4'-hydroxyphen-1-

yl)but-2-enoic acid (II a/b), and methylated 3-(4'-hydroxyphen-1-yl)but-3-enoic acid 

(III) (van der Heijden et al., 1997) are confirmed as TMAH thermochemolysis products 

of sphagnum acid and also as being specific to Sphagnum mosses. The 
13

C-labelled 

TMAH thermochemolysis products of the sphagnum acid demonstrated that the four  
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products are derived entirely from the sphagnum acid discounting the possibility of any 

other source of these compounds. The identification of the sphagnum acid pyrolysis 

products in a range of Sphagnum species has confirmed the presence of sphagnum acid 

in Sphagnum species. 

Two proxies have been suggested to assess the relative amounts of Sphagnum derived 

and vascular-plant derived phenols after thermochemolysis. The parameter σ is defined 

as the total amount of these four molecules normalised to 100 mg of TOC; (σ = [I] + 

[IIa] + [III] + [IIb]). The ratio of σ to  gives an index (SR%) that provides a measure 

of the relative amount of sphagnum acid to the vascular plant phenols in peat moss.  

The presence of I after thermochemolysis indicates a degree of decarboxylation brought 

on by thermal decomposition, despite the use of the methylating agent; TMAH. 

However the presence of II and III indicate incomplete decarboxylation of the intact 

sphagnum acid. Thermochemolysis limits the further breakdown of II and III into I, 

therefore, in fresh Sphagnum litter, the presence of I reflects the complete 

decarboxylation of the sphagnum acid due to thermal decomposition. However, in more 

mature samples, any increase in I, beyond that observed in fresh peat, may be assumed 

to derive from sphagnum acid decarboxylated in situ. Whereby the degraded sphagnum 

acid remains bound to the cell wall as isopropenyl phenol, and remains amenable to 

THM. The individual analysis of the four sphagnum acid THM products, rather than the 

one product from the flash pyrolysis in the absence of TMAH, may be able to reveal the 

degree of decarboxylation that occurs to the sphagnum acid in the peat. This is 

investigated in more detail in the peat core study described in Chapter 5.  

The lignin phenols present in the Sphagnum-dominated litter are attributed to the large 

water-holding capacity in the living Sphagnum, whereby lignin phenols in the DOM 

become entrapped in the Sphagnum. The fractionation of the vascular (lignin and non-

lignin) phenols during leaching and subsequent sorption into the Sphagnum may explain 

the opposite shift in the [Ad/Al]G for Sphagnum after correction for non-lignin phenols 

compared to what is normally observed for non-Sphagnum litter. The corrected results 

suggest minimal fractionation of the intact lignin phenols between the vascular species 

and the entrapped lignin phenols within Sphagnum, resulting in similar corrected 

[Ad/Al]G values between the vascular and Sphagnum species. However, it would appear 

that the non-lignin acid phenols are preferentially removed from the POM (i.e. vascular  
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plant material) and solubilised in the DOM, which are subsequently mobilized into the 

Sphagnum, resulting in elevated levels of these non-lignin acids within the Sphagnum. 

These results highlight the need for further research in to the mechanisms involved 

during phenol fractionation, and the effect this will inevitably have on the traditional 

lignin proxies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

104 

 

 

 

 

 

 

 

Chapter 5: 

Geochemical Records of Sphagnum Peat Cores Spanning the 

Range of Environmental Conditions from Ryggmossen  
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5  Geochemical Records of Sphagnum Peat Cores Spanning the    

Range of Environmental Conditions from Ryggmossen 

5.1 Introduction 

 

Northern peatlands cover an area of around 4 x 10
6
 km

2
, and currently store around   

547 Gt of organic carbon as waterlogged peat (Yu et al., 2010), amounting to over one-

third of global soil organic carbon (Gorham, 1991). Northern peatlands represent the 

greatest concentration of stored carbon in terrestrial ecosystems (Gorham, 1991), 

however this pool could become a carbon source under future land-use change and/or 

climate change (Belyea, 2009). The dominant controls on carbon cycles are often the 

plant communities, the temperature and precipitation regimes, the water table and the 

soil chemistry (Holden et al., 2007), which are likely to have complex and non-linear 

effects on peatland carbon cycling (Davidson and Janssens, 2006; Belyea, 2009).  

Water level is a key control on carbon sequestration because it determines the exposure 

of near-surface, unsaturated peat to rapid aerobic decomposition and, conversely, the 

stabilisation of deeper, permanently saturated peat (Zaccone et al., 2008). Water level 

also influences vegetation distribution, which in turn affects both the decomposition rate 

and biogeochemistry of plant litter inputs. The close association between water level 

and vegetation is evident along gradients at two distinct spatial scales; micro-

topographic microforms at a scale of 1-10 m (i.e. hummocks and hollows) and macro-

topographic stages at a scale of 10-1000 m (i.e. bog plateau, BP; bog margin, BM; fen 

lagg, FL; swamp forest, SF) (Bridgham et al., 1996; Okland et al., 2001). Furthermore, 

individual Sphagnum species inhabit different peat habitats, for example, S. fuscum is 

most suited to hummock habitats, whereas S. cuspidatum and S. angustifolium are more 

suited to hollows (Rochefort et al., 1990; Johnson and Damman, 1991). If climate 

change leads to shifts in the composition and relative abundance of microforms (i.e. 

hummocks and hollows) and/or shifts in the boundaries between macrotopographic 

stages (i.e. bog plateau, bog margin, fen lagg and swamp forest), rates of carbon 

sequestration will change (Belyea 2009). Indeed from experimental warming in a 

Sphagnum-dominated mire in France we can infer that spatial variability of moisture is 

critical to the deeper understanding of the effects of a changing climate on the fate of 

organic matter in northern peatlands (Delarue et al., 2011).  
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The dominant peat-forming moss, Sphagnum, outcompetes vascular plants by creating 

acidic, nutrient-poor and water-saturated conditions (van Breemen, 1995). Vascular 

plants associated with peatlands contribute lignin and polyphenols including tannins, 

whereas Sphagnum moss contribute phenylpropanoids including trans-sphagnum acid 

(Rasmussen et al., 1995) (see Chapter 4). Sphagnum tissue is regarded as extremely 

recalcitrant due to the high content of sphagnum acid in the cell walls (Rudolph and 

Samland, 1985), however in a recent carbon mineralisation study, Hájek et al. (2011) 

have suggested that the cell-wall polysaccharides are the dominant Sphagnum decay-

inhibitors, with the polysaccharides displaying decay-inhibiting properties traditionally 

associated with lignin phenols. Therefore it is imperative to understand the distinctive 

biochemistry of Sphagnum and its degradation pathways in order to elucidate the 

dynamics of organic carbon degradation in peat. This is important because this could 

help further improve the resolution of process-based simulations (e.g. Ise et al., 2008) 

that model the decomposition of peat with changing climate. 

Thermally assisted hydrolysis and methylation (THM) in the presence of 

tetramethylammonium hydroxide (TMAH), has frequently been used  to characterise 

lignin in soil organic carbon (e.g. Nierop and Filley, 2007), but has also shown the 

ability to characterise sphagnum acid within peat archives (van der Heijden, 1994; van 

der Heijden et al., 1997). So far, however, this method has received little discussion as a 

tool to analyse Sphagnum and peat samples alongside the traditional soil 

thermochemolysates, i.e. lignin.  

In this study, we attempted to address this gap in the research using several indicators of 

organic matter decomposition (i.e. C/N ratios of organic matter, and the content of 

stable 
13

C and 
15

N isotopes in the peat) coupled with the molecular characterisation of 

the peat archives.  Stable carbon isotope compositions and C, N abundances, have been 

commonly used as indicators for the degree of decomposition of peat, as these 

indicators gradually evolve during degradation as different biochemical constituents are 

preferentially consumed, produced or sequestered (Malmer and Holm, 1984; Benner et 

al., 1987; Novák et al., 1999). However, changes in the vegetation, microhabitat or 

climate can affect the signals from these proxies, therefore their interpretation with 

respect to decomposition may not be straightforward when used independently (Broder 

et al., 2011).  
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Polysaccharides represent the main form of photosynthetically assimilated carbon in the 

biosphere and have also been quantified due to their major contribution to terrestrial 

vegetation including Sphagnum mosses (Jones et al., 1994; Jia et al., 2008). Although a 

potentially powerful tool for elucidating the sources, process and diagenetic pathways 

of biologically important organic materials in peatland environments, polysaccharides 

have rarely been utilised in the past (Comont et al., 2006). Recently however, several 

polysaccharide indicators and proxies have been proposed for the reconstruction of past 

peatland vegetation. Comont et al. (2006) illustrated the use of individual sugars as 

specific peatland vegetation source indicators; xylose and arabinose indicated sedges 

including Eriophorum; rhamnose, galactose and mannose indicated mosses; and ribose 

(and to a lesser extent, hemicellulosic glucose) was identified as a possible indicator for 

microbial synthesis.  

The aim of this chapter was thus to elucidate organic matter decomposition patterns 

across a typical pristine peatland using a combination of decomposition indices and 

biomarkers as outlined above. Eight cores of near-surface peat from locations spanning 

the micro- and macro-topographic gradients of a raised bog in the boreonemoral zone of 

central Sweden, Ryggmossen peatland, have been selected for analysis. By targeting 

hummocks and hollows in four macrotopographic stages (BP, BM, FL and SF), we 

ensured that our analyses covered a range of plant type sources and contrasting 

hydrological and chemical conditions. 

The specific objectives were (i) to characterize the geochemical profile of each core; 

and (ii) to analyse down-core changes in THM product composition, in particular to 

apply the Sphagnum proxies; σ and SR%, as introduced in Chapter 4, to test for 

persistence of the Sphagnum markers and to infer their extent of degradation relative to 

vascular plant-derived phenols as a function of distance from the water table. 

 

5.2 Overview of Methods and Sites 

5.2.1 Study Site  

 

Eight peat cores were collected from Ryggmossen, a raised bog in the boreonemoral 

zone of central Sweden (60  3’N, 17  20’E; 60 m AOD) by Dr. Lisa Belyea, Dr. 

Kathryn Allton and Dr. Chris Laing (Queen Mary, University of London).  
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Proceeding from the centre to the edge, the macrotopographic gradient comprises four 

stages: the bog plateau (BP), the bog margin (BM), the fen lagg (FL), and the swamp 

forest (SF). A detailed site description for Ryggmossen is presented in Chapter 2, 

Section 2.7.6. 

 

5.2.2 Sample Collection and Preparation 

 

The eight peat cores were taken from both the hollow and hummock microforms in each 

of the four stages, providing a total of eight cores spanning the range of environmental 

conditions along the BP–to–SF gradient at Ryggmossen. Ground vegetation was 

analysed at each coring site by Dr. Kathryn Allton. Freeze-dried core material was 

extracted as described in Chapter 2, Section 2.8. A sample of the residue was then 

analysed using on-line THM in the presence of TMAH. 

 

Bulk density measurements were analysed by Dr. Lisa Belyea and Dr. Chris Laing. 

Owing to the number of samples, the BP samples were analysed in duplicate, whilst the 

BM, FL and SF samples were analysed once only (Chapter 2, Section 2.7.6). Therefore 

the OC standard error can only be calculated for the BP site only. The organic carbon 

stock has been calculated using the bulk density values and the TOC values using 

equation 2.2 (Chapter 2, Section 2.6). 

 

5.2.3 Water Table and Temperature Dynamics 

 

Water table fluctuations and temperature (°C) at each coring station were monitored at 

hourly intervals for one year prior to core extraction, using self-logging pressure 

transducers (Solinst Leveloggers), set up by Dr. Lisa Belyea and Dr. Kathryn Allton 

(Fig. 5.1). The data were summarised by calculating the annual mean, minimum and 

maximum water table depths by Dr. Greg Cowie. The data were interpolated at the 

jumps observed at FL2, BM1 and BM2, so that the record was relative to the same 

datum. Over the course of measurement (Sept 2007 - Sept 2008), the annual 

temperature at Ryggmossen ranged from 0.2 °C in the winter to 19.6 °C in the summer, 

with an annual average temperature across the peatland of 6.5 °C. Temperatures 

throughout the winter are similar at both the hummock and the hollow cores at the BP, 

BM and FL.  
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Deviations occur in the summer months, whereby the hollow cores in the BP and BM 

display higher temperatures (0.7 and 1.0 °C. respectively). The SF hummock displays a 

smaller annual variation compared to the hollow core, reflected in the warmer 

temperatures in the winter and cooler temperatures in the winter with respect to the 

hollow. The observed thermal regime across Ryggmossen bog will not only be 

influenced by the ecology of the species present but is also a result of the 

microtopography formed by the same species, creating a feedback (van der Molen and 

Wijmstra, 1994). Therefore any change in the vegetation cover could ultimately alter the 

microclimate at that site.  

The Ryggmossen water table depths at all core locations were positively skewed (i.e. a 

short distance from the surface of peat) throughout most of the year, and fell deeper (i.e. 

a large distance from the surface of peat) only during summer dry periods (June/July) 

(Fig. 5.1). In addition, there are short-term fluctuations in the water table due to rain 

showers (Kettunen et al., 1999). This pattern is observed frequently in peatlands, and 

indicates self-regulating behaviour that arises from depth-dependent changes in 

hydraulic properties (Belyea, 2009).  

The water table level fluctuates ca 18 cm in the BM, whereas larger fluctuations of up 

to 44 cm are observed across the BP, FL and SF. The mean water table (mwt) depths are 

consistently lower from the peat surface in the hummock cores compared to the hollow 

cores, with an average difference of 15 cm. As the water table rises during wet periods, 

water is stored and/or discharged rapidly through porous peat; as the water table falls 

into denser peat during dry periods, discharge occurs more slowly (due to lower 

hydraulic conductivity) and a unit loss of water has a smaller effect on water table 

position (due to the lower specific yield).   

As a consequence, the water table tends to be maintained within a narrow range of peat 

depths, as observed for the BM. Reducing and ultimately anoxic conditions develop in 

water-saturated peat, because oxygen consumed by aerobic microorganisms is 

replenished very slowly by diffusion (Clymo, 1983; Haraguchi, 1991). Hence, oxic 

conditions are expected to dominate in the unsaturated layer (i.e. acrotelm); anoxic 

conditions to predominate in the permanently saturated layer (i.e. catotelm) and; 

alternating oxic/anoxic conditions to occur during drainage and recharge of the 

seasonally-saturated layer (i.e. mesotelm) (Clymo and Bryant, 2008). 
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Fig. 5.1: The water table (WT) fluctuation and temperature changes across one year (mm/yyyy) at 

Ryggmossen bog (a) BP, (b) BM, (c) FL, and (d) SF. WT relative to peat surface. Loggers for FL2, 

BM1 and BM2 show a suspicious jump in levels on 23 April 2008, which corresponds to a site visit. 

Loggers for BM have been positioned too high for the lowest water levels. 
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5.2.4 THM in the Presence of TMAH 

 

On-line THM in the presence of unlabelled TMAH was performed using a shorter GC 

oven programme than was used in the rest of the thesis, although THM was carried out 

at 610 °C for 10 s, consistent with the other chapters. The GC oven programme began at 

40 °C where it was held for 4 minutes, then the temperature was increased from 40 °C 

to 90 °C at a rate of 4 °C /min, then at 2 °C/min to 150 °C and finally at 4.5 °C/min to 

320 °C where it was held for 6 minutes.  

 

5.2.5  Carbohydrate and Elemental Analyses  

 

The carbohydrates were analysed by the method of Cowie and Hedges (1984) by GC-

flame ionization detector (FID) of trimethylsilane (TMS) derivatives. Total organic 

carbon (TOC) and total organic nitrogen (TON) were determined, along with stable 

isotopic compositions (
13

C and 
15

N), by elemental analyzer-isotopic ratio mass 

spectrometer (EA-IRMS) following HCl vapour treatment to remove any inorganic 

residue. Acetanilide was used as calibration standard for elemental composition. Stable 

isotopic signatures were calibrated on the basis of air (N2) and a suite of in-house 

standards.  

Carbohydrate and elemental analyses were carried out by Dr. Greg Cowie (University 

of Edinburgh, UK).  

 

5.2.6  Sphagnum Proxies 

 

Sphagnum proxies were used as described in Chapter 4, with all compound masses 

normalised to 100 mg of organic carbon. Sigma (σ) is the sum of the amounts of the 

four dominant sphagnum acid derived phenols ([I] + [IIa] + [IIb] + [III]) normalised to 

100 mg of OC. The ratio of σ to the sum of itself and the total OC-normalised yield of 

lignin phenols (), represented as a percentage, provides a measure of the relative 

contributions of Sphagnum- and lignin-derived phenols present in litter or peat. This is 

termed the Sphagnum ratio (SR%).     
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5.3  Results and Discussion 

5.3.1  Surface Vegetation 

 

Ground layer vegetation analyses at the coring sites (Table 5.1), reflect differences in 

species composition. Hummocks in BP, BM and FL stages were all dominated by S. 

fuscum, a well documented hummock-forming Sphagnum species (Rochefort et al., 

1990; Johnson and Damman, 1991), although vascular plants covered at least 30% of 

the ground layer. Hollows in these stages were dominated by different Sphagnum 

species (BP – S. balticum; BM – S. angustifolium; FL – S. fallax); coverage of vascular 

plants was highest in BM (45%) and lowest (12%) in FL. The understory vegetation in 

the SF sites was almost completely dominated by mosses, P. commune in the hummock 

and S. angustifolium in the hollow. Increased species diversity is observed in the 

hummock core of the BP, BM and FL compared to the hollow core. 

To assess whether depth-dependent changes in phenolic composition were due to past 

vegetation shifts or to diagenesis, the present-day vegetation (Table 5.1) was compared 

with results from a detailed study of the botanical composition of Ryggmossen 

conducted ca 90 years ago (Du Rietz and Nannfeldt, 1925). Overall, the composition of 

Sphagnum mosses and vascular plants has remained relatively constant over the last 90 

years. Based on lead-210 dating of the cores (L. Belyea. pers. comm.), this period 

covers most of the record for the BP, BM and FL cores (i.e. to depths of ca 30 cm 

below the peat surface in hollows and ca 40 to 50 cm in hummocks), and much of the 

record for SF cores (i.e. to depths of 16-18 cm below the peat surface). The cores 

showed no major changes in stratigraphy, other than in the SF hollow, where moss 

remains disappeared at ca12 cm below the peat surface (Section 5.3.6, Fig. 5.9), 

however the peat depth at the SF site was much shallower, with a mineral soil occurring 

at ca 20 cm below the peat surface (Section 5.3.2, Table 5.2). Hence, we are confident 

that any depth-dependent changes in the phenolic composition of the cores can be 

attributed to diagenetic changes, except perhaps in the SF hollow core, where the rapid 

decrease in Sphagnum biomarkers below the mean water table may reflect a past shift in 

vegetation. 
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Table 5.1: Ground vegetation cover at each core site. 

Species % Species % 

BP Hummock  BP Hollow  

S. fuscum 57 S. balticum 71 

Calluna vulgaris 30 Eriophorum vaginatum 25 

Rubus chamaemorus 5 Andromeda polifolia 3 

Vaccinium microcarpum 5 Vaccinium microcarpum 1 

Andromeda polifolia 2   

Empetrum nigrum 1   

BM Hummock  BM Hollow  

S. fuscum 67 S. angustifolium 65 

Calluna vulgaris 25 Rubus chamaemorus 25 

Empetrum nigrum 2 Calluna vulgaris 20 

Vaccinium microcarpum 3   

S. magellanicum 3   

FL Hummock  FL Hollow  

S. fuscum 47 S. fallax 88 

Empetrum nigrum 30 Andromeda polifolia 10 

Polytrichum strictum 15 Vaccinium microcarpum 1 

Andromeda polifolia 3 Eriophorum vaginatum 1 

Calluna vulgaris 2   

Drosera rotundifolia 1   

Vaccinium microcarpum 1   

Polytrichum commune 1   

SF Hummock  SF Hollow  

Polytrichum commune 91 S. angustifolium 95 

S. angustifolium 6 Vaccinium uliginosum 4 

Vaccinium uliginosum 3 Carex limosa 1 
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5.3.2 Down Core Variation in Elemental and Isotope Parameters 

 

The TOC, TON and C/N values for the peat cores are presented in Table 5.2. The BP, 

BM and FL display similar carbon contents down core (mean = 43.4 ± 0.3%); however 

the deeper core section of the SF contains a lower TOC, evidence of the mineral soil at 

this site. The SF cores also exhibit a much smaller range of C/N ratios (21.1 - 57.4) 

compared to the BP, BM and FL cores (41.8 - 178.9), consistent with SF environments 

having higher rates of decay and nutrient turnover (e.g. Thormann et al., 1999). The 

high C/N ratios determined for the BP, BM and FL are similar to values reported for 

other peatlands (~26 - 183; Damman, 1988; Hornibrook et al., 2000). This is likely a 

result of the high C/N found in Sphagnum litter (>50) (van Breemen, 1995).  

The TON shows elevated levels of up to 1.5% observed at 19.5 cm above the mean 

water table and 2.3cm below the mean water table in the SF hummock and hollow cores 

that corresponds to a core depth of ca 16 cm. These results are significantly elevated 

compared to the average of 0.56 ± 0.34% in the BP, BM and FL cores (p<0.005). These 

results are consistent with the low abundance of N in peat-forming Sphagnum species 

(Berendse et al., 2001). However, this is somewhat contradictory to the vegetation cover 

results for the SF hollow, whereby 95% was considered S. angustifolium (Table 5.1). 

However, it is known that pine trees (Pinus sylvestris) cover the SF site which will 

contribute to the surface litter via leaf litter. Additionally, the shift in TON suggests that 

the vegetation cover has recently altered from a previous vegetation cover of N-rich 

species that is now reflected in a high TON at depth, to N-poor Sphagnum species near 

the surface. The SF was the only habitat that displayed a gradual decrease of the C/N 

ratio with increasing depth, a reflection of the microbial consumption of the labile C- 

and H-rich compounds down the core (e.g. carbohydrates; Section 5.3.4) and/or a 

vegetation change, resulting in a decreased abundance of C relative to N (Hornibrook et 

al., 2000). In the hummock cores only, the C/N ratio can be identified as three different 

layers, as observed by Malmer and Holm (1984). The surface samples have a relatively 

low C/N ratio, whereby new carbon is incorporated through the growth of mosses. The 

C/N ratio then increases into the second layer which occurs above the mean water table, 

this peat is only weakly decomposed and humified, however OM is being deposited as 

litter and carbon losses occur. The third layer is characterised by a decrease in the C/N 

ratio, which is more humified and decomposed (Malmer and Holm, 1984). 
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Table 5.2: The TOC, TON and C:N values for (a) hummock and (b) hollow cores across bog plateau 

(BP), bog margin (BM), fen lagg (FL) and swamp forest (SF) stages.  

Core Depth relative TOC  TON  C/N 

 

Depth relative TOC TON C/N 

 

to mwt (cm) % % 

  

to mwt (cm) % % 

 

 

a) Hummock 

 

b) Hollow 

BP 24.5 42.0 0.70 59.7 

 

8.4 40.6 0.52 77.4 

 

22.5 43.6 0.53 81.6 

 

6.4 40.2 0.41 98.7 

 

18.5 44.3 0.37 119.3 

 

2.4 41.7 0.49 84.4 

 

14.5 43.6 0.43 101.5 

 

-1.6 40.6 0.41 99.4 

 

 8.5 44.0 0.49 89.3 

 

-5.6 42.5 0.37 115.5 

 

0.5 44.2 0.73 60.7 

 

-19.6 42.8 0.60 70.9 

 

-11.5 43.9 0.67 65.6 

 

-25.6 43.1 0.79 54.9 

 

-23.5 45.6 0.47 96.1 

 

-33.6 44.1 1.06 41.8 

 

mean 43.9 0.55 84.2 

 

-39.6 44.8 0.76 58.8 

      

mean 42.3 0.60 78.0 

          BM 16.9 37.3 0.37 101.0 

 

13.2 42.6 0.60 71.6 

 

14.9 43.1 0.45 96.7 

 

11.2 42.7 0.53 80.2 

 

10.9 43.0 0.45 95.3 

 

9.2 43.0 0.61 70.4 

 

0.9 42.8 0.45 96.1 

 

5.2 47.7 1.02 46.9 

 

-3.1 58.0 0.75 77.8 

 

1.2 44.2 0.94 47.1 

 

-5.1 43.6 0.62 70.4 

 

-4.8 43.6 0.75 58.1 

 

-9.1 44.8 0.80 55.7 

 

-10.8 44.5 0.72 61.8 

 

-15.1 43.2 0.46 93.6 

 

-16.8 45.0 0.92 49.1 

 

-19.1 43.9 0.67 65.3 

 

-24.8 44.7 0.63 71.5 

 

-25.1 41.3 0.42 99.3 

 

-30.8 42.1 0.45 93.6 

 

-33.1 44.5 0.36 123.1 

 

-34.8 42.2 0.58 72.3 

 

-41.1 43.4 0.36 120.6 

 

 mean 43.8 0.70 65.7 

 

mean 44.1 0.51 91.2 

     
          FL 20.2 44.9 0.44 101.3 

 

7.6 39.5 0.66 60.0 

 

18.2 42.9 0.44 98.6 

 

5.6 42.3 0.80 52.9 

 

14.2 42.4 0.31 136.0 

 

1.6 40.9 0.35 115.9 

 

6.2 43.2 0.38 114.5 

 

-4.4 43.4 0.45 97.5 

 

0.2 42.1 0.24 178.9 

 

-10.4 41.2 0.43 95.2 

 

-3.8 43.4 0.35 122.9 

 

-14.4 43.3 0.44 99.4 

 

-5.8 43.1 0.41 105.4 

 

-24.4 42.5 0.46 91.9 

 

-9.8 42.4 0.45 93.4 

 

-34.4 42.8 0.47 90.6 

 

-21.8 43.3 0.70 62.1 

 

mean 42.0 0.51 87.9 

 

-35.8 44.2 0.89 49.9 

     

 

 mean 43.2 0.46 106.3 

     
          SF 35.5 36.2 0.63 57.4 

 

11.7 42.8 0.91 47.2 

 

33.5 46.4 1.25 37.1 

 

9.7 44.4 1.18 37.5 

 

29.5 44.3 1.19 37.2 

 

7.7 44.7 1.07 41.6 

 

25.5 43.0 1.39 31.0 

 

5.7 45.1 1.37 33.0 

 

19.5 41.0 1.46 28.1 

 

-2.3 34.4 1.45 23.8 

 

9.5 14.0 0.58 24.1 

 

-4.3 23.9 1.13 21.1 

 

 mean 37.5 1.08 35.8 

 

-6.3 22.9 1.08 21.2 

      

mean 43.0 1.37 37.6 

       
 

  mwt: mean water table 



 

116 

 

 

Changes with depth in 
13

C and 
15

N are illustrated in Fig. 5.2; displaying a sequence of 

ever higher isotope ratios with an increasing depth (a positive isotope signal) for each of 

the two elements. Carbon isotope signatures at all sites were ca -28.1 ± 1.4‰ with 

exception of the SF hollow and one lower value in the BP hummock (Fig. 5.2). This 

average value is consistent with previous studies of isotopic signatures in peat (e.g. 

Macko et al., 1991; Wieder and Yavitt, 1994; Broder et al., 2011).   

The subtle but progressive decrease of 
13

C values from the core bottom to the core top 

(4.5‰), indicates the light carbon fractions are steadily removed from the OM, 

resulting in 
13

C enrichment with increasing depth (Hornibrook et al., 2000). However 

these signals can also reflect temporal changes in the composition of original C and N 

sources (Novák et al., 1999), although this is disregarded for the BP, BM and FL due to 

consistent vegetation observations from the botanical composition of Ryggmossen 

conducted 90 years ago (Du Rietz and Nannfeldt, 1925). Historic atmospheric 
13

CO2 

values have shown a progressive decrease from -6.45‰ in 1850 to -8.08‰ in 2002, 

which will have contributed to the decrease observed in the bulk peat, however changes 

are larger in the peat than the changes in the atmospheric 
13

CO2, consistent with 

findings from Esmeijer-Liu et al. (2012). These results indicate that the changing 

atmospheric CO2 
13

C and changing vegetation source alone are not the primary peat 

isotope forcings. 

The 
13

C values were more negative in the SF hollow (-31.1‰) compared to the other 

three hollow sites (-23.3, -26.8 and -25.6‰; BP, BM and FL, respectively). The 
13

C 

values suggest increased degradation with depth and from the bog centre (BP) to bog 

forest margin (BM, SF). However, the correlation between 
13

C and C/N as observed by 

Hornibrook et al. (2000) was not observed in these samples. This is likely due to the 

variable N-input (Table 5.2), a result of either a varying input of N-rich species or 

changing N deposition.  

The 
15

N signatures in the peat cores increased from a low of -7.8‰ in the BP 

hummock to a maximum of +2.2‰ in the SF hollow (Fig. 5.2), consistent with previous 

values for Sphagnum mosses (-8 to +2.5‰) (Nordbakken et al., 2003; Asada et al., 2005; 

Bragazza et al., 2005). Previous studies have also reported an  increasing 
15

N with 

depth; -3‰ to 0‰ within a pristine Sphagnum bog in the Czech Republic (Novák et al., 

1999); and -7.5‰ to 0‰ within a northern Finland bog (Esmeijer-Liu et al., 2012). The  
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consistently high value of 0‰ in the deep peat throughout the literature, could be a 

reflection of pre-anthropogenic N input of ca 0‰ (Bedard-Haughn et al., 2003), with 

the lower 
15

N isotope ratio an indication of N deposition. This increased N deposition 

can occur despite a steady N concentration in Sphagnum mosses. This is due to the N-

filter in Sphagnum mosses, which under typical N deposition rates in northern Europe, 

would remain unsaturated and therefore N concentrations would be determined by 

productivity and not deposition (Lamers et al., 2000; Berendse et al., 2001), however 

this is not always the case as shown by Bragazza et al. (2005).  

As with 
13

C values, 
15

N values can be affected by many processes. The change in 

species composition has been ruled out for all of the sites bar the SF hollow, whilst 

other processes including decomposition, nitrification, denitrification and microbial 

incorporation of N (Esmeijer-Liu et al., 2012), may explain the enrichment of 
15

N in to 

the deeper peat cores. ANOVA showed that the 
15

N values are significantly similar 

across the hummock and hollow cores (p=0.130), however, the 
15

N displayed an 

increase from the bog centre (BP), which will have a tendency to absorb rain water 

depleted in nitrogen, through the FL to the bog-forest margin (BM/SF), which are more 

likely to absorb groundwater which is enriched in nitrogen (Kendall, 1998). The site-

specific enrichment of isotopically light 
15

N with increasing depth may be caused by 

the preferential loss of N during aerobic decomposition (Natelhoffer and Fry, 1988), 

which is further suggested by the increase at the marginal peat sites; BM and SF. 

Natelhoffer and Fry (1988) found that litter inputs decreased 
13

C and 
15

N values, 

whilst decomposition increased 
13

C and 
15

N values, which can largely explain the 

positive isotope signal observed at the cores at Ryggmossen. 

 

5.3.3 Bulk Density and Carbon Storage 

 

The BP, BM and FL cores all show a progressive increase in the bulk density from ca 

0.03 g cm
-3 

up to 0.1 g cm
-3

, consistent with the values cited by Clymo (1992) (0.03 g 

cm
-3 

in the acrotelm and 0.12 g cm
-3 

in the catotelm) (Fig. 5.3). The SF bulk density plot 

displays a clear increase from 0.12 g cm
-3

 to ca 0.4 and ca 0.6 g cm
-3

 in the hummock 

and hollow core respectively (Fig. 5.3; note the different scale used for the SF). This 

increase occurs at 18 cm at the hummock and 14 cm at the  hollow core, corresponding 

to the decrease in TOC, further evidence of a mineral substrate at the SF (Table 5.2).  
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Fig. 5.2: The 
13

C and 
15

N values for (a,c) hummock and (b,d) hollow cores across the BP (filled 

squares), BM (open triangles), FL (closed triangles) and SF (cross) stages. Depths are relative to the 

mean water table, indicated by the solid horizontal line.  
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The carbon storage (t C ha
-1

) of each 2 cm peat core slice increases with increasing 

depth, with the exception of the SF hummock core (Fig. 5.4; again note the different 

scale used for the SF carbon storage). This increase is a direct result of the increasing 

bulk density down core, i.e. an increasing compaction down core (Novák et al., 1999), 

as shown in Fig. 5.3. At the SF, there is evidence of a mineral subsoil, hence we expect 

the carbon storage to be limited, as observed in the hummock core. However due to the 

relatively high TOC for mineral soils (24.6%) coupled with the elevated bulk density, 

the SF hollow displays a large carbon storage particularly in the deep seasonally 

saturated mineral soil. These results indicate that the mineral-fed marginal peats that are 

saturated for at least part of the year may have the highest capacity for carbon storage.  

The average carbon storage across Ryggmossen bog can be calculated at 3.4 t C ha
-1

 per 

centimetre thickness, however this value includes the mineral SF cores. Excluding the 

SF mineral core section, the average declines to 2.79 t C ha
-1

 per cm. The carbon 

storage of the hollow cores exceeds that of the hummock cores at all four habitats, 

which can be attributed to the elevated bulk densities within the hollow cores (Fig. 5.4). 

Swedish peats cover an area of 4.7 x 10
4
 km

2
 and have an average depth of 1.1 m 

(Eriksson, 1991; Gorham, 1991). Coupled with the calculated average TOC of 52.5%, 

and bulk density of 0.09 g cm
3 
across Swedish peats (Eriksson, 1991), the average 

carbon storage per centimetre thickness of Swedish peats can be calculated as 4.86 t C 

ha
-1
, consistent with Cannell’s estimation for British peats; 4.7 t C ha

-1
(Cannell et al., 

1993). 

However, these carbon storage values are somewhat higher than those calculated from 

Ryggmossen, this could be due to the average taken over a short core depth of up to    

60 cm, whereas the Swedish average is taken over 1.1 m, and the British average is 

taken over 2.43 m, whereby further increases in bulk density are expected, thereby 

producing a high carbon storage. 
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Fig. 5.3: Depth profiles of bulk density (g cm
-3

) values for the (a) BP, (b) BM, (c) FL and (d) SF 

stages across the hummock (filled circles) and hollow cores (open squares). Depths are relative to 

the mean water table, indicated by the solid horizontal line. Note the different scale used for the SF. 
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Fig. 5.4: The OC values (t C ha
-1

) for the (a) BP, (b) BM, (c) FL and (d) SF stages across the 

hummock (filled circles) and hollow cores (open squares). Depths are relative to the mean water 

table, indicated by the solid horizontal line. Note the different scale used for the SF. 
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5.3.4 Carbohydrates 

 

The total carbohydrate yield (TCHO; mg/100 mg OC) for the eight peat cores was 

calculated (Fig. 5.5) using the quantities of eight neutral monosaccharides; arabinose, 

rhamnose, ribose, xylose, fucose, mannose, galactose and glucose (Fig. 5.6). The TCHO 

was highest in the BP hollow core, increasing from 107.3 mg/100 mg OC at the surface 

to 114.4 mg/100 mg OC at the base of the core. The SF hollow and hummock cores 

displayed the lowest carbohydrate yields, decreasing from 71.9 to 13.7 mg/100 mg OC 

and from 85.4 to 35.5 mg/100 mg OC in the hollow and hummock cores, respectively. 

This could be a direct result of the increased degradation at the SF reflected in the low 

C/N ratio at the SF cores (Section 5.3.2). The remaining profiles displayed a TCHO 

yield ranging between 61.2 and 111.9 mg/100 mg OC (Fig. 5.5). ANOVA revealed a 

gradient of decreasing carbohydrate yield from the bog centre out to the bog-forest 

margin (BP=FL>BM>SF) (p<0.001). 

These relatively high yields of carbohydrates down core are consistent with previous 

studies of carbohydrates in peats (e.g. Comont et al., 2006). Recent research has 

suggested the cell-wall polysaccharides abundant in Sphagnum mosses have a major 

role in the resistance to decay of Sphagnum mosses (Hájek et al., 2011), however 

Verhoeven and Liefveld (1997) have suggested that the sphagnum acid inhibits the 

microbial decomposition of the cell wall polysaccharides. Although it is uncertain 

which process is occurring to resist the degradation of Sphagnum mosses, both theories 

contradict the paradigm of the rapid consumption of carbohydrates in peats (e.g. 

Pancost  et al., 2002).  

Glucose displayed the largest yield of the eight sugars throughout the eight cores, 

accounting for up to 70% of the TCHO (Fig. 5.6). The proportion of glucose in the BP, 

BM and FL cores relative to the other sugars increases with depth. However the SF 

shows a decrease in TCHO, at the expense of primarily glucose (Fig. 5.6). As reported 

in Chapter 4 (Section 4.3.3), the Sphagnum mosses analysed with TMAH were found to 

contain significant quantities of cellulose derived products (products 1-4 and 1,2,4-

TMB). Cellulose is derived from glucose units, therefore the increasing proportion of 

glucose with depth suggests the stabilisation of Sphagnum derived sugars (i.e. glucose 

units) (Section 5.3.6).   
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Fig. 5.5: The TCHO (mg/100 mg OC) values for (a) hummock and (b) hollow cores across BP 

(closed squares), BM (open triangles), FL (closed triangles) and SF (cross) stages. Depths are 

relative to the mean water table, indicated by the solid horizontal line.  

 

The BP has a significantly higher yield of glucose compared to the BM and SF 

(p<0.001), indicating glucose is the chief monosaccharide affecting the gradient of 

decreasing TCHO from the bog centre out to the bog-forest margin (Fig. 5.6), consistent 

with the decrease of cellulose rich Sphagnum mosses. 

Galactose, the second most abundant sugar within these peat cores (5.8-18.1%), shows a 

gradual decrease in both weight and proportion relative to TCHO down the profiles, 

with the exception of the FL hollow where the yield remains constant.  As for galactose, 

the concentration of mannose is higher in the acrotelm and lower in the mesotelm. In 

the catotelm of the hollow cores of the BP and BM, the yield of rhamnose, mannose, 

galactose and glucose increases. The same sugars remain constant in the FL catotelm, 

and decrease in the SF hollow. The sum of these sugars (Gal+Man+Rha) are 

significantly higher in the BP, BM and FL compared to the SF (p<0.001), confirming 

these sugars as indicators of moss (Comont et al., 2006).  
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The SF hummock core displays a high yield of mannose at the surface, however this is 

reduced below the surface, reflecting the presence of Polytrichum moss at the surface of 

this site (Table 5.1; Fig. 5.6) (Comont et al., 2006). The contribution of arabinose and to 

a lesser degree fucose to the total carbohydrate yield in the SF is elevated in comparison 

to the other three sites. The SF cores display a decrease in the yield of the aldopentoses 

(arabinose, xylose, fucose) at 16-18 cm depth, although the relative input of these 

sugars to the total carbohydrate yield increases. The decrease of arabinose and fucose 

with depth in the BP, BM and FL, is occurring at a faster rate than the other sugars, 

indicating the selective preservation of the moss monosaccharides. 

The proportion of xylose increases down the profile of the BP and BM hummock cores, 

but decreases in the catotelm of the hollow cores (Fig. 5.6). These aldopentoses are 

considered sedge indicators (Comont et al., 2006). Assuming that the litter input to the 

peat has remained relatively constant over the course of humification (Du Rietz and 

Nannfeldt, 1925), these results indicate that in the anoxic zone of the peat core, the 

sedge litter is preferentially degraded over the moss litter, despite smaller quantities of 

sedge sugars.  

The profiles of the four sites display a relatively stable carbohydrate yield, reflecting the 

high preservation of these biopolymers. The peatland gradient shows a decrease of 

TCHO from the BP to the SF, confirming the large abundance and preservation of 

carbohydrates in peatlands (Comont et al., 2006). 
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Fig. 5.6: Depth distribution of individual carbohydrate concentrations (ara, rha, rib, xyl, fuc, man, gal and glu) within the hummock core (black line) or hollow (grey line) 

within the BP and BM peat cores, released after H2SO4 hydrolysis. Depths are relative to the mean water table, indicated by the solid horizontal line. 
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Fig. 5.6.CONT: Depth distribution of individual carbohydrate concentrations (ara, rha, rib, xyl, fuc, man, gal and glu) within the hummock core (black line) or hollow (grey 

line) within the FL and SF peat cores, released after H2SO4 hydrolysis. Depths are relative to the mean water table, indicated by the solid horizontal line. 
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5.3.5  THM in the Presence of TMAH 

 

The TMAH thermochemolysis products in the surficial peat (0-2 cm; Fig. 5.7a) in the 

BP hollow core included the sphagnum acid pyrolysis products: I, IIa and b, and III 

together with a range of methylated phenolic and other oxygenated aromatic products as 

listed in Table 5.3. The most abundant of the non-Sphagnum components included the 

p-hydroxyl phenols; methoxybenzene (P1), methoxytoluene (P2), 1-ethyl-4-methoxy- 

benzene, and 1-ethenyl-4-methoxybenzene (P3). There were also smaller amounts of 

other vascular plant-derived phenols produced during the thermochemolysis of the peat 

cores, including the methylated guaiacyl lignin phenols; 3,4-dimethoxybenzaldehyde 

(G4) and 3,4-dimethoxybenzoic acid methyl ester (G6) and the cinnamyl lignin phenols; 

p-coumaric acid (P18) and ferulic acid (G18). However, these phenols were not derived 

solely from undegraded lignin (e.g. Filley et al., 2006; Mason et al., 2009) given that the 

thermochemolysis of S. fallax capitula with 
13

C-labelled TMAH revealed that only 13.7, 

22.0 and 19.2% (± 2.7, 2.3 and 1.6%, respectively, n = 4) of G4, G5 and G6, 

respectively are sourced from methoxylated phenolic sub-units (Chapter 4, Section 

4.3.3).  

Fig. 5.7b shows that the THM products; I-III persisted into the deepest horizon (48-50 

cm) sampled from the same BP core. Similar product distributions were also observed 

during the TMAH thermochemolysis of the peat horizons sampled in the BM and FL 

stages. Therefore these Sphagnum bioindicators (I, IIa/b, and III) are relatively stable 

under both oxic and anoxic conditions where the integrity of the Sphagnum plants is 

being gradually lost with increasing burial.  

THM in the presence of TMAH of the surficial horizon (0-2 cm) in the SF hollow core 

yielded smaller amounts of the sphagnum acid phenols (I, IIa/b, III) relative to the 

lignin phenols (Fig. 5.8a). From field observations, it is known that pine trees (Pinus 

sylvestris) cover the SF site which will contribute to the surface litter via leaf litter. The 

presence of gymnosperms at the SF hollow site is reflected in the high abundance of 

methylated guaiacyl phenols; 3,4-dimethoxybenzaldehyde (G4), 3,4-dimethoxy-

acetophenone (G5), 3,4-dimethoxybenzoic acid methyl ester (G6), (E/Z)- 1-(3,4-

dimethoxyphenyl)-2-methoxyethylene (G8), 3,4-dimethoxybenzeneacetic acid methyl 

ester (G24), and threo/erythro 1-(3,4-dimethoxyphenyl)-1,2,3-trimethoxypropane 

(G14/15). 
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Table 5.3: The main thermochemolysis products 

Peak Label Compound 

P1 methoxybenzene 

P2 4-methoxytoluene 

G1 1,2-dimethoxybenzene 

P3 4-methoxybenzeneethylene 

1 cellulose derivative 

2 cellulose derivative 

3 cellulose derivative 

G2 3,4-dimethoxytoluene 

I 4-isopropenylphenol  

4 cellulose derivative 

P4  4-methoxybenzaldehyde 

P5 4-methoxyacetophenone 

G3 3,4-dimethoxybenzeneethylene 

1,2,4-TMB 1,2,4-trimethoxybenzene 

P6 4-methoxybenzoic acid methyl ester 

1,3,5-TMB 1,3,5-trimethoxybenzene 

P24 4-methoxybenzene acetic acid methyl ester 

G4 3,4-dimethoxybenzaldehyde 

G5 3,4-dimethoxyacetophenone 

G6 3,4-dimethoxybenzoic acid methyl ester 

S4 3,4,5-trimethoxybenzaldehyde 

IIa (E/Z)- 3-(4’hydroxyphen-1-yl)-but-2-enoic acid methyl ester 

III 3-(4’hydroxyphen-1-yl)-but-3-enoic acid methyl ester 

G24 3,4-dimethoxybenzeneacetic acid methyl ester 

G8 (E)- 1-(3,4-dimethoxyphenyl)-2-methoxyethylene 

G10 (Z)- 1-(3,4-dimethoxyphenyl)-methoxyprop-1-ene 

P18 (E)- 3-(4-methoxyphenyl)-3-propenoic acid methyl ester 

S5 3,4,5-trimethoxyacetophenone 

G24 3,4-dimethoxybenzene acetic acid methyl ester 

G12 3,4-dimethoxybenzenepropanoic acid methyl ester 

G11 (E)- 1-(3,4-dimethoxyphenyl)-methoxyprop-1-ene  

5 cellulose derivative 

IIb (E/Z)- 3-(4’hydroxyphen-1-yl)-but-2-enoic acid methyl ester 

S6 3,4,5-trimethoxybenzoic acid methyl ester 

S7 (Z)- 1-(3,4,5-trimethoxyphenyl)-2-methoxyethylene 

S8 (E)- 1-(3,4,5-trimethoxyphenyl)-2-methoxyethylene 

G14 threo/erythro 1-(3,4-dimethoxyphenyl)-1,2,3-trimethoxypropane 

G15 threo/erythro 1-(3,4-dimethoxyphenyl)-1,2,3-trimethoxypropane 

G18 (E)- 3-(3,4-dimethoxyphenyl)-3-propenoic acid methyl ester 

S14 threo/erythro 1-(3,4,5-trimethoxyphenyl)-1,2,3-trimethoxybenzene 

FA C16 fatty acid methyl ester 

S15 threo/erythro 1-(3,4,5-trimethoxyphenyl)-1,2,3-trimethoxybenzene 

IS 5α-androstane 
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Fig. 5.7: Partial chromatogram for the total ion current (TIC) of the thermochemolysis products from 

the BP hollow core at the depth interval (a) 0-2 cm and (b) 48-50 cm. I, IIa, IIb and III correspond 

to structures in Fig. 4.2 (Chapter 4). Peak identities and symbols are listed in Table 5.3. 
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Fig. 5.8: Partial chromatogram for the total ion current (TIC) of the thermochemolysis products from 

the SF (a) hollow and (b) hummock cores at the depth interval 0-2 cm. Peak identities and symbols 

are listed in Table 5.3.  
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The presence of gymnosperms can also be observed at the  SF hummock site, displaying  

a high abundance of methylated guaiacyl phenols; 3,4-dimethoxytoluene (G2), 3,4-

dimethoxybenzeneethylene (G3), 3,4-dimethoxybenzaldehyde (G4), 3,4-dimethoxy-

acetophenone (G5), 3,4-dimethoxybenzoic acid methyl ester (G6), (E/Z)- 1-(3,4-

dimethoxyphenyl)-2-methoxyethylene (G8), (E/Z)- 1-(3,4-dimethoxyphenyl)-

methoxyprop-1-ene (G10/11), 3,4-dimethoxybenzeneacetic acid methyl ester (G24), 

threo/erythro 1-(3,4-dimethoxyphenyl)-1,2,3-trimethoxypropane (G14/15), and 3-(3,4-

dimethoxyphenyl)-propanoic acid methyl ester (G12) (Fig. 5.8b). The later of these 

compounds; G12, has been shown to be a dominant product in the THM of Polytrichum 

commune litter (Chapter 4, Section 4.3.4). From Table 5.1, it is clear that P. commune is 

the dominant species in the surface vegetation at this site. The relatively high abundance 

of lignin phenols indicates the additional input of pine tree litter to the SF floor, whilst 

the absence of compounds I-III indicates the complete absence of Sphagnum mosses. 

 

5.3.6 Characterisation of Peat Archives 

 

As discussed in Chapter 4, McClymont et al. (2011) proposed a biomarker proxy using 

4-isopropenyl phenol (I) from the flash pyrolysis products of peat litter, which can be 

used as a rapid tool to reconstruct past peatland vegetation (Section 4.3.5). However, 

results from Chapter 4 revealed the formation of four sphagnum acid THM products, 

with their relative abundances potentially providing information on the oxic conditions 

of the peat. Therefore, the proxy provided by McClymont et al. (2011) may provide 

limited information compared to proxies that encompass all four sphagnum acid THM 

products (Chapter 4, Section 4.3.3). 

Fig. 5.9 displays the yield of I and the Sphagnum proxy, I% as proposed by McClymont 

et al. (2011) (a ratio between 4-isopropenylphenol and two lignin derivatives 2-

methoxyphenol and 2,6-methoxyphenol) for each of the eight peat cores. Although the 

presence of methoxybenzyl alcohol methyl ether products have been identified in the 

THM products of wheat straw (Robertson, 2008), these methylated alcohols are not 

present in the peat cores. Therefore the ratio has been modified to allow for differences 

occurring between pyrolysis and thermochemolysis products: using G4, G5 and G6, and 

S4, S5 and S6 as opposed to 2-methoxyphenol and 2,6-dimethoxyphenol.  
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The profiles of 4-isopropenyl phenol yield (I) and I% for BP, BM and FL cores showed 

broadly similar patterns in relation to water-table dynamics (Fig. 5.9; interannual water 

fluctuations denoted by the dashed and dotted lines for the hollow and hummock cores, 

respectively). In all cases, I decreased from the surface through the unsaturated and 

seasonally-saturated layers, reaching a minimum near the transition to permanently-

saturated peat, with the exception of the SF, where the presence of Sphagnum is low. 

This decrease was most pronounced in the BP hummock core (decreasing from 0.66 ± 

0.05 to 0.14 ± 0.02 mg/100 mg OC), with the decrease in this core occurring above the 

mean water table. In cores that extended deep enough, I tended to increase through the 

permanently-saturated layer. The proxy I% profiles largely corroborated these depth-

dependent changes, although the profiles were more noisy than for I. The depth profile 

of the I% values for the FL stage however, differed from those in the BP and BM stages 

in that it oscillated between ca 55 and 92% down both hummock and hollow cores and 

did not exhibit the deep minima in the I% depth functions. 

For the SF stage, the I and I% profiles (Figs. 5.9d) were different to those of the BP, 

BM and FL stages. The entire lengths of the SF cores were unsaturated for at least part 

of the year, because the summer water tables fell into the underlying mineral substrate 

(Fig. 5.1). The increased abundance of vascular plant phenols () in the SF hummock 

(Fig. 5.10) relative to the other stages indicates the dominance of non-Sphagnum inputs. 

There were small amounts of I in the hummock core, the maximum yield being 0.040 ± 

0.002 mg/100 mg OC, considerably lower than the yields observed in the BP, BM and 

FL stages, corresponding to the low Sphagnum cover (<6%) observed from the 

vegetation survey at the SF hummock site (Table 5.1). The surficial layer in the hollow 

core had greater amounts of I than the hummock horizons, owing to the differing 

ground vegetation at each of these sites (Table 5.1): S. angustifolium had a 95% 

coverage in the SF hollow whereas the hummock was dominated by a non-Sphagnum 

moss namely that of P. commune. There was a dramatic decrease in I in the hollow core 

from 0.03 ± 0.003 at the base of the unsaturated layer to 0.002 ± 0.001 mg/100 mg OC 

just below the mean water table (Fig. 5.9d), suggesting a previous non-Sphagnum 

vegetation cover. The changes in I were mirrored in the I% profile shown in Fig. 5.9. 

The SF cores yielded largely dissimilar pyrolysis products to the previously mentioned 

cores, owing to the increased abundance of guaiacyl lignin phenols and a significantly 

reduced abundance of I (p<0.005) (Fig. 5.8). 



133 

 

      

 

Fig. 5.9: Depth profiles of I (mg/100 mg OC), I%, σ (mg/100 mg OC) and SR% for cores from the 

hummock (filled squares) or hollow (open squares) from (a) BP, (b) BM) (c) FL and (d) SF stages. 

Error bars represent the standard error from two analytical replicates. *Mean water table indicated by the solid 

horizontal line, interannual water fluctuations denoted by the dashed/dotted lines for the hollow/hummock cores, respectively.  
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The profiles of Sphagnum yield (σ) and Sphagnum ratio (SR%) showed broadly similar 

patterns in relation to I and I % (Figs. 5.9, showing σ and SR% plotted as a function of 

depth), however the error bars are decreased when using all four biomarkers.  

As with I, σ in the BP and BM decreased from 2.11 ± 0.07 mg/100 mg OC at the 

surface through the unsaturated and seasonally-saturated layers, reaching a minimum of 

0.57 ± 0.01 mg/100 mg OC near the transition to permanently-saturated peat, however 

unlike I, the Sphagnum phenols showed no accumulation in the permanently-saturated 

peat. The BP hummock core displayed a progressive decrease of SR% with depth, from 

91.2% at the peat surface to 28.9% at the core base (50 cm below surface). The BP 

hollow core and the two BM cores displayed a more stable SR%, decreasing from ~85% 

at the surface to 40-60% in the seasonally-saturated peat, before increasing to 85% at 

the base of the peat core (50 cm below surface). 

As with I%, the associated SR% values in the FL stage oscillated between 64 and 92%. 

This contrasts with the four BP and BM profiles where SR% passed through a minimum 

at the mean water table (55.5 ± 0.28%), although the SR% recovered to 81.5 ± 2.1% at 

the base of the BP hollow and both BM peat cores. The BP hummock core displayed a 

continuous decrease in the SR% to 26.9%. Although these observations suggest that not 

all the peatland habitats will respond in a similar way to climate-induced changes 

(Jassey et al., 2011), they reveal the sensitivity of Sphagnum peat to fluctuations in the 

water-table that could be caused by a changing climate. 

The SF hollow σ decreases from 0.14 mg/100 mg OC at the surface to 0.03 mg/100 mg 

OC above the mean water table, below the mean water table σ decreases to 0, indicating 

the recent introduction of S. angustifolium at the predominantly vascular site. Within the 

SF hummock, the σ is zero at the surface, as illustrated in Fig. 5.8b, but increases to 

0.04 mg/100 mg OC within the acrotelm. These low yields of the Sphagnum biomarkers 

are reflected in the SR%. The SF hollow SR% decreases from 19.8% at the surface to 

3.6% above the mean water table, below the mean water table the SR decreases further 

to 0. Within the SF hummock, the SR% is zero at the surface, but increases to 7.4% 

within the acrotelm.  Literature has described Sphagnum as a paludifier, due to its 

ability to expand from the bog centre into surrounding forest (Heinselman, 1970). This 

process appears to be occurring within the SF hollow core, whereby THM products and 

yields indicate the relatively recent introduction of Sphagnum mosses to this site. The 

input of Sphagnum phenols relative to vascular phenols increased on average 21% from 

the I% proxy to the SR% proxy at the four stages, with the SR% providing a more  
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accurate indication of the plant input due to the use of all available lignin and Sphagnum 

markers.  

The yield of carbohydrates (TCHO) (Section 5.3.4) display a positive correlation with 

the Sphagnum yield (σ) (Pearsons correlation = 0.546; p<0.001). These results indicate 

that both carbohydrates and sphagnum acid products have roles in the decay resistance 

of Sphagnum peat. Whereby the cellulose products can only be degraded once the 

sphagnum acid has been degraded, thereby removing the mask protecting the 

carbohydrates (Verhoeven and Liefveld, 1997).  

The summed amounts of lignin phenols () in the BM, LF and SF cores (Fig. 5.10) 

remains relatively constant down the profile; 0.41, 0.30, and 0.68 mg/100 mg OC, 

respectively. However in the BP hummock core,  shows an initial increase from 0.25 

to 0.38 mg/100 mg OC before decreasing slightly in the mesotelm, whilst the hollow 

core oscillates around a mean  of 0.43 mg/100 mg OC. These values are relatively 

consistent both across the bog and down the cores, which could be due to the low lignin 

concentration that has been shown to limit lignin degradation (Berg and Staaf, 1980), 

and therefore it is the Sphagnum yield that is dominating and thus controlling the SR%. 

The [Ad/Al]G ratio can serve as a proxy for the oxidative stress experienced by the 

vascular phenols within the peat (Fig. 5.10). Within all four stages [Ad/Al]G increases 

down core from the peat surface to the base of the acrotelm. The ratio then decreases 

with further burial in the mesotelm and catotelm of the BP, BM and FL stages (Fig. 

5.10a-c). A different type of profile is observed for the soil horizons underlying the 

boreal forest surrounding the mire (SF).  Here there is a continuous down core increase 

in the lignin oxidation proxy [Ad/Al]G for both the hummock and the hollow (Fig. 

5.10d). The Mann Whitney test shows that the BM and SF have significantly higher 

[Ad/Al]G ratios with respect to the BP and LF cores (p<0.005), indicating that from the 

bog-forest margin (BM/SF) to the bog centre and fen lagg (BP/LF), the oxidative stress 

decreases, limiting the degree of decomposition occurring at these two sites. The use of 

unlabelled TMAH for the THM analysis of the peat core samples means that the lignin 

phenols are uncorrected for non-lignin phenols, therefore  displays the total vascular 

phenol yield, as opposed to the lignin phenol yield.  
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Fig. 5.10: Depth profiles of  (mg/100 mg OC) and [Ad/Al]G for cores from either hummock (filled 

squares) or hollow (open squares) from the (a) BP, (b) BM, (c) FL and (d) SF stages. Error bars 

represent the standard error from two analytical replicates.  

*Mean water table indicated by the solid horizontal line, interannual water fluctuations denoted by the dashed/dotted lines for the 

hollow/hummock cores, respectively. 

 

Furthermore, the [Ad/Al]G values may underestimate the state of oxidation, as the 

degree of fractionation of the phenols, and input of non-lignin phenols has not been 

taken into account (Chapter 4, Section 4.3.6). However, the input of non-lignin phenols 

and the subsequent degree of underestimation should be consistent down core, therefore 

the trends can still be assessed. 

The yield of each of the four Sphagnum marker compounds I, IIa/b and III (σ I, σ IIa/b 

and σ III) are shown in Fig. 5.11. Trends were similar to the σ depth profiles in the 

unsaturated and seasonally-saturated layers, with the four sphagnum acid products 

decreasing simultaneously. However in the cores that extended deep enough, the 

amount of I tended to increase through the permanently-saturated layer, whilst the yield 

of IIa/b and III remained relatively constant below the mean water table. 
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Fig. 5.11: Depth profiles of individual σ component yields; I, IIa, III, IIb (mg/100 mg OC) from 

either hummock (filled squares) or hollow (open squares) from the (a) BP, (b) BM, (c) FL and (d) SF 

stages. Error bars represent SE from two analytical replicates. *Mean water table indicated by the solid 

horizontal line, interannual water fluctuations denoted by the dashed/dotted lines for the hollow/hummock cores, respectively.    
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Fig. 5.12: Depth profiles of individual σ components relative to total σ (%) from either hummock 

(filled squares) or hollow (open squares) from the (a) BP, (b) BM, (c) FL and (d) SF stages. Error 

bars represent the standard error from two analytical replicates. *Mean water table indicated by the solid 

horizontal line, interannual water fluctuations denoted by the dashed/dotted lines for the hollow/hummock cores, respectively. 
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For the SF stage, there were small amounts of I and IIb in the hummock core (< 0.04 ± 

0.01 mg/100 mg OC), however IIa and III were not present, corresponding to the low 

Sphagnum cover (< 6%) observed at the site. The surficial layer in the hollow core 

contained IIa and III, and had greater amounts of I and IIb than the hummock core, 

owing to the increased Sphagnum vegetation cover at this site. There was a dramatic 

decrease in the total Sphagnum yield in the hollow core from 0.14 ± 0.14 at the base of 

the unsaturated layer to 0.02 ± 0.009 mg/100 mg OC just below the mean water table. 

The proportion of each of the four Sphagnum marker compounds to the total Sphagnum 

yield was calculated to determine the specific degradation profiles of the four sphagnum 

acid thermochemolysis products across the peat. Where:       
  

 
                

      x 100;    %=      x 100;and     %=      x 100 (Fig. 5.12).             

As for the σI, σIIa/b and σIII amount-depth profiles for the BP, BM and FL cores, the 

percent of I, IIa/b and III relative to total Sphagnum yield showed similar patterns in 

relation to water table fluctuations (Fig. 5.12a-c).  

Compounds I and IIb are the dominant Sphagnum markers, contributing an average 

80.5 ± 0.7% of total Sphagnum yield across the four bog stages. In the BP, BM and FL, 

the contribution of I to the total Sphagnum yield remained constant in the unsaturated 

and seasonally-saturated peat (30.7 ± 1.2%), increasing to 46.7 ± 2.1% in the 

permanently-saturated peat. The percent of IIa/b and III also remain stable in the 

unsaturated peat, however display a decrease in the seasonally-saturated and 

permanently-saturated peat. For the SF stage, the %σ(I, IIa/b and III) depth profiles (Fig. 

5.12d) were markedly different to those of the BP, BM and FL stages. The hummock 

core displays a rapid increase in the proportion of I at the expense of IIb, however 

individual yields of these products are very small, and therefore lead to rather high 

standard errors. The SF hollow core displayed an increase in %σIIb above the mean 

water table, however once below, the proportion of I increases at the expense of IIb.  

Within the unsaturated peat the yield of I, IIa/b and III decrease simultaneously in the 

oxic peat (Fig. 5.11). With further increase in burial depth to the seasonally-saturated 

layer, total Sphagnum yield remains stable, as %σI increases relative to %σ(IIa/b and III), 

indicating additional decarboxylation of II and III. In the cores that extend into the 

permanently saturated peat, the yield of I increases, as %σI continues to increases  
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relative to %σ(IIa/b and III) (Figs. 5.9 and 5.12). It appears that at the peat surface where 

the Sphagnum litter is relatively fresh, I is present in the thermochemolysate due to the 

in situ decarboxylation of sphagnum acid brought on by TMAH, and accounts for 

approximately 31% of the Sphagnum yield (van der Heijden et al., 1997). Throughout 

the unsaturated peat, the sphagnum acid is degraded resulting in a consistent proportion 

of the four products. However with increasing depth the yield of I increases relative to 

IIa/b and III. As previously established by van der Heijden et al. (1997), II and III are 

stabilised via transesterification processes, preventing the further formation of I beyond 

that observed via the decarboxylation of the sphagnum acid (van der Heijden et al., 

1997).Therefore the increase in the yield of I relative to II and III at depth suggests 

further decarboxylation of sphagnum acid within the peat (Fig. 5.12). The increase 

occurs at the bottom seasonally-saturated peat, and into the permanently-saturated peat, 

and occurs alongside a stabilisation in the total Sphagnum yield, suggesting that I 

remains stable within the anoxic zone of peat. 

Due to the ultrasonic extraction procedure prior to thermochemolysis, the products 

released from the peat samples are representative of the bound products only. Therefore 

these results suggest that the sphagnum acid which is ether linked to the cell wall is 

decarboxylated prior to TMAH analysis, probably by microbial activity in the anoxic 

peat. It is hypothesised that the decarboxylated product of sphagnum acid (i.e. 

isopropenyl phenol) remains bound into the polymer via the original ether bonds (van 

der Heijden et al., 1997), and therefore remains present after solvent extraction. 

However, the activity of the major biodegradative hydrolyase enzymes are known to be 

suppressed in peatlands (Kang and Freeman, 1999). The sphagnum acid may also 

include ester links on the carboxylic acid functional groups, however this would not 

lend itself to the increase of isopropenyl phenol during degradation. These results 

clearly indicate that further research into the mechanisms involved during sphagnum 

acid decarboxylation, and the linkages involved within sphagnum acid is required. 

The loss of sphagnum acid occurs primarily in the aerated and seasonally aerated peat, 

whilst deeper saturated peat displays the stabilisation of sphagnum acid primarily as I, 

where anoxic decomposition occurs about 50 times slower than aerobic decomposition 

(Clymo, 1983). If drawdown of the water table were to occur in any of these stages, 

previously stabilised Sphagnum phenols may become susceptible to degradation. The 

breakdown of phenols more than likely results from the stimulation of phenol oxidase  
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activity, which intensifies during drought conditions (Fenner and Freeman, 2011). The 

removal of sphagnum acid during water table drawdown may explain why rates of 

decomposition in peatlands are highest in the seasonally saturated layer (Belyea, 1996).  

Furthermore, Schouwenaars (1988) showed that the aeration and subsequent 

decomposition of Sphagnum peat after drainage irreversibly increased the permeability 

of peat, which made the peat substrate unsuitable for the re-growth of Sphagnum. 

If climate change leads to intensification of the hydrological cycle with more frequent 

and more extreme drying and rewetting, previously stabilised peat may become subject 

to rapid decomposition (Fenner and Freeman, 2011). Projected increases in 

evapotranspiration are likely to lead to drier summers in continental regions (IPCC, 

2007), including those with large expanses of peatland. As a consequence of such 

climatic change, lawns and hummocks may expand laterally and thicken vertically, 

becoming drier; conversely, hollows may shrink in lateral extent but deepen, becoming 

wetter (Belyea, 2009). At the peatland-forest ecotone, local topography and 

successional history may determine whether projected climate change will lead to 

expansion or shrinkage of the peatland extent (Peregon et al., 2007). This further 

supports the view that although peatlands are adaptive systems they may be shifting to 

new states at higher levels of disturbance (Dise, 2009). 

 

5.4              Conclusions 

 

Consistent vegetation cover since 1925 has shown that the depth-dependent changes in 

phenolic composition of the cores can be primarily attributed to diagenetic changes, 

except perhaps in the SF hollow core, where the rapid decrease in Sphagnum phenols 

below the mean water table coupled with a high TON, reflects a vegetation change. 

Therefore the decomposition of OM in the surficial peat appears to be isotopically 

selective process for carbon, with the preferential release of lighter molecules resulting 

in the enrichment of more positive isotope shifts in the residual solid peat matrix. 

The BP, BM and FL cores all show a progressive increase in the bulk density from the 

acrotelm into the catotelm consistent with the values cited by Clymo (1992), which 

subsequently leads to the progressively increasing carbon storage with depth. The SF 

hollow displays a large carbon storage particularly in the deep mineral soil, indicating 

that the mineral-fed marginal peats undergoing paludification may have the highest  
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capacity for carbon storage due to the high bulk density combined with the relatively 

high TOC for mineral soil. 

The peat cores revealed large quantities of carbohydrates, indicating a relatively slow 

degradation of these compounds, with the carbohydrate yield decreasing from the bog 

centre to the bog-forest margin. The dominant monosaccharide, glucose, reflected the 

large cellulose content in Sphagnum mosses. Individual sugar profiles confirmed 

vegetation source; with high levels of the aldopentoses (specifically arabinose and 

fucose) in the SF indicative of sedges, and high levels of galactose, mannose and 

rhamnose in the BP, BM and FL indicative of mosses. These moss indicators increased 

in the catotelm of the BP, BM and FL, whereas sedge indicators showed decreases in 

the catotelm, indicating the selective preservation of the moss monosaccharides in the 

anoxic zone. Within the acrotelm of the BP, BM and FL cores, Sphagnum phenols are 

lost then become stabilised in the catotelm. The carbohydrates however remain 

relatively stable down core. From these results we can infer that the cell-wall 

carbohydrates of the Sphagnum mosses are the primary microbial inhibitors resulting in 

a high decay resistance regardless of the oxic conditions, whereas Sphagnum phenols 

only become resistant to degradation in the anoxic conditions. 

The individual sphagnum acid biomarkers; I, IIa/b, III persist into the peat archives and 

provide information on the extent of the oxic conditions of a site. The SR% across the 

BP, BM and FL stages in the Ryggmossen bog indicates that Sphagnum phenols are 

oxidised preferentially over vascular plant phenols in the acrotelm and mesotelm, with 

all four sphagnum acid THM products decreasing simultaneously. The stabilisation of 

Sphagnum-derived phenols relative to other phenols occurs within the permanently 

saturated layer, however the distribution of the four sphagnum acid THM products has 

shifted, so that I accounts for a larger proportion of the Sphagnum yield. The increase of 

I relative to IIa/b and III, indicates the additional decarboxylation beyond that caused 

by thermochemolysis. Therefore these four products could potentially be used as a 

proxy for the degree of oxidation in peatlands, and provide direct information on the 

degradation of Sphagnum mosses in peat. Further work could utilise deeper cores to 

establish whether sphagnum acid is completely decarboxylated with increasing depth. 

The new biomarkers and indices reported here provide tools for tracking the input, 

accumulation and degradation of Sphagnum phenols in peat profiles. From these results 

we can infer that the water table dynamics play an important role in the degradation of  
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Sphagnum phenols, with the seasonally and permanently saturated layers favouring the 

stability and accumulation of Sphagnum phenols. However when exposed to oxic 

conditions above the mean water table, the Sphagnum markers are rapidly lost. This 

suggests that sphagnum acid is stripped away from the bryophyte cell walls under oxic 

conditions such that any rewetting of the peat could potentially lead to anaerobic 

hydrolysis and fermentation of the newly exposed carbohydrates thereby further 

increasing the vulnerability of the peat to further decomposition whereas Sphagnum 

phenols will be preferentially stabilized in peatlands shifting to a wetter regime. These 

results highlight the sensitivity of Sphagnum litter and peat exposed to oxic conditions, 

which would be affected by a lowered water table brought on by climate change. 

Further studies on peat profiles from different climate regions, as well as mechanistic 

studies on processes of Sphagnum phenol degradation, are required. 
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Chapter 6: 

The Edge Effect of a Sitka Spruce Plantation on the Carbon Storage 

and Phenolic Distribution in an Adjacent Peatland 
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6 The Edge Effect of a Sitka Spruce Plantation on the Carbon 

Storage and Phenolic Distribution in an Adjacent Peatland 

6.1 Introduction 

 

Peatland soils are by definition, soils with more than 40 cm organic material, or more 

than 30 cm if directly overlying bedrock, and lacking overlying non-humose mineral 

horizons extending below 30 cm (Avery, 1980). The high carbon storage of peatlands 

(547 Gt OC) makes them very valuable habitats (Yu et al., 2010), however the rates of 

carbon sequestration on peatlands are a complex balance between carbon inputs and 

carbon outputs (Post et al., 1982), with minor changes in surface vegetation or water 

table depth, amongst other variables, potentially having a significant effect on the 

carbon storage dynamics (Belyea and Malmer, 2004).  

Between the 1950s and 1980s approximately 190,000 ha of deep peats and 315,000 ha 

of shallow peats in Britain alone were drained, ploughed and planted with coniferous 

forest, the largest recent land-use change seen in Britain (Cannell et al., 1993). The 

afforestation of deep peats is no longer supported in the UK,  owing to the adverse 

effects on the wetland habitat including its capacity as a carbon sink (Morison et al., 

2010). Pockets of unplanted moorland have remained at many plantation sites across the 

UK including Kielder Forest, due to their unsuitability for timber production, many of 

which are now considered conservation areas (Robinson et al., 1998). The effect of 

afforestation on moorlands has been explored in Chapter 3, however there has been 

concern that the impact of afforestation of moorlands is not restricted to the planted area 

alone (Holden et al., 2007). For example, the vegetation cover of an unplanted  

moorland site at Wark Forest shifted from a Sphagnum dominated vegetation cover in 

the late 1950s to a mixed cotton grass, heather and grass vegetation cover in the late 

1980s (Chapman and Rose, 1991). These changes have been attributed to the drying and 

shrinkage of the organic soils, which can occur at some distance away from the 

afforested site depending on local topography and drainage (Chapman and Rose, 1991; 

Holden et al., 2007). Together with a change in vegetation cover, the spreading of Sitka 

spruce (Picea sitchensis (Bong.) Carr.) from forest plantations and onto areas of open 

bog and moorland has been seen to have a significant negative impact upon the habitat 

by further reducing the area of natural habitat (Farmer, 2011). For example, recent 

management of open moorland to restore the original habitat of blanket bog in Wales,  
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included the removal of over 11,000 self-seeded trees on 6000 ha of moorland in 

Vyrnwy (Farmer, 2011). 

The effects of afforestation on the phenolic distributions of soil organic matter from 

peaty gley soils have been presented in Chapter 3 and by Mason et al. (2009; 2012) at 

Coalburn and Harwood Forest; sites within close proximity to Wark Forest explored in 

this study. It was found that the afforestation had a significant effect on the degradation 

of lignin; identifying a change in the vegetation input and investigating the effect of 

land preparation undertaken prior to the afforestation. A maximum of lignin products 

were found at depth in both studies and was chiefly attributed to the horizon inversion 

that occurred between stands. So far, however, there has been no research carried out on 

the effect of the establishment and growth of self seeded Sitka spruce adjacent to the 

plantation site on the carbon storage and phenolic dynamics of blanket bog habitats. 

The contribution of lignin and tannin to soil organic matter (SOM) and their role in the 

global carbon cycle is significant, as they are the second most abundant biopolymers on 

Earth after cellulose and hemicellulose (Hernes and Hedges, 2000). Lignin, a complex 

aromatic polymer, provides mechanical strength to vascular plants and is essential to 

water transport (Nierop and Filley, 2008). Whereas tannin, a water soluble polyphenol, 

can inhibit the growth of a number of micro-organisms, resisting microbial attack, and 

therefore are recalcitrant to biodegradation (Bate-Smith and Swain, 1962; Bhat et al., 

1998). Lignin can be divided into three main groups based on their structural monomer 

units; gymnosperm, angiosperm and grass lignin (non-woody) (Higuchi, 1980) (Section 

1.2.7). Tannin can be divided into two main groups; hydrolysable tannins and 

condensed tannins (Section 1.2.11).  

Tannin can exceed lignin concentrations in plant litter (leaves, roots, needles), 

accounting for up to 40% dry weight (Kraus et al., 2003), however the fate of tannin 

within soils remains largely unknown (Nierop et al., 2005). This is a direct result of the 

principal shortcoming of unlabelled thermochemolysis, making it impossible to 

differentiate between the intact lignin, demethylated lignin (from fungal degradation) 

and non-lignin phenols (e.g. tannin) (Filley et al., 2000). However the introduction of 

13
C-labelled TMAH in 1999, methylating phenolic acids and phenols using 

13
C-labelled 

methyl groups, allows the true lignin input, or at least lignin bound by the dominant β-

O-4 linkage (Section 1.2.10) (Filley et al., 1999; Filley et al., 2006), to be ascertained.  
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This technique has been successfully used to analyse a variety of biopolymers, SOM 

and DOM (Filley et al., 2000; Filley et al., 2002; Frazier et al., 2005; Filley et al., 2006; 

Nierop and Filley, 2007; Mason et al., 2012). As a result, it is important to accurately 

determine the concentration and input of these groups of products within soils to 

provide a better understanding of the importance of lignin and tannin to ecosystem 

processes.  

This chapter reports on a chronosequence of carbon rich peat soils. A chronosequence is 

defined as a sequence of related soils that differ from one another in certain properties 

primarily as a result of time as a soil forming factor, and the phenolic distribution both 

down the profile and across the chronosequence (Soil Science Society of America, 

2001) . The peat profiles were sampled from Wark Forest, an afforested moorland site 

in northeast England, part of the larger Kielder Forest, and analysed with 
13

C-labelled 

TMAH. The site includes two soil profiles in an undisturbed open peat and four profiles 

in the forest-margin peat, where self seeded Sitka spruce have encroached from the 

plantation site on to the undisturbed moorland. The assessment of the forest-margin peat 

comprised two pits amongst self seeded area of Sitka spruce but not situated underneath 

the canopy, and two pits located directly under the canopy of Sitka spruce. This site has 

not experienced any land preparation such as drainage or mounding which is often seen 

prior to afforestation. This is the first study to investigate the potential edge effect of 

Sitka spruce plantations on the adjacent moorland including self seeding Sitka spruce, 

on the soil carbon storage and phenolic dynamics. 

The objectives of this study are to (i) identify key vegetation biomarkers and evaluate 

the changes of the chemical characteristics as a function of depth down the litter (L), 

and histic horizons (Hf and Hs), (ii) compare and evaluate the changes across the three 

sites within Wark Forest to explore whether  the adjacent forest and self seeded Sitka 

spruce affect the phenolic and SOC dynamics down core and (iii) further explore the 

potential of 
13

C-TMAH thermochemolysis as a screening method for the rapid 

characterisation of biomacromolecules in SOM as a function of depth. 
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6.2  Overview of Methods and Sites 

6.2.1  Site Background 

 

Peat profiles were sampled from Wark Forest, an afforested moorland site in northeast 

England (55°04`N, 2°18`W), which is located within Kielder Forest, a plantation forest 

colonised primarily with Sitka spruce since the 1930s (Fig. 2.7). A detailed site 

description of Wark Forest is presented in Chapter 2, Section 2.7.4.  

A chronosequence of six peat profiles extending from the open peat to the forest-peat 

ecotone (forest-margin; FM) experiencing the growth of self seeded Sitka spruce (SS) 

from the adjacent plantation site were identified (Fig. 6.1). The profiles comprised two 

soil profiles in an undisturbed open peat and four profiles in the forest-margin peat, 

where the adjacent Sitka spruce plantation has begun to encroach on to the unprepared 

open moorland via self seeding.  

In March 2010, soil pits were dug at each site to a depth of 50 cm, soil samples taken 

from the centre of each identified soil horizon. The soil profiles were entirely organic, 

with samples taken from the three ectorganic layers; the litter (L) horizon, the fabric 

histic (Hf) horizon and the sapric histic (Hs) horizon, identified according to the EU 

humus classification system (Zanella et al., 2011). Profile details are described in 

Section 2.7.4. 

 

 

 

Fig. 6.1: Diagrammatic representation of the Wark Forest chronosequence. The site locations 

located along the transect moving from the open peat towards self seeded Sitka spruce on forest-

margin peat with their respective mean elevations (AOD) for two pits. 

 

Open peat Forest-margin 

peat 

236 m  
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213 m 
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6.2.2  TOC, Bulk Density & Carbon Storage 

 

Peat bulk density (Db) was determined in duplicate for each peat horizon (H) within 

each pit using 100 cm
3
 soil cores, and the total organic carbon (TOC) content was 

measured in duplicate for each horizon. The organic carbon storage (OC t C ha
-1

) in 

each horizon is calculated using the bulk density values and the horizon depths using 

Equation 2.2 (Chapter 2, Section 2.6). 

 

6.2.3  
13

C-TMAH Thermochemolysis 

 

On-line THM in the presence of 
13

C-labelled and unlabelled TMAH was performed at 

610 °C for 10 s (20 °C/ms temperature ramp) using the method set out in Section 2.2. 

Percent aromatic hydroxyl content was determined using equations and mass spectral 

methods set out in previous work (Filley et al., 1999; Filley et al., 2006; Mason et al., 

2009) (Appendix A1). Duplicate samples of each solvent extracted soil were analysed 

from each horizon using both unlabelled and 
13

C-labelled TMAH. THM in the presence 

of 
13

C-labelled TMAH and aromatic hydroxyl contents are discussed in further detail in 

Section 2.2.  

 

6.2.4  Lignin & Sphagnum Parameters 

 

Lignin proxies were used as described in Chapter 2 (Section 2.2.2), with all phenol 

yields normalised to 100 mg of organic carbon (see Fig. 1.5, for compound structures) 

(Hedges and Mann, 1979b; Hedges et al., 1982; Kögel, 1986). Sphagnum proxies were 

used as described in Chapter 4 (Section 4.3.5). 

 

6.3 Results and Discussion  

6.3.1 Carbon Storage  

 

The TOC and organic carbon storage (OC t C ha
-1

) for each horizon of the three sites 

are presented in Table 6.1 and Fig. 6.2. The TOC (wt%) across the three sites does not 

vary significantly (p=0.398), and with a total average TOC across the sites of 43.0% ± 

0.45 down to 50 cm, these soils are classified as peats. In the forest-margin peat under 

Sitka spruce (SS) and the open peat, the TOC significantly increases down core by 5.7  
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and 7.1%, respectively (p<0.001 and 0.020), suggesting either an accumulation of TOC 

at depth and/or the loss of TOC at the surface due to increased decomposition or 

reduced input (Table 6.1).  

The bulk density increases from 0.13 g cm
-3 

in the forest-margin peat under the SS 

through to 0.18 g cm
-3 

in
 
the open peat, although changes are not significant (p=0.711), 

indicating that neither the edge effect from the adjacent drained plantation nor the 

compaction from the increased loading as observed in Chapter 3, has yet had a 

significant effect on the bulk density of the forest-margin peat. However Braekke (1987) 

also found no significant difference in the bulk density of the peat soil after afforestation, 

which was attributed to an increased density of roots, coupled with the subsequent 

decrease in the density of the original peat, resulting in no discernible differences. 

The open peat has a significantly higher carbon storage of 409.2 t ha
-1

 compared to the 

forest-margin peat sites 284.1 and 297.3 t ha
-1 

respectively (p=0.006) (Table.6.1), which 

is comparable to the moorland (ML) soil carbon storage at Coalburn Forest (431.9 t ha
-1 

in 45
 
cm; Chapter 3), a site which is in close proximity to Wark Forest with peaty gley 

soils with mineral soil horizons and higher bulk densities. Despite no significant 

changes in the bulk density across the Wark chronosequence, the carbon storage 

decrease at the forest-margin peat could be due to enhanced aeration from the 

preliminary drying occurring at the site, which has not yet affected the bulk density; a 

result of the adjacent ditched and drained plantation site. 

 

Fig. 6.2: Soil carbon storage contents (t C ha
-1

) in (a) FM peat under Sitka spruce, (b) the FM peat 

and (c) the open peat. Error bars represent the standard error of the mean for the two pit replicates. 

Means with different letters are significantly different (Tukey’s HSD, p<0.05). 
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Table 6.1: The TOC (%), bulk density (g cm
-3

), soil organic carbon storage (t C ha
-1

 and %) for each 

horizon of the Wark Forest chronosequence.  

 

     TOC
1
   

    (wt %) 

       Db
2
 

    (g cm
-3

) 

    OC
1
 

  (t ha
-1

) 

OC 

(% total) 

Forest-margin peat under Sitka spruce 

L (Green) 38.1 b ± 0.26  0.130 ± 0.006 24.7 c ± 4.8 8.7 

L (Brown) 42.5 a ± 1.14  0.130 ± 0.006 30.7 c ± 9.2 10.8 

H (fibric) 45.5 a ± 1.31  0.130 ± 0.006 86.5 b ± 18.9 30.4 

H (sapric) 43.8 a ± 0.69  0.130 ± 0.006 142.1 a ± 25.9 49.9 

   284.1 b 100 

Forest-margin peat  

L (Green) 43.2 ± 1.27 0.138 ± 0.015 23.8 c ± 0.49 8.0 

L (Brown) 40.8 ± 1.92 0.138 ± 0.015 25.3 c ± 2.44 8.5 

H (fibric) 43.7 ± 0.87 0.138 ± 0.015 84.7 b ± 14.18 28.5 

H (sapric) 43.0 ± 0.69 0.138 ± 0.015 163.5 a ± 18.72 55.0 

   297.3 b 100 

Open peat     

L (Green) 40.6 b ± 1.66  0.179 ± 0.064 14.5 c ± 0.30 3.5 

L (Brown) 42.7 ab ± 0.40  0.179 ± 0.064 19.1 c ± 3.66 4.7 

H (fibric) 44.5 ab ± 1.52  0.179 ± 0.064 117.0 b ± 50.46 28.6 

H (sapric) 47.7 a ± 0.91  0.179 ± 0.064 258.6 a ± 49.11 63.2 

   409.2 a 100 

1
SE=4; 

2 
Bulk density measurement taken in H horizon, SE=2. 

Means followed by the same letter are not significantly different. 
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Carbon storage in each horizon down to 50 cm depth at each site is presented in Fig. 6.2, 

displaying a significant increase in the carbon storage from the Litter (Lg and Lb) into 

the Hf horizon and again into the Hs horizon at all three sites (p<0.001). Carbon storage 

in the litter horizon (LOC) of the open peat (33.6 t C ha
-1

), was significantly smaller 

than that of the litter in the forest-margin peat under SS (55.4 t C ha
-1

) (p=0.03) (Fig. 

6.3). The forest-margin peat away from the SS canopy had an intermediate litter carbon 

storage of 49.1 t C ha
-1

. The increased LOC across the chronosequence suggests an 

increased litterfall at the forest-margin peat under SS, reflected in the thicker litter 

horizon of the forest-margin peat under SS, which decreases with increasing distance 

from the tree canopy. 

The carbon storage of the Hf horizon is significantly similar across the three sites (96.1 t 

C ha
-1

) (p=0.059), whereas the carbon storage in the Hs horizon is significantly higher 

in the open peat (258.6 t C ha
-1

) than the two forest-margin peats (142.1 and 163.5 t C 

ha
-1

) (p=0.005). The distribution of carbon down the cores shifts from the forest-margin 

peats having a higher LOC than the open peat, to the open peat having a higher Hs OC 

compared to the forest-margin peats (Fig. 6.3). Data reported in Chapter 3, together with 

literature also display an elevated carbon content in the Hs horizon (Zerva and 

Mencuccini, 2005; Mason et al., 2009) where an elevated Hs OC in the moorland site 

relative to the first rotation Sitka spruce stand was observed. The forest-margin peats are 

behaving similarly to the first rotation SS stand (SS1; Coalburn Forest), displaying an 

elevated LOC, constant Hf OC and reduced Hs OC relative to the natural undisturbed 

habitat (Chapter 3, Section 3.3.1.3), indicating that the OC trends are strongly governed 

by the introduction and early stages of tree growth, whether it be human-induced or 

natural. This increased carbon storage at depth in the open peat is likely a result of the 

stabilisation of carbon in SOM, due to the prevalent anaerobic conditions in the open 

peat (Freeman et al., 2001a), coupled with the destabilisation of carbon stocks in the 

forest-margin peat due to increased aeration, potentially as a result of the introduction of 

Sitka spruce as seen in Chapter 3 and by Zerva et al. (2005) and Hargreaves et al. 

(2003). 
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Fig. 6.3: Soil carbon storage (t C ha
-1

) in litter the (L), weakly degraded humic (Hf) and degraded 

humic (Hs) horizons of the peat under the Wark chronosequence. Error bars represent the standard 

error of the mean for the two pit replicates. Means with different letters are significantly different 

(Tukey’s HSD, p<0.05). 

 

6.3.2 Thermochemolysis Products 

 

THM in the presence of TMAH of the solvent-extracted powdered soil samples yielded 

mainly four sets of methylated phenolic and other oxygenated aromatic products (Table 

6.2). The first set includes methylated phenols with guaiacyl (G), syringyl (S), and p-

hydroxyphenyl (P) structures together with the methyl esters of the cinnamyl phenols, 

ferulic acid (G18), and p-coumaric acid (P18). 
13

C-labelled TMAH allowed the 

distinction between lignin- and non-lignin-derived (particularly tannin) phenols and 

enabled each group to be analysed separately. The second set comprises four sphagnum 

acid pyrolysis products (I, IIa/b and III);  methylated 4-isopropenylphenol, methylated  

(E) and (Z)- 3-(4-hydroxyphen-1-yl)but-2-enoic acid, and methylated 3-(4-

hydroxyphen-1-yl)but-3-enoic acid, derived from the Sphagnum specific, sphagnum 

acid (Chapter 4) (van der Heijden, 1994; van der Heijden et al., 1997). The third set 

comprises non-lignin aromatic compounds including 1,2,4-trimethoxybenzene (1,2,4-

TMB) and 1,3,5-trimethoxybenzene (1,3,5-TMB). The aromatic hydroxyl content of 

1,2,4-TMB and 1,3,5-TMB were determined using equations and mass spectral methods 

set out in previous work (Filley et al., 1999; Mason et al., 2009); whereby 100% of the 

identified peak could be assigned to 1 hydroxyl (i.e. one contributing compound). The 

fourth set of THM products contains four methylated carbohydrates (MC1-4) with m/z 

101, 129, and five cellulose derived products (1-5). These are discussed in further detail 

in Chapter 7. 
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Table 6.2: The main thermochemolysis products 

Peak Label Compound 

P1 methoxybenzene 

P2 4-methoxytoluene 

G1 1,2-dimethoxybenzene 

P3 4-methoxybenzeneethylene 

1-4 cellulose derivatives 1 - 4 

G2 3,4-dimethoxytoluene 

I 4-isopropenylphenol 

P4 4-methoxybenzaldehyde 

P5 4-methoxyacetophenone 

G3 3,4-dimethoxybenzeneethylene 

1,2,4-TMB 1,2,4-trimethoxybenzene 

P6 4-methoxybenzoic acid methyl ester 

1,3,5-TMB 1,3,5-trimethoxybenzene 

P24 4-methoxybenzeneacetic acid methyl ester 
MC1- MC4 methylated carbohydrate derivatives 1 - 4 

G4 

 

3,4-dimethoxybenzaldehyde 

(3-hydroxy-4-methoxybenzaldehyde) 

P12 4-methoxybenzenepropanoic acid methyl ester 
G5 3,4-dimethoxyacetophenone 

(3-hydroxy-4-methoxyacetophenone) 

P17 (Z)- 3-(4-methoxyphenyl)-3-propenoic acid methyl ester 

G6 3,4-dimethoxybenzoic acid methyl ester 

(3-hydroxy-4-methoxybenzoic acid methyl ester) 

IIa (E/Z)- 3-(4’hydroxyphen-1-yl)-but-2-enoic acid methyl ester 

S4 3,4,5-trimethoxybenzaldehyde 

(3,5-dimethoxy-4-hydroxybenzaldehyde) 

III 3-(4’hydroxyphen-1-yl)-but-3-enoic acid methyl ester 

G7 (Z)- 1-(3,4-dimethoxyphenyl)-2-methoxyethylene 

G24 3,4-dimethoxybenzene acetic acid methyl ester 

G8  (E)- 1-(3,4-dimethoxyphenyl)-2-methoxyethylene 

P18 (E)- 3-(4-methoxyphenyl)-3-propenoic acid methyl ester 

S5 3,4,5-trimethoxyacetophenone 

(3,5-dimethoxy-4-hydroxyacetophenone) 

5 cellulose derivative 5 

IIb (E/Z)- 3-(4’hydroxyphen-1-yl)-but-2-enoic acid methyl ester 

G12 3,4-dimethoxybenzenepropanoic acid methyl ester 

S6 3,4,5-trimethoxybenzoic acid methyl ester 

(3,5-dimethoxy-4-hydroxybenzoic acid methyl ester) 

S7 (Z)- 1-(3,4,5-trimethoxyphenyl)-2-methoxyethylene 

S8 (Z)- 1-(3,4,5-trimethoxyphenyl)-2-methoxyethylene 

G18 (E)- 3-(3,4-dimethoxyphenyl)-3-propenoic acid methyl ester  

((E)-3-(3-methoxy, 4-hydroxyphenyl) 3-propenoic acid methyl ester) 

S14 threo/erythro 1-(3,4,5-trimethoxyphenyl)-1,2,3-trimethoxybenzene 

FA C16 fatty acid methyl ester 

S15 threo/erythro 1-(3,4,5-trimethoxyphenyl)-1,2,3-trimethoxybenzene 

IS 5α-androstane 

* Compounds in red brackets indicate intact lignin products prior to methylation most likely to be 

affected by non-lignin phenolic input  
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6.3.2.1  Green litter  

 

Fig. 6.4 depicts the THM results from the Lg horizon across all profiles. The abundance 

of a wide range of phenolics highlights the different surface vegetation inputs across the 

relatively short chronosequence. The occurrence of all four Sphagnum markers (I, IIa, 

III, IIb) in the forest-margin peat pits under SS and the forest-margin peat pits indicates 

a vegetation cover consisting of Sphagnum moss. 3,4-dimethoxybenzenepropanoic acid 

methyl ester (G12) is also observed in the forest-margin peat pit one, indicating a 

vegetation cover of the non-Sphagnum moss Polytrichum commune (Chapter 4, Section 

4.3.4) together with Sphagnum moss biomarkers. The forest-margin peat pit two is 

dominated by 3,4-dimethoxybenzoic acid methyl ester (G6) an indication of 

gymnosperm input, however only 23.5% is intact lignin, see Section 6.3.3 for further 

discussion on mass yields. The open peat pits display a different TIC, dominated by 

G12 in pit one; supported by the identification of P. commune within this sample prior 

to milling (Taylor, 1960). Pit two shows the presence of two unidentified compounds, 

and despite this litter appearing visually similar to Sphagnum moss, contains no 

Sphagnum biomarkers and has therefore been tentatively identified as a common 

clubmoss (Lycopodium clavatum) (Taylor, 1960). This moss-like plant is distinguished 

from mosses due to the presence of a well developed vascular system, and is often 

found in well-drained heaths and moors (Taylor, 1960), suggesting the presence of 

lignin phenols in this species. Further work is evidently required to assess this 

vegetation with atypical moss characteristics. 

The small quantities of threo/erythro 1-(3,4,5-trimethoxyphenyl)-1,2,3-

trimethoxybenzene (S14/15); true lignin phenols derived solely from lignin (Filley et al., 

1999; Nierop and Filley, 2007), in the forest-margin peat samples suggest that the extent 

of lignin oxidation is advanced even at the surface of the forest-margin peats. The 

complete absence of these intact lignin phenols in the open bog, further suggests a 

dominant non-vascular input to the green litter. 

 

6.3.2.2  Brown litter 

 

The Lb traces shown in Fig. 6.5, display an increased proportion of lignin phenol G6 

across all the sites, although <60% can be attributed to intact lignin (Section 6.3.3). The 

previously dominating Sphagnum markers have decreased in abundance, instead large  



156 

 

 

abundances of 1,2,4-TMB, 4-methoxybenzoic acid methyl ester (P6), 1,3,5-TMB are 

observed across the four forest-margin peats.  The open peat TICs are still dominated by 

G12 and two unidentified compounds, however cinnamyl lignin phenols (p-coumaric 

acid, P18 and ferulic acid, G18) are now also dominating, which are indicative of a 

graminaceous input (Hedges and Mann, 1979a). 

 

6.3.2.3  Fibric humic material  

 

Fig. 6.6 depicts the THM results from the Hf horizon across all profiles. The Sphagnum 

markers have decreased to trace levels, whereas the lignin phenols including the 

guaiacyl and syringyl acids (G6, S6), and cinnamyl phenols (P18 and G18) are now 

dominating all six pits. The presence of G18 and P18 highlights a non-woody input 

(Hedges and Mann, 1979a) across the chronosequence, which is likely to be a 

combination of grass and heather leaf input. G12 and the 2 unidentified compounds are 

no longer present in the open peats. 

 

6.3.2.4  Sapric humic material  

 

Fig. 6.7 depicts similar Hs horizon traces across the chronosequence, dominated by 3,4-

dimethoxybenzeneethylene (G3), 4-methoxybenzoic acid methyl ester (P6), guaiacyl 

acid (~60% intact G6), the two cinnamyl phenols (~90% intact G18) and 1,2,4-TMB. 

The humified horizon also shows an increase of methylated carbohydrates in relation to 

the other compounds. Small quantities of S14 and S15 (lignin phenols with an intact 

glycerol side chain) remain present down the six peat cores, suggesting that despite 

advanced oxidation at the surface, there is no further side-chain oxidation down core. 

 

6.3.2.5  Characterisation of peat profiles  

 

The green litter strongly reflects the current vegetation growing at each site, however 

there is no clear indication of the growth of Sitka spruce at the forest-margin peats, but 

rather a growth of Sphagnum and non-Sphagnum mosses, with the exception of the 

forest-margin peat pit two. Therefore it is likely that these traces reflect the ground 

vegetation, rather than the leaf litter from the Sitka spruce. This is not unexpected, as 

due to the natural growth of Sitka spruce at this site, the previous vegetation cover of  



157 

 

 

 

Fig. 6.4:  Partial chromatogram for the total ion current (TIC) of the thermochemolysis products 

from the green litter across all profiles (a) FM peat under SS 1 (b) FM peat under SS 2 (c) FM peat 1 

(d) FM peat 2 (e) Open peat 1 and (f) Open peat 2. Peak identities and symbols are listed in Table 

6.2. 
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Fig. 6.5: Partial chromatogram for the total ion current (TIC) of the thermochemolysis products from 

the brown litter across all profiles (a) FM peat under SS 1 (b) FM peat under SS 2 (c) FM peat 1 (d) 

FM peat 2 (e) Open peat 1 and (f) Open peat 2. Peak identities and symbols are listed in Table 6.2. 
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Fig. 6.6: Partial chromatogram for the total ion current (TIC) of the thermochemolysis products from 

the Hf horizon across all profiles (a) FM peat under SS 1 (b) FM peat under SS 2 (c) FM peat 1 (d) 

FM peat 2 (e) Open peat 1 and (f) Open peat 2. Peak identities and symbols are listed in Table 6.2. 
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Fig. 6.7: Partial chromatogram for the total ion current (TIC) of the thermochemolysis products from 

the Hs horizon across all profiles (a) FM peat under SS 1 (b) FM peat under SS 2 (c) FM peat 1 (d) 

FM peat 2 (e) Open peat 1 and (f) Open peat 2. Peak identities and symbols are listed in Table 6.2. 
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grasses and mosses will not have been disturbed or outcompeted as the tree canopy is 

sparse. Only when canopy closure is achieved, will the natural and understory 

vegetation be shaded out (Mounsey, 2000). 

The open peat pits show a dominance of P. commune and unidentified litter (potentially 

clubmoss) or contaminant, with very small abundances of lignin and Sphagnum 

compounds. The forest-margin peats show the presence of the four Sphagnum markers, 

however there are also large abundances of lignin phenols. This indicates that the open 

peat is colonised by primarily non-Sphagnum mosses, whilst the forest-margin peats 

display an increased species diversity, including Sphagnum moss, non-Sphagnum moss 

and vascular species. The distinctive Sphagnum and P. commune  markers are rapidly 

lost down the profiles indicating either a recent change in the vegetation or the rapid 

loss of these diagnostic markers relative to the vascular species markers (i.e. lignin). 

The Hf horizons begin to show similar distribution of compounds with a slight variance 

of the abundance of compounds, with the humified horizons showing very similar 

distribution and abundance of compounds across the chronosequence. This consistent 

suite of compounds in the humified horizon suggests that either the vegetation across 

the three sites used to be the same, or that certain compounds preferentially degrade 

over others (e.g. Kirk and Farrell, 1987) resulting in a consistent suite of phenols. The 

high abundance of P18 and G18 in the Hf and Hs horizons across the chronosequence 

highlights the input of non-woody vascular litter. Furthermore, P3 and G3 are also 

major lignin-derived phenols throughout the samples, indicative of a non-woody 

graminaceous input (Clifford et al., 1995; Chefetz et al., 2000). These four non-woody 

input indicator compounds are present in all of the samples and abundant in the deeper 

Hf and Hs horizons of the samples analysed, indicating the previously dominating grass 

input at the three sites.  

The profile traces draw attention to a shift in the vegetation from grassy non-woody 

species in the deeper peat, to a current vegetation cover of primarily Sphagnum and 

non-Sphagnum mosses. Sphagnum moss is known to create conditions favourable to its 

growth, as discussed in Chapter 4 (van Breemen, 1995), however, studies have shown 

that Sphagnum peatlands can become susceptible to vascular species invasion, which 

could reduce the carbon store capacity of the peat (Tomassen et al., 2003; Tomassen et 

al., 2004). For example, a study of vegetation in an open peat area within Wark Forest 

between 1958 and 1986 observed an increase of grasses at the expense of Sphagnum  
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mosses, which was attributed to the adjacent afforestated habitat altering the local 

hydrology (Chapman and Rose, 1991). Therefore the changes observed in this study 

could be due to a natural vegetation shift, or a result of changing hydrological trends (i.e. 

from changing precipitation patterns and/or changing ground water patterns from the 

adjacent forest drainage (edge effect)). Sphagnum moss inputs are likely to cease once 

canopy closure has occurred, and thereby likely to further affect the carbon and phenol 

dynamics under the self seeded Sitka spruce. 

  

6.3.3 Aromatic Hydroxyl Content of THM Products of Lignin  

 

The % 3-methoxy, 4-hydroxy (intact lignin) content of G18, G4 and G6 (Figs. 6.8, 6.10 

and 6.11) and % 1, 2 and 3-hydroxyl (intact lignin, altered lignin and non-lignin phenols) 

content of S6 (Fig. 6.12) are presented for the three sites. These are the products most 

likely to be affected by non-lignin phenolic input, and the percentages reflect the 

relative contribution of tannins, lignin, and the breakdown products of lignin phenols to 

the THM products. The percent hydroxyl content is explained in detail in Section 2.2.1. 

 

6.3.3.1  Cinnamyl derivatives 

 

G18 exhibits a consistently high level (70-100%) of 3-(3-methoxy, 4-hydroxyphenyl) 3-

propenoic acid methyl ester (1% OH) (i.e. intact lignin derived ferulic acid) with a mean 

value of 88.6 ± 1.35%, indicating the consistent proportion of ferulic acid to caffeic acid 

across the chronosequence and down the profiles (Fig. 6.8) (p=0.061). The mass of P18 

and intact G18 at each horizon are significantly similar across the chronosequence (Fig. 

6.9) (p=0.151, 0.114), with an increasing yield into the Lb and Hf horizons; further 

indication of a previous grassy vegetation cover across the chronosequence (Section 

6.3.2.5). The cinnamyl phenols dominate the lignin input to these samples (59.8 ± 2.8%) 

(Table 6.3), however the cinnamyl phenol yield decrease in the Hs horizon indicates a 

loss of lignin phenols in the deeper peat, further evidence that lignin phenols are not as 

recalcitrant as historically considered (Kiem and Kögel-Knabner, 2003; Kalbitz et al., 

2006). 
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Fig. 6.8: 1 %OH extents of G18 from the (a) FM peat under Sitka spruce (black lines) (b) FM peat 

(red lines) and (c) open peat (green lines). Error bars show standard error of two analytical replicates. 

Pit one denoted by solid line, pit two denoted by slashed line. 

 

 

6.3.3.2  Guaiacyl derivatives 

 

With the exception of the forest-margin peat under Sitka spruce pit two, the percent of 

intact G4 (3-hydroxy-4-methoxybenzaldehyde) and G6 (3-hydroxy-4-methoxybenzoic 

acid methyl ester) increase down core across the chronosequence (Figs. 6.10 and 6.11), 

consistent with the increased input of vascular phenols in the Hf and Hs horizons 

(Section 6.3.2.5).  

Discounting the forest-margin peat under Sitka spruce pit two, the low yield of intact 

G4 and G6 (0.018 mg/100 mg OC) in the green litter represents ca 50% of the total 

uncorrected G4/6 yield, therefore the yield of polyhydroxylated compounds originating 

from non-lignin phenols (e.g. hydrolysable tannins (Filley et al., 2006)) and/or 

microbially demethylated lignin at the surface is equivalent to the intact lignin yield. 

The intact guaiacyl yield increases down core alongside an increased contribution of 

these compounds relative to the polyhydroxylated and demethylated lignin compounds. 

However in the Hs horizon, the yield decreases, further evidence of the lability of these 

lignin phenols, assuming a similar lignin input in the H horizons as revealed in Section 

6.3.2.5 (Figs. 6.10 and 6.11).  
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Fig. 6.9: Depth profile showing changes in yield of cinnamyl lignin phenols, P18 and G18 in; (a and 

b) FM peat under Sitka spruce pit 1 and 2, (c and d) FM peat pit 1 and 2 and (e and f) open peat pit 1 

and 2. Error bars show standard error of two analytical replicates.         
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Table 6.3: The proportion of lignin phenols (%) to the total lignin yield () in each soil horizons 

taken from the three sites; Guaiacyl (%G), syringyl (%S) and cinnamyl (%C). 

 

%G %S %C 

Forest-margin peat under Sitka spruce 1 

L (green) 12.6 14.0 73.5 

L (brown) 17.5 8.0 74.5 

H (fibric) 45.3 20.2 34.5 

H (sapric) 25.8 13.5 60.6 

Forest-margin peat under Sitka spruce 2 

L (green) 49.5 4.8 45.7 

L (brown) 48.9 5.6 45.4 

H (fibric) 16.6 8.7 74.6 

H (sapric) 30.8 12.7 56.5 

Forest-margin peat 1 

   L (green) 13.0 6.0 81.0 

L (brown) 23.4 3.1 73.5 

H (fibric) 22.8 11.2 65.9 

H (sapric) 41.8 17.0 41.2 

Forest-margin peat 2 

   L (green) 36.0 10.0 54.0 

L (brown) 31.0 18.9 50.1 

H (fibric) 27.8 18.2 54.0 

H (sapric) 25.3 13.7 61.0 

Open peat 1 

   L (green) 28.5 0.0 71.5 

L (brown) 22.2 7.4 70.5 

H (fibric) 19.6 11.5 68.9 

H (sapric) 39.4 16.0 44.6 

Open peat 2 

   L (green) 19.6 6.8 73.6 

L (brown) 22.1 12.1 65.8 

H (fibric) 24.7 15.0 60.3 

H (sapric) 48.5 16.6 35.0 
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Filley et al. (2006) reported a decrease in the proportion of non-lignin phenols with 

depth, which was attributed to the selective metabolism of ortho-hydroxy substituted 

rings resulting in an apparent enrichment in undegraded lignin, which could explain the 

decreased content of polyhydroxylated  compounds. Alternatively the change could be a 

result of the shifting vegetation input that occurred, with Section 6.3.2.5 highlighting 

the shift from lignin-rich grassy species in the deeper peat, to a current vegetation cover 

of primarily lignin-devoid Sphagnum and non-Sphagnum mosses.  

The forest-margin peat under Sitka spruce pit two displays a high yield of intact G4 

(0.035 mg/100 mg OC) and G6 (0.087 mg/100 mg OC) in the green litter (compared to 

<0.06 and <0.03 mg/100 mg OC for G4 and G6 respectively at the remaining sites). A 

progressive decrease of intact G4 occurs with increasing burial depth, whilst intact G6 

and non-lignin G6 remain relatively constant (due to the 50:50 distribution) (Figs. 6.10 

and 6.11). These results suggest that the G6 di-hydroxy content is coupled with intact 

G6, therefore potentially reflecting the microbially demethylated lignin rather than 

protocatechuic acid. The loss of easily leached tannin phenols could explain the 

increased percent of di-hydroxyl G4 with depth (Nierop and Filley, 2007). On the other 

hand, the presence of the hydroxyl phenols could also derive from the adjacent Sitka 

spruce plantation, however further research into the dynamics of leaching phenols is 

required. 

The relative input of guaiacyl phenols into the litter (L) is less than a quarter of the total 

lignin yield () with the exception of forest-margin peat under Sitka spruce pit 2, which 

displays an input of almost 50% (Table 6.3). Assuming a constant vegetation input into 

the H horizons (Sections 6.3.2), the increased proportion of guaiacyl lignin phenols 

from 26.1% in the Hf horizon to 35.3% in the Hs horizon coupled with the decreased 

proportion of cinnamyl phenols from 59.7 to 49.8% across the same horizons indicates 

the selective preservation of guaiacyl phenols relative to the cinnamyl phenols as stated 

by Sarkanen (1971) (Table 6.3) (the relative proportion of syringyl phenols remains 

relatively constant in the H horizons; 14.1 and 14.9% respectively).  

The intact guaiacyl lignin contents at the litter horizons of these samples support a 

greater non-lignin phenolic contribution (e.g. Sphagnum and non-Sphagnum mosses), 

with the exception of the forest-margin peat under Sitka spruce pit 2, whereby the 

proportion of intact G4 coupled with the high yield of intact G4 and G6 provides 

evidence of the growth of guaiacyl rich Sitka spruce.
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Fig. 6.10: 1 %OH (a-c) and 2 %OH (d-f) extents (lines) and yield (mg/100 mg OC) (bars) of G4 from either pit one (open bars; solid lines) or pit two (grey bars; dashed 

lines) from the (a, d) FM peat under Sitka spruce (b, e) FM peat and (c, f) open peat. Error bars show standard error of two analytical replicates.  
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Fig. 6.11: 1 %OH (a-c) and 2 %OH (d-f) extents (lines) and yield (mg/100 mg OC) (bars) of G6 from either pit one (open bars; solid lines) or pit two (grey bars; dashed 

lines) from the (a, d) FM peat under Sitka spruce (b, e) FM peat and (c, f) open peat. Error bars show standard error of two analytical replicates.
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6.3.3.3  Syringyl derivatives 

 

In all of the samples that contained S6 (with the exception of the Lb in the forest-margin 

peat under Sitka spruce pit 2), the majority of S6 originates from an intact lignin source 

(>50%) (Fig. 6.12). The tri-hydroxy content of S6 (i.e. 3% OH) has been identified as 

gallic acid (tannin input), therefore the ‘true’ demethylation extent of S6 is calculated by 

quantifying only the 3,4-dihydroxy-5-methoxybenzoics acids (2% OH) in relation to the 

intact S6 monomers thus removing the contribution from trihydroxy gallic acid, 

however fully demethylated lignin (microbially demethylated syringic acid) cannot be 

distinguished from gallic acid (Nierop and Filley, 2007). The demethylation degree (2% 

OH) varied between 4.4 and 20.7% across the three sites (Fig. 6.12). 

The percent of intact S6 contribution remains significantly similar across the sites and 

down the profiles (p=0.315, 0.161), with an average of 76%, however the mass of intact 

S6 increases into the Hf horizon from which is associated with a small increase in the 

proportion of S phenols to ; 8.1 to 14.1% (Fig. 6.12).  

 

The trihydroxy content of S6 in the four forest-margin peat pits display a range between 

5 and 40%, whereas the open peat profiles showed a much smaller contribution of gallic 

acid to S6 (5-13%). This indicated that there was a large input of gallic acid to the 

brown litter horizons of the three forest-margin peat pits with respect to intact S6, 

particularly the forest-margin peat pit two where the yield exceeds 0.02 mg/100 mg OC 

(Fig. 6.12h). This is potentially due to the increased tannin input from the Sitka spruce 

needles deposited as litter (Hernes and Hedges, 2004), which have laterally leached 

across the chronosequence and down to the brown litter (Nierop and Filley, 2007). 

 

The chronosequence displays low levels of guaiacyl, syringyl and cinnamyl phenols (i.e. 

) in the surface litter (Lg), however the yields increase into the Lb and Hf horizons, 

indicating the previous input of vascular derived phenols. The subsequent decrease of 

phenols, in particular G4 into the deepest Hs horizon is a direct result of the oxidation of 

the lignin phenols, this is shown in Table 6.4, whereby once below the green litter the 

[Ad/Al]G ratio progressively increases down core (Section 6.3.4.1).
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Fig. 6.12: 1 %OH (a-c), 2 %OH (d-f) and tri-hydroxy (g-i) extents (lines) of S6 and yield (mg/100 mg OC) (bars) from either pit one (open bars; solid lines) or pit two (grey 

bars; dashed lines) from (a, d, g) FM peat under SS (b, e, h) FM peat and (c, f, i) open peat. Error bars show standard error of two analytical replicates.                            
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6.3.4   Lignin Products 

6.3.4.1  Lambda & [Ad/Al]G 

 

Table 6.4 shows the uncorrected (Λ*) and corrected lambda (Λ) values. The aromatic 

hydroxyl contents were determined so that the corrected mass yields and lignin 

parameters could be calculated (Chapter 2, Section 2.2.1; Section 6.3.3).  It was found 

that the total lignin yield was reduced by up to 50% after correction for tannin, poly-

hydroxy compounds, and demethylated lignin. This decrease is a result of changes 

primarily to S6, G6 and G18, but all lignin monomers showed that they comprise some 

hydroxyl species (Section 6.3.3).  

Fig. 6.13 displays the corrected Λ down the profile of the six pits, allowing a visual 

representation of the lignin yield changes occurring across the chronosequence and 

down core. A maximum in the depth profile of the lignin phenols was observed in the 

Hf horizon of each profile, with the exception of pit one of the forest-margin peat under 

Sitka spruce where the maximum was observed in the Lb horizon. However across the 

entire site, the lignin maximum corresponds to a depth of approximately 20 cm despite 

changes in the current vegetation cover, as observed from the chromatograms (Section 

6.3.2). It is unusual to see the lignin yield increase down the profile despite linearly 

deposited soils (Fig. 6.13), however this could be due to a recent vegetation shift from 

lignin-rich vascular species to lignin-devoid non-vascular species (i.e. Sphagnum and 

non-Sphagnum mosses), reducing the input of lignin phenols to the upper litter horizons 

across the entire chronosequence (Section 6.3.2).  

This lignin maximum at depth has also been observed in Chapter 3, and Mason et al. 

(2009; 2012), and was ascribed to the preservation of lignin due to horizon inversion as 

a result of land preparation prior to planting. However this site has not experienced any 

land preparation, although the forest-margin peat may be experiencing changes due to 

the natural growth of the Sitka spruce. Rumpel et al. (2002) also observed an increase of 

soil carbon in the form of lignin in the subsoil of forest soils, this was partly attributed 

to root input, however, Zerva et al. (2005), indicated that root input alone cannot 

explain the lignin maximum, and owing to the fact that there are no trees in the open 

peat (Fig. 2.8b), Sitka spruce roots are not likely to be the cause for the maximum.  
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Table 6.4: Lignin parameters in each soil horizon taken from the three Wark Forest sites. The 

corrected, intact values are displayed without a *, whilst uncorrected values are displayed with a *. 

 

Λ* Λ S/G* S/G C/G* C/G [Ad/Al]G* [Ad/Al]G 
Tannin/ 

lignin 

Forest-margin peat under Sitka spruce 1 

     

 

L (green) 0.24 0.20 0.80 1.18 3.11 6.34 8.47 7.65 0.05 

L (brown) 0.86 0.67 0.29 0.42 2.12 4.34 3.05 1.66 0.04 

H (fibric) 0.37 0.28 0.41 0.45 0.54 0.78 3.16 2.89 0.02 

H (sapric) 0.50 0.43 0.45 0.49 1.71 2.30 4.04 3.68 0.02 

Forest-margin peat under Sitka spruce 2 

     

 

L (green) 0.33 0.26 0.10 0.10 0.66 0.90 3.14 2.44 0.01 

L (brown) 0.43 0.31 0.15 0.11 0.66 0.99 3.13 2.62 0.07 

H (fibric) 0.85 0.72 0.51 0.52 2.87 4.39 3.44 2.54 0.06 

H (sapric) 0.35 0.24 0.33 0.41 0.94 1.84 4.49 4.22 0.05 

Forest-margin peat 1 

      

 

L (green) 0.16 0.13 0.28 0.44 2.85 6.19 2.32 1.83 0.00 

L (brown) 0.51 0.32 0.10 0.14 1.22 3.17 1.65 1.20 0.00 

H (fibric) 0.45 0.39 0.49 0.51 2.35 3.22 1.57 1.19 0.01 

H (sapric) 0.29 0.22 0.38 0.42 0.67 0.98 3.63 2.75 0.03 

Forest-margin peat 2 

      

 

L (green) 0.22 0.11 0.15 0.28 0.50 1.70 9.65 4.76 0.07 

L (brown) 0.39 0.29 0.30 0.59 1.03 1.62 3.33 2.28 0.17 

H (fibric) 0.76 0.64 0.55 0.67 1.35 2.07 3.94 3.16 0.04 

H (sapric) 0.33 0.26 0.46 0.55 1.68 2.60 5.31 4.18 0.03 

Open peat 1 

      

 

L (green) 0.07 0.04 0.00 0.00 1.48 3.58 5.16 4.75 0.00 

L (brown) 0.81 0.71 0.37 0.34 2.46 3.12 1.60 1.54 0.01 

H (fibric) 1.34 1.21 0.65 0.58 3.14 3.74 2.09 1.93 0.02 

H (sapric) 0.48 0.37 0.38 0.34 0.85 1.10 4.02 3.46 0.03 

Open peat 1 

      

 

L (green) 0.07 0.06 0.26 0.35 2.32 3.77 2.21 2.18 0.05 

L (brown) 0.72 0.63 0.54 0.56 2.30 3.07 0.95 0.93 0.02 

H (fibric) 1.09 0.97 0.65 0.61 2.05 2.45 3.03 2.92 0.01 

H (sapric) 0.44 0.33 0.52 0.34 0.58 0.74 3.42 2.98 0.02 

* uncorrected lignin values (intact lignin, altered lignin and non-lignin phenolics)  
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The build up of lignins at depth has also been linked to the leaching of phenolics (Cerli 

et al., 2008). The maximum could also be a result of the selective preservation of lignin 

phenols with respect to Sphagnum and moss phenols or a recent vegetation change from 

lignin containing vascular species to non-lignin containing non-vascular plants. This 

latter point could be further explained by the consistent composition of phenols 

observed in the H horizons of the six peat cores (Section 6.3.2). 

 The lignin yield of the green litter is significantly lower in the open peat compared to 

the forest-margin peat under Sitka spruce, highlighting a decrease in vascular species 

from the forest-margin peat under the Sitka spruce to the open peat (p=0.048). The 

deeper horizons (Lb, Hf and Hs) showed no differences in the lignin yield between the 

sites, suggesting a previous similar vegetation cover across the chronosequence 

(p>0.05), most likely dominated by non-woody (i.e. grassy) vascular species. It appears 

that the open peat has naturally shifted from a typical moorland grassland to a non-

Sphagnum moss peat, which is not observed in the forest-margin peats.  

 

 

Fig. 6.13: The lignin content,  (mg/100 mg OC) at (a) FM peat under Sitka spruce (b) FM peat and 

(c) open peat. Pit one denoted by solid black line, pit 2 denoted by slashed black line. Error bars 

show standard error of two analytical replicates. 
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Across the chronosequence, the corrected decay proxy [Ad/Al]G  initially decreased into 

the Lb before increasing into the H horizons (with the exception of the forest-margin 

peat under Sitka spruce pit 2), indicating a progressive oxidation of lignin with 

increasing depth once below the green litter (Table 6.4) (Vane et al., 2001; Nierop and 

Filley, 2008). Differences down core were only significant in the forest-margin peat 

under pit one, where the green litter was significantly higher (7.65) than the deeper 

horizons (1.66, 2.89 and 3.68) (p=0.012). The ratio decreases after correction for the 

non-lignin phenols due to the relatively high concentrations of dihydroxyl G6 (Fig. 6.12; 

Section 6.3.3). 

 

6.3.4.2  Lignin proxies (S/G, C/G) 

 

Table 6.4 summarises the values for plant source proxies applied to these peat profiles. 

In the majority of samples after correction, the S/G ratio increases, whereas for the C/G 

ratio, all of the samples show an increase, reflecting the larger proportion of intact G18 

and S6 relative to intact G6 (Section 6.3.5). The S/G ratio decreases after correction for 

the H horizons in the open peat cores reflecting a larger proportion of intact guaiacyl 

lignin compared to syringyl lignin.  

In profiles where no vegetation change has occurred, it can be assumed that the S/G 

ratio will progressively decrease down the soil profile as syringyl moieties are 

preferentially degraded over guaiacyl moieties, as observed in the ML soil in Coalburn 

Forest (Chapter 3) (Chefetz et al., 2000). However this is not the case for these sites, 

indicating a recent change of vegetation input to these peats including the open peat.  

The peat profiles display an increase in S/G with depth due to a decreasing guaiacyl and 

increasing syringyl contribution, reflecting the input from grasses into the H horizon, 

with the exception of the forest-margin peat under Sitka spruce pit 1, which displays a 

decrease from 1.2 in the Lg to a constant ~0.4 down the profile, however changes are 

not significant (p=0.076) (Tables 6.3 and 6.4). The high average S/G ratio of 0.49 in the 

Hf and Hs horizons across the chronosequence is comparable to the surface litter of the 

ML in Chapter 3, further suggesting a previous vegetation of a relatively uniform cover 

of grassy species, whereas vegetation cover now is more patchy, consisting of vascular 

species, Sphagnum mosses and non-Sphagnum mosses, reflected in the wide range of 

S/G values observed across the green litter (0-1.18). 
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The C/G ratio is variable across the chronosequence and down the cores, ranging from 

0.74 in the Hs horizon of the open peat to 6.34 in the green litter of the forest-margin 

peat under Sitka spruce. This is caused by the large but highly variable yield of 

cinnamyl lignin phenols (Fig. 6.9). The introduction of Sitka spruce would expect to 

reduce the C/G and S/G ratio in the litter due to the litterfall of guaiacyl-rich Sitka 

spruce litter, however this is only observed in the second pit of the forest-margin peat 

under Sitka spruce, which is consistent with the high abundance of G6 observed in the 

green litter at this site (Fig. 6.11a). The C/G (uncorrected) for Sitka spruce roots has 

been calculated and exhibits a low ratio of 0.09 (Section 3.3.2.3). The uncorrected C/G 

ratio across the sites is relatively high, with no evidence of a reduced C/G in the Sitka 

spruce forest-margin peat pit where the roots would be expected. Additionally, as with 

the Coalburn site, the THM product distribution and abundance from the Sitka spruce 

roots (Fig. 3.5) does not match the TICs from the forest-margin peats under Sitka spruce, 

suggesting that the root input cannot be observed above the bulk peat SOC. These two 

proxies are good indicators of vascular plant source; however they do not take into 

consideration the non-vascular plants including mosses which are the prevailing 

vegetation type on these soils. 

A third proxy was introduced by Nierop and Filley (2007), which provides an indication 

of the input of woody and non-woody tissue based on the tannin (gallic acid)/lignin 

(S+G) ratio, based on the high yield of tannins in leaves, bark and needles (Kraus et al., 

2003). The tannin/lignin ratio was elevated (0.17 compared to 0.03 ± 0.004 in the rest of 

the site) in the forest-margin peat pit 2 (Lb), consistent with the elevated G6 dihydroxy 

yield (Table 6.4; Fig. 6.5). The non-uniformity across the site reflects the relatively 

young Sitka spruce, and therefore limited input of Sitka spruce-derived tannin phenols 

into the soils (Paul et al., 2002).  

 

6.3.5   Non-Lignin Products 

6.3.5.1  Tannin input 

 

Tannin phenols are split into two groups, hydrolysable (HT) and condensed (CT) 

tannins. Gallic acid can derive from both CTs and HTs, and has been discussed in 

Section 6.3.3.3.  
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 Fig.6.14: Depth profile showing changes in the amount of 1,3,5-trimethoxybenzene (mg/100 mg 

OC) at (a) FM peat under Sitka spruce, (b) FM peat and (c) the open peat. Error bars show standard 

error of two analytical replicates. Pit one denoted by solid line, pit two denoted by slashed black line. 

Fig. 6.15: Depth profile showing changes in the amount of 1,2,4-trimethoxybenzene (mg/100 mg 

OC) at (a) FM peat under Sitka spruce, (b) FM peat and (c) the open peat. Error bars show standard 

error of two analytical replicates. Pit one denoted by solid line, pit two denoted by slashed black line. 
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The elevated thermochemolysis temperature of 610 °C allows for CTs and HTs to be 

cleaved and amenable to GC-MS analysis (Nierop and Filley, 2007), therefore the 

relative input of gallic acid from HTs and CTs cannot be established.                                     

1,3,5-TMB is derived from the A rings of CTs, which have previously been recorded as 

the dominant tannin products (Nierop et al., 2005) and therefore can be used as an 

unequivocal CT marker in these samples (Hernes and Hedges, 2004). 

Fig. 6.14 displays a significant maximum of 1,3,5-TMB in the Lb horizon across the 

chronosequence, which could be a reflection of the shallow input of fresh root material 

containing high levels of tannins (Gallet and Lebreton, 1995), or the leaching from 

tannin-rich Sitka spruce needles (Kraus et al., 2003), however these trends do not fully 

match those from gallic acid (Fig 6.12) (p<0.001). The Tukey’s significantly different 

test revealed that the open peat has a significantly lower yield than the forest-margin 

peat, with the forest-margin peat under Sitka spruce having a significantly similar yield 

to both (Fig. 6.14) (p=0.04). This is expected as the open peat is furthest away from the 

tannin rich Sitka spruce needles and roots, also the topography means that the gradient 

slopes down from the open peat to the forest-margin peat (Fig. 6.1), and therefore is less 

likely to be affected by leaching. 

1,2,4-TMB can be derived from the B ring of CT, however it can also be derived from 

polysaccharides, therefore the relative input of 1,2,4-TMB from tannin and 

polysaccharides cannot be established. The open peat displays a significantly lower 

1,2,4-TMB yield than the two forest-margin peat sites (Fig. 6.15) (p=0.015). Tukey’s 

significantly different test shows the Lb and Hs horizons have a significantly higher 

1,2,4-TMB yield that then the Lg horizon, however the Hf horizon was statistically 

similar to all the other horizons (p=0.004). This compound and associated yield profiles 

are discussed in further detail in Chapter 7, whereby a attempt to differentiate between 

the two potential sources is carried out (Section 7.3.5). 

 

6.3.5.2  Sphagnum biomarkers 

 

The individual yields of the four sphagnum acid THM products are shown in Fig. 6.16. 

The compounds are shown from left to right in order of compound elution; i.e. the dark 

grey bars are I (methylated 4-isopropenylphenol), white bars are IIa (methylated (E/Z)-  
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3-(4-hydroxyphen-1-yl)-but-2-enoic acid), the light grey bars are III (methylated 3-(4-

hydroxyphen-1-yl)-but-3-enoic acid) and the black bars are IIb (methylated (E/Z)- 3-(4-

hydroxyphen-1-yl)-but-2-enoic acid). Across all six pits, the Sphagnum markers IIa and 

III are absent from the H horizons, whilst I and IIb are the dominant Sphagnum 

compounds down the profile of all the sites, suggesting the reduced input of Sphagnum 

mosses with depth. The discussion in Section 5.3.6, postulated that any increase in I, 

beyond that observed in fresh peat, may be assumed to derive from decarboxylated 

sphagnum acid in-situ. However from Fig. 6.16 and the traces discussed in Section 6.3.2 

it is clear that Sphagnum mosses have only recently started to grow at the forest-margin 

peat, therefore the yields below the litter are low and, consequently, are unlikely to yield 

any useful information regarding the degradation of Sphagnum at this site. 

 

 

 

Fig. 6.16: The total Sphagnum content (mg/100 mg OC) at (a) and (b) FM peat under Sitka spruce, 

(c) and (d) FM peat and (e) and (f) the open peat. Error bars show standard error of two analytical 

replicates. 
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This is reflected in the progressive and significant decrease of the Sphagnum yield from 

the litter down the four forest-margin peat profiles into the H horizons (Fig. 6.16) 

(p<0.05). The open peat shows a Sphagnum yield a factor of ten smaller than the forest-

margin peats where I is the dominant Sphagnum marker (Fig. 6.16). As observed from 

the green litter TIC traces (Fig. 6.4) the open peat pit one is dominated by Polytrichum 

litter. 

 

6.3.5.3  Polytrichum commune 

 

Although G12 has been identified in other plants, e.g. Pseudotsuga menziesii (Douglas 

fir) and Sida cordifoilia (Flannel weed) (Hatcher et al., 1995; Martínez et al., 2011), the 

THM of Polytrichum commune releases large abundances of 3,4-dimethoxybenzene 

propanoic acid methyl ester (G12) (m/z 151, 224) (Chapter 4, Section 4.3.4). G12 was 

absent from all but two samples; the litter (green and brown) of the forest-margin peat 

pit 1 (0.075 mg/100 mg OC) and the open peat pit 1 (0.38 mg/100 mg OC). Their 

presence coincides with low yields of Sphagnum (Fig. 6.16), together with the visual 

identification of P. commune litter at the open peat pit 1 (Section 6.3.2.1). 

 

6.3.5.4   Relative vegetation input 

 

A ratio was proposed in Chapter 4 to determine the relative input of Sphagnum litter to 

vascular litter in peats and soils (SR%). However non-Sphagnum mosses such as 

Polytrichum commune are not accounted for using this ratio. Polytrichum commune 

does not contain any Sphagnum phenols, and only trace quantities of lignin phenols 

(Chapter 4), and therefore is not accounted for in any previous vegetation proxies used 

in this study. Using the following equations, the relative input of vascular, Sphagnum 

and non-Sphagnum mosses can be ascertained: 

 

% Vascular   = [ / ( + σ + p)]*100 

% Sphagnum    = [σ / ( + σ + p)]*100 

% Polytrichum  = [p / ( + σ + p)]*100 

Where  is the vascular lignin phenol yield, σ is the sphagnum yield and p is the 

Polytrichum yield. These proxies provide a quick and effective first measure of the  
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dominant vegetation at a site, particularly when displayed in a ternary diagram (Fig. 

6.17). The ternary plot shows that the majority of the Wark Forest samples are devoid of 

Polytrichum commune markers, owing to their position along the 0 mg/100mg OC P. 

commune axis. These samples display an increasing contribution of vascular compounds 

alongside a decreasing contribution of Sphagnum markers, with the histic and fibric peat 

displaying a high input of vascular markers (where >99%) compared to the litter. The 

litter of the marginal peat pit1 displays a 21.6 and 15.4 % input of P. commune, whilst 

the green litter of the open peat pit1 displays a P. commune input of 92.3%. It is 

important to note that the unknown peaks in the open peat pit 2 have not been accounted 

for in this section. The potential presence of the common moss at this site needs to be 

investigated further. 

 

 

Fig. 6.17: The relative proportion of vascular, Sphagnum and non-Sphagnum mosses to the Wark 

Forest soils. Where SS: Sitka spruce, Lg: green litter, Lb: brown litter, Hf: histic peat, and Hs: sapric 

peat. 
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6.4 Conclusions 

 

The encroachment of self seeded Sitka spruce onto the adjacent undisturbed moorland 

has been observed at Wark Forest, and has had an impact on both the carbon and phenol 

dynamics. The OC stocks decrease from the open bog to the forest-margin peats, with 

the distribution of OC shifting from high stocks in the Hs horizon of the open peat to 

higher stocks in the litter of the forest-margin peat, reflecting increased litterfall at the 

forest-margin peat. 

Although the forest-margin peats have not been artificially disturbed, the growth of the 

self seeded trees will have caused some disturbance to the soil, coupled with the 

beginning of drying and shrinkage of soils caused by the adjacent Sitka spruce 

plantation which could be the primary mechanism decreasing OC values down the 

forest-margin peat profiles (Holden et al., 2007). These mechanisms suggest that a 

natural stabilisation of SOM in the open peat is occurring alongside the destabilisation 

of SOM in the forest-margin peats. However, similar oxidation rates across the site 

reflected in the [Ad/Al]G ratio indicates that the forest-margin peat is not experiencing 

increased oxidation due to the growth of the Sitka spruce or the edge effect. Therefore 

the changing carbon storage can be primarily attributed to the decreasing bulk density 

from the open peat to the forest-margin peats, reducing the carbon storage capacity in 

the marginal peats. 

The lignin yield parameter (), lignin proxies (S/G and C/G) and dominating THM 

products (P3, G3, P18 and G18) in the deeper horizons indicate that the vegetation 

across the three sites was previously non-woody vascular dominated, and is reflected in 

a cinnamyl-dominated lignin maximum at depth. The present vegetation, reflected in the 

green litter, suggests a gradual shift from a dominating single non-Sphagnum moss, to 

high species diversity from the open peat to the forest-margin peat under the Sitka 

spruce. Therefore the lignin maximum at depth at this site is not due to land disturbance 

as was the case in the afforested Sitka spruce stand (Chapter 3), but rather a change in 

vegetation.  

The intact lignin contents at the litter horizons of these samples support a greater non-

lignin phenolic contribution (e.g. Sphagnum and non-Sphagnum mosses), with the 

exception of forest-margin peat under Sitka spruce pit two, where there is evidence of 

the introduction of the self seeded Sitka spruce in the way of the high proportion of  
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intact G4 coupled with the high yield of intact G6 and demethylated lignin, increased 

litterfall, and low S/G and C/G ratios. 

The maximum of tannins, specifically 1,3,5-TMB in the brown litter, suggests the 

translocation of these phenolics from the deeper horizons. These tannins, as with lignins, 

do not occur in non-vascular species, and therefore are most likely to have either 

originated alongside the lignin maximum or originated from vascular roots.  

These results indicate that the presence of the self seeded Sitka spruce has not had a 

major effect on the phenolic composition and distribution. However there has been a 

notable change in surface vegetation across the entire chronosequence, which has 

brought about changes in the phenolic yields. However, the introduction of Sitka spruce 

on the forest-margin peat has appears to have destabilised the SOC at depth, reducing 

the carbon storage at these sites. An extended study at the site through canopy closure 

would be required to provide a more complete evaluation of the effect of self seeded 

Sitka spruce and the edge-effect occurring due to the adjacent plantation site. 

This work highlights the importance of 
13

C-labelled TMAH in lignin analytical studies 

of peat samples where tannin input is likely and has the potential to significantly mask 

the lignin signal. The factors controlling the accumulation of lignin in the deeper 

horizons needs to be investigated further, including water table and DOC measurements 

which will reflect the leaching of phenolics down core.  
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Chapter 7: 

The TMAH Thermochemolysis of Carbohydrates in Peat and Soils 
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7 The TMAH Thermochemolysis of Carbohydrates in Peat and Soils 

7.1  Introduction 

 

Carbohydrates are ubiquitous and abundant in soils, and therefore are potentially useful 

in elucidating sources, processes and pathways of organic matter in soils (Jia et al., 

2008). However, carbohydrates have been used relatively infrequently for organic 

matter source discrimination and degradation patterns in carbon-rich soils (van 

Smeerdijk and Boon, 1987; Moers et al., 1989; Jia et al., 2008). Currently, acid 

hydrolysis is the most common method used to liberate almost the entire carbohydrate 

pool from soils (e.g. Amelung  et al., 1996; Jia et al., 2008). The method involves acid 

hydrolysis using either sulfuric acid (H2SO4), hydrochloric acid (HCl) or trifluoroacetic 

acid (TFA), which cleaves the glycosidic (1→4) bonds of the polysaccharides yielding 

sugar monomers, and the subsequent purification prior to the analysis via liquid 

chromatography (LC) or gas chromatography (GC) after derivatisation (Amelung et al., 

1996). 

Chapter 5 utilised acid hydrolysis data from the Ryggmossen peat samples, revealing 

large quantities of carbohydrates. The persistence of these products down the peat 

profiles indicated a relatively slow consumption of these compounds, with the 

carbohydrate yield decreasing from the bog centre to the bog-forest margin (Chapter 5; 

Section 5.3.4). The use of individual sugars as specific peatland source indicators as 

proposed by Comont et al. (2006), was confirmed in Chapter 5 for both the moss 

indicators (rhamnose, galactose and mannose) and sedge indicators (xylose and 

arabinose). Ribose (and to a lesser extent, hemicellulosic glucose) as also identified by 

Comont et al. (2006) as possible indicators for microbial synthesis. Building on this 

information Jia et al. (2008) used neutral monosaccharides as proxies for peat forming 

plants; [(Mannose+Galactose)/(Arabinose+Xylose)] and % (Rhamnose+Fucose), were 

proposed as tools to differentiate between  lichens, Sphagnum, and vascular species. 

This study for the most part however, utilised tetramethylammonium hydroxide (TMAH) 

thermochemolysis. The capability of TMAH to cleave ether and ester bonds and to 

methylate acidic functional groups of macromolecular structures in soil organic matter 

(SOM), including lignin (Challinor, 1995; Hatcher et al., 1995; Wysocki et al., 2008), 

allows the analyses of compounds entrapped in the macromolecular network  



185 

 

 

(Grasset and Amblès, 1998) including carbohydrates (Fabbri and Helleur, 1999; 

Schwarzinger, 2003; Tanczos et al., 2003; Estournel-Pelardy et al., 2011). However, the 

carbohydrates released by thermochemolysis does not represent the entire carbohydrate 

pool as seen in the acid hydrolysis method (Estournel-Pelardy et al., 2011). 

Fabbri and Helleur (1999) discovered that reducing monosaccharides (i.e. sugars that 

have an aldehyde group; e.g. aldoses (Rose, 1994)) form methylated metasaccharinic 

acid (3-deoxyaldonic acid) methyl esters under thermally assisted hydrolysis and 

methylation (THM) conditions. This is a result of isomerisation of the C-2 position 

(Lobry de Bruyn-Alberda van Ekenstein rearrangement) followed by the dehydration of 

the C-3 position and a benzylic acid rearrangement (Fig. 7.1), first established in the 

early1900s by Nef et al., (1907; 1910; 1917) (See Knill and Kennedy, 2003, and 

references therein). These methylated metasaccharinic acids have a mass spectra with 

m/z 129 as a base peak (Fabbri and Helleur, 1999). The mechanism for the formation of 

methylated metasaccharinic acids and 1,2,4-trimethoxybenzene from the TMAH 

thermochemolysis of glucose is shown in Fig. 7.1.  

The THM of the polysaccharide cellulose, has been shown to produce a specific 

epimeric pair of methylated isosaccharinic acids forming specific ions in EI mass 

spectroscopy (m/z 173) (Estournel-Pelardy et al., 2011). Cellulose is known to degrade 

under alkaline conditions due to an endwise depolymerisation reaction (peeling), 

leading to the formation of carboxylic acid products (Knill and Kennedy, 2003). The 

peeled end can then go through similar reactions as those observed by the 

monosaccharides, however instead of producing a hexonic acid which would methylate 

to form metasaccharinic acids, cellulose produces a 2-hydroxymethyl pentonic isomer 

(isosaccharinic acid (Fabbri & Helleur, 1999).  

Results from THM at 610 °C presented in the preceding chapters have shown the 

tentative identification of carbohydrate derivatives in soil and litter samples, however it 

has been suggested that the presence of these methylated carbohydrates could be 

derived from the use of cellulose extraction thimbles (Mason, 2009). Described herein 

are the results of the potential carbohydrate markers as observed throughout the thesis, 

with the aim to (i) ascertain whether or not the extraction thimbles are a source of the 

methylated carbohydrates, (ii) identify and explore the behaviour of abundant 

monosaccharides and polysaccharides in soil; glucose, galactose and cellulose under 

TMAH thermochemolysis, and (iii) examine the usefulness of the technique of THM- 
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GC-MS in the analysis of carbohydrates within soil and peat samples. This chapter is 

not a comprehensive review of carbohydrate analysis by THM in carbon-rich soils, 

however it does provide insights to the potential of this method for future research. 

 

Fig. 7.1: Mechanism proposed by Fabbri & Helleur (1999) and Schwarzinger (2002) for the 

formation of methylated metasaccharinic acids and 1,2,4-trimethoxybenzene from the TMAH 

thermochemolysis of glucose.  
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7.2.1 Chemicals 

 

Authentic reference samples of the two abundant monosaccharides in soil (Chapter 5; 
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Sigma. Cellulose and glass fibre extraction thimbles (33 mm x 80 mm) were purchased 

from Fisher Scientific. Standards were ran at a ratio of 1 uL/100 μg TMAH. 
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and following the conventions described in other studies, together with the comparison 

of mass spectra and relative retention times with the literature (Fabbri and Helleur, 1999; 

Tanczos et al., 2003; Schwarzinger, 2004). 

 

7.2.3 Thimbles 

 

To establish whether the cellulose thimbles are the source of methylated carbohydrate 

derivatives, two soils (one organic and one mineral soil) from Harwood Forest were 

split into two parts. Each part was either extracted with a cellulose thimble or a glass 

fibre thimble, providing four separate samples. The extracted soils were then analysed 

using THM in the presence of TMAH. Furthermore, small fragments of the cellulose 

and glass fibre thimbles were pyrolysed directly. Results were statistically interpreted 

using Minitab 16 statistical software package (Minitab Inc., USA). 

 

7.3  Results and Discussion 

 

The THM of the soil samples discussed throughout this thesis were dominated by 

oxygenated aromatics; however a range of polysaccharide derived compounds (1-4), 

methylated carbohydrates (MC1-4) and one of the products of cellulose, namely 1,2,4-

trimethoxybenzene (1,2,4-TMB) were also observed. Fig. 7.2 shows the presence of 

these compounds (listed in Table 7.1) in the humified peat at the Wark Forest marginal 

peat under Sitka spruce pit two (Chapter 6).  

 

Fig. 7.2: Partial chromatogram for the total ion current (TIC) of the thermochemolysis products from 

the humified peat (Hs) at the Wark Forest marginal peat under SS, pit 2. Peak identities and symbols 

are listed in Table 6.2, Chapter 6. Compounds of interest in bold are listed in Table 7.1.
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Table 7.1: TMAH thermochemolysis products from cellulose, glucose and galactose reference 

samples (base peak underlined).  

1 
Schwarzinger (2002); 

2
 Schwarzinger (2004) 

 

 

 

 

Peak Label m/z Tentative structural assignment 

1 57, 71, 83, 113, 127, 142 polysaccharide derived compounds
1
 

2 55, 71, 97, 113, 141, 156 polysaccharide derived compounds 

3 53, 85, 97, 127, 141, 156 polysaccharide derived compounds 

4 53, 83, 111, 125, 139, 154 polysaccharide derived compounds
1
  

1,2,4-TMB 69, 95, 110, 125, 153, 168 1,2,4-trimethoxybenzene 

5 75, 89, 113, 141, 173, 191 Partially methylated isosaccharinic acid methyl ester 

(3-deoxy-2-methoxymethylpentonic) acid methyl ester
1
 

6 75, 89, 119, 141, 173, 205 Permethylated isosaccharinic acid methyl ester (3-

deoxy-2-methoxymethylpentonic) acid methyl ester
1
 

MC1 59, 101, 129, 147, 177 Partially methylated 3-deoxy-hexonic acid, methyl 

ester
2
 

MC2 75, 101, 129, 161, 191 Permethylated 3-deoxy-hexonic acid, methyl ester
2
 

MC3 59, 101, 129, 147, 177 Partially methylated 3-deoxy-hexonic acid, methyl 

ester
2
 

MC4 75, 101, 129, 161, 191 Permethylated 3-deoxy-hexonic acid, methyl ester
2
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7.3.1 Preliminary Test on Extraction Thimbles 

 

Preliminary THM tests on the extraction thimbles were performed following the 

procedure described in the methods section. The GLM indicated that the soils extracted 

with the glass fibre thimbles yielded significantly similar quantities of 1,2,4-TMB 

(p=0.832), methylated carbohydrates (p=0.838) and polysaccharide derived compounds 

(p=0.288) as the soils extracted with cellulose thimbles.  

The extraction thimbles themselves were also analysed with TMAH. The THM of the 

cellulose thimbles indicates the presence of 1,2,4-TMB and the four polysaccharide 

derived compounds but the methylated carbohydrates we absent (Fig. 7.3). The four 

polysaccharide derived compounds released during the THM analysis of the cellulose 

thimbles are observed throughout the soil, peat and litter samples, however are most 

abundant in the Ryggmossen peat samples, which were not extracted using Soxhlet 

extraction (Chapters 4 and 5; See Chapter 2, Section 2.8 for methodology).  

 

 

Fig. 7.3: Partial chromatogram for the total ion current (TIC) of the thermochemolysis products from 

the (a) glass fibre thimble and (b) cellulose thimble. Peak identities and symbols are listed in Table 

7.1. 
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The TIC from the glass fibre thimble released no methylated carbohydrates or cellulose 

compounds; however it did release one peak with an m/z 128. This peak has previously 

been identified by Templier et al. (2005); Nierop and Buurman (2007), and Bardy et al. 

(2011), as a TMAH by-product, namely 1,3,5-trimethylhexahydro-1,3,5-triazine.  

Due to the presence of polysaccharide derived compounds within samples not extracted 

using cellulose thimbles, coupled with no significant differences in the yields of these 

products in cellulose or glass fibre thimbles, the cellulose thimbles as a source of the 

polysaccharide derived compounds and methylated carbohydrates compounds in this 

study can be assumed to be negligible. However if future work focused on the analysis 

of carbohydrates, it is reccommend that glass fibre thimbles or an alternative extraction 

technique is utilised, to eliminate any chance of contamination. 

 

7.3.2  Analysis of Authentic Reference Samples 

 

When two monosaccharides of hexose (glucose and galactose) are subjected to THM 

analysis, various methylated products are released. The TIC (Fig. 7.4) shows the major 

THM products are a series of four methylated metasaccharinic acid methyl esters (MC1-

4) (see Fig. 7.1 for the structure of the methylated metasaccharinic acids) (Schwarzinger, 

2004). Compounds 1, 2, 3, and 4 were also present, although in higher abundance in the 

glucose standard. 1,2,4-trimethoxybenzene (1,2,4-TMB) was also a major component 

detected by GC-MS in both the glucose and galactose standards. 

A variety of products are released following the pyrolysis of cellulose in the presence of 

TMAH (Fig. 7.5). These products included compounds 1- 6, and 1,2,4-TMB. The 

absence of methylated carbohydrates in the TIC of cellulose displays the lack of 

hexonic acid as identified by Fabbri and Helleur (1999), instead forming the typical 

polysaccharide thermochemolysis products; isosaccharinic acids (compounds 5 and 6) 

(Schwarzinger, 2002). The corresponding mass spectral data are reported in Table 7.1.  

It is important to note that a cautious interpretation of these results when compared to 

the literature is required, due to differences in the experimental conditions (e.g. 

temperature,  ratio  of  TMAH  to  sample,  solvent  choice  and  contact  time  between 

sample  and  TMAH), which can create large differences in the output (Schwarzinger et 

al., 2002). 
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Fig. 7.4:  Partial chromatogram for the total ion current (TIC) of the thermochemolysis products 

from authentic (a) galactose and (b) glucose sample. Peak identities and symbols are listed in Table 

7.1. 

 

 

Fig. 7.5:  Partial chromatogram for the total ion current (TIC) of the thermochemolysis products 

from cellulose. Peak identities and symbols are listed in Table 7.1. 
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7.3.3  Metasaccharinic Acid Methyl Esters 

 

First tentatively assigned as methylated carbohydrates in 1996, the four compounds 

with prominent ions at m/z 101 and m/z 129 (MC1-MC4) (Fabbri et al., 1996), have 

since received much attention to correctly identify and understand their presence 

(Fabbri and Helleur, 1999; Schwarzinger et al., 2002; Schwarzinger, 2003; 

Schwarzinger, 2004) in the pyrolysates of soils (Mason et al., 2009), humic matter  and 

plant gums (Riedo et al., 2009).  

These methylated carbohydrate derivatives (Fabbri et al., 1996; Fabbri and Helleur, 

1999) were tentatively assigned in varying abundances across the majority of the soil 

samples analysed in this thesis; Chapter 3, Chapter 6 (e.g. Fig. 7.2), due to the 

identification of the prominent ions (Fabbri et al., 1996). In agreement with other 

studies (Fabbri et al., 1996; Fabbri and Helleur, 1999) the THM of the monosaccharides 

lead mainly to a set of two pairs of permethylated metasaccharinic acids (MC1 and 

MC3; MC2 and MC4), with each pair exhibiting an identical mass spectrum (Fabbri and 

Helleur, 1999; Chiavari et al., 2007).  

For each pair of the methylated carbohydrates, a comparison between the mass spectra 

from unlabelled and 
13

C-labelled TMAH are shown (Fig. 7.6). After THM with 
13

C-

labelled TMAH, the acidic oxygen functional groups are methylated by the 
13

C-labelled 

methyl groups. Therefore, the number of 
13

C-labelled methyl groups added to the 

carbohydrate products should be equivalent to the number of acidic oxygen functional 

groups on the molecule. Figs. 7.7 and 7.8 show the fractionation patterns of the two 

pairs of metasaccharinic acids, displaying the molecular ion for each of the 
13

C-labelled 

and unlabelled products and the number of 
13

C-labelled methyl groups added to each 

compound as determined by GC-MS. The increase in molecular weight upon 
13

C-

TMAH thermochemolysis corresponds to the number of available sites for methylated 

for MC2 and MC4, but not for MC1 and MC3.  

MC2 and MC4 are therefore fully methylated, and will be considered as pair one; the 

fragmentation scheme of the major m/z ions for MC2 and MC4 is interpreted in Fig. 7.7. 

However, several fragment ions of pair two (MC1 and MC3), indicate a certain level of 

incomplete methylation (Fig. 7.8). M
+
·
 
(molecular ion) for these two pairs of products 

was assumed at m/z 250 consistent with published sources (Fabbri and Helleur, 1999), 

however it is important to note that the reference samples used (i.e. glucose) would need  
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to be analysed with chemical ionisation (CI) in order to ascertain the molecular weight 

of the MCs. 

Pair one (MC2 and MC4) showed several fragment ions at m/z 191, m/z 205, m/z 161, 

m/z 129 and m/z 101 (Fabbri and Helleur, 1999; Tanczos et al., 2003). The labelled 

mass spectra (Fig. 7.6) displayed a base peak m/z 131, indicating the addition of two 

labelled methyl groups, consistent with complete methylation of this fragment as shown 

in Fig. 7.7.  

The incomplete methylation observed for products MC1 and MC3 has previously been 

observed when the pyrolysis temperature is reduced, with higher temperatures required 

for complete methylation (Schwarzinger et al., 2002). Although the pyrolysis 

temperature used herein (610 °C) was in excess of the maximum pyrolysis temperature 

used by Schwarzinger et al. (2002) (500 °C) indicating complete methylation may 

require higher amounts of TMAH. The ions with m/z 177 and m/z 147 have a molecular 

weight of 14 less than their respective ions in the fully methylated saccharinic acids 

(m/z 191, 161), suggesting one acidic oxygen functional group has not been methylated, 

this is confirmed by the shift of only two and three mass units in the mass spectra, for 

m/z 147 and 177 respectively, where there are in fact three and four potential sites for 

13
C-methylation respectively (Fig. 7.6). Pair two (MC1 and MC3) showed several 

fragment ions at m/z 177 (partially methylated), m/z 205, m/z 147 (partially methylated), 

m/z 129 and m/z 101. The proposed mechanism for the fragmentation of the major ions 

has been illustrated in Fig. 7.8. 

 

7.3.4  Cellulose Derived Products 

 

The thermochemolysis of cellulose (Fig. 7.4) released 2 compounds that were observed 

in the THM products of the cellulose standard only: peaks 5 and 6. Peaks 1- 4 were also 

observed in the THM of cellulose, and have been described throughout this chapter as 

polysaccharide derived compounds. The corresponding mass spectra of these six 

products are shown in Figs. 7.9-7.11.  

Fig. 7.9 shows that compound 1 has a base peak m/z 142 (Fig. 7.9a), and compound 4 

has a base peak m/z 154 (Fig. 7.9d), these two compounds have been observed by 

Schwarzinger et al. (2002) in the thermochemolysis of cellulose and cellulose acetate, 

however only under certain conditions; including under surplus levels of TMAH. 
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Fig. 7.6: The mass spectra of the unlabelled and associated 
13

C-labelled monosaccharides: MC1, 

MC2, MC3 and MC4. Numbers in red with a plus (+) prefix indicate the number of added labelled C 

atoms, i.e. methyl groups added by 
13

C-TMAH. 
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Fig. 7.7: Proposed fragmentation pathway of MC2 + MC4 (permethylated deoxyaldonic acid 

epimers). Displaying the methyl groups that can increase the molecular weight using 
13

C-TMAH 

(OCH3)*. (a) Fabbri & Helleur (1999), (b) Tanczos et al. (2003).                                                           

                                  

Fig. 7.8: Proposed fragmentation pathway of MC1 + MC3 (partially methylated deoxyaldonic acid 

epimers). Displaying the methyl groups that can increase the molecular weight using 
13

C-TMAH 

(OCH3)*. (a) Schwarzinger (2004), (b) Tanczos et al. (2003).  
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More recently, these compounds have been observed in podzol SOM by Bardy et al. 

(2011).  Compound 4 has been assigned 2,4-dimethoxyphenol by Fabbri & Helleur 

(1999), however Schwarzinger et al. (2002) suggested that the assignment may be 

incorrect based upon the inconsistent retention times attained from Fabbri and Helleur 

(1999) and Schwarzinger (2002), and therefore these compounds remain un-assigned. 

Peaks 2 and 3 have similar mass spectra, suggesting two isomers with a base peat m/z 

156 (Fig. 7.9b and c). Although these products remain unassigned, all four products 

displayed an increased molecular weight of two after THM with 
13

C-labelled TMAH, 

indicating the presence of two hydroxyl groups on each of these four products.  

Fabbri and Helleur (1999) described two isomers of partially methylated isosaccharinic 

acid methyl ester with m/z 173, 141, 127, in the thermochemolysis products of cellulose 

which would be consistent with the mass spectrum observed for compound 5 (Fig. 7.10). 

These two products have since been identified as methylated and partially methylated 

isosaccharinic (3-deoxy-2-hydroxymethylpentonic) acid methyl esters (Schwarzinger, 

2002). Fabbri and Helleur (1999) proposed the mechanism for the formation of THM 

products 5 and 6 from cellulose illustrated in Fig. 7.5. The detailed mechanism 

proposed for the fragmentation pattern of compounds 5 and 6 are shown in Figs. 7.10 

and 7.11 respectively.  

Schwarzinger et al. (2002), showed that although the main degradation products are not 

influenced by drying the samples prior to analysis, products 5 and 6 are encouraged 

when the water is not removed. This is consistent with the endwise depolymerisation 

reaction (peeling) of cellulose, which occurs in an aqueous media at elevated 

temperatures (see section 7.3.2, for a detailed description of this reaction) 

(Schwarzinger,2002; Knill and Kennedy, 2003). 

The molecular ion of compound 5 was assumed at m/z 236 (partially methylated) 

consistent with published sources (Schwarzinger, 2004), with several fragment ions at 

m/z 191 (partially methylated), m/z 177, m/z 145, m/z 141, m/z 127 and m/z 113. It 

should be pointed out that the compound structure for ion m/z 177 published in 

Schwarzinger (2004) should display a double bond on the C4 bond.  

Compound 6 displayed a similar mass spectrum to compound 5, however displaying the 

complete methylation of the product, with the partially methylated fragment at m/z 191 

from compound 5, displaying an increase of 14 mass units to m/z 205, indicating the 

addition of 4 methylated groups, adequate for the complete methylation. The molecular 
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ion was assumed at m/z 250, due to the complete methylation, with several fragment 

ions at m/z 205, m/z 173, m/z 141, m/z 191, and m/z 159. The low pyrolysis temperature 

of 500 °C used by Schwarzinger (2004); was held responsible for the incomplete 

methylation of the saccharinic acids, causing the OH-group at position 2 to remain un-

methylated. The higher pyrolysis temperature in this study (610 °C) has shown a degree 

of complete methylation concomitant with the presence of partially methylated 

components. 

 

                            a)  1                                                     b)  2 

                

 

                               c)  3                                                       d)  4                             

              

 

Fig. 7.9: EI mass spectrum of polysaccharide derived products (a) 1, (b) 2, (c) 3 and (d) 4.   
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Fig. 7.10: EI mass spectrum and the proposed fragmentation pathway for peak 5: partially 

methylated isosaccharinic acid: Modified from Schwarzinger (2004).  
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Fig. 7.11: EI mass spectrum and the proposed fragmentation pathway for peak 6: permethylated 

isosaccharinic acid. 
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7.3.5  1,2,4-trimethoxybenzene 

1,2,4-trimethoxybenzene (1,2,4-TMB) was observed in all the samples analysed in this 

thesis and identified in the thermochemolysis of both the monosaccharides and 

glycosidically-linked polysaccharides (Figs. 7.3 and 7.4). Fig. 7.12 displays the mass 

spectrum of 1,2,4-TMB. 

Whilst a common product observed in the thermochemolysates of multiple samples (i.e. 

carbohydrates (Fabbri and Helleur, 1999), soils (Mason, 2009), peats (Chapter 5)), the 

precise source remains unclear. Although Fabbri and Helleur (1999) observed 1,2,4-

TMB in the TMAH thermochemolysis products of carbohydrates, within soils, Chefetz 

et al. (2000) did not link 1,2,4-TMB to cellulose, due to the perceived reactivity of 

cellulose within soil. More recently, Nierop et al. (2005), suggested that this compound 

may be a marker for condensed tannins, derived from a procyanidin (PC) B ring (Fig. 

1.7), when there is an absence of polysaccharides. As a result, this compound could 

derive from two sources; tannin and polysaccharide (Fabbri and Helleur, 1999; Nierop 

et al., 2005). In order to elucidate the profile trend of 1,2,4-TMB through soil and peat 

profiles the source needs to be differentiated between input from tannin or 

polysaccharide. 

 

 

 

 

  

 

 

 

 

Fig. 7.12: EI mass spectrum and compound structure for 1,2,4-trimethoxybenzene.  
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The presence of 1,2,4-TMB has been observed in the thermochemolysate of both 

cellulose and the monosaccharides glucose and galactose (Figs. 7.3 and 7.4). A ratio of 

this compound to the sum of the total OC-normalised yield of identified carbohydrate 

compounds: 1,2,4-TMB / ((MC1-MC4) + (1-4)) is proposed, which will provide a 

measure of the relative amount of 1,2,4-TMB derived from a carbohydrate source. This 

ratio works on the assumptions that these carbohydrate derived compounds degrade at a 

similar rate in soil, and that MC1-4 and 1-4 have no other sources.  

The three reference compounds (i.e. cellulose, glucose and galactose) provide a ratio of 

0.26 ± 0.07. This ratio value can be used as a baseline for carbohydrate input, with 

values exceeding this ratio an indication of the addition of tannin-derived 1,2,4-TMB. 

The ratio for the Coalburn and Harwood Forest results are shown in Table 7.2, and 

Wark Forest results shown in Table 7.3. The Coalburn Forest moorland (ML) profile 

suggests that the 1,2,4-TMB is primarily derived from the polysaccharide source due to 

the consistently low ratio down core. The Coalburn Forest first rotation afforested site 

(SS1) soil shows a relatively consistent input of both saccharides and tannins down core 

reflected in the consistent but elevated ratio down core (>0.5), which indicates the 

additional presence of tannins alongside the polysaccharides. The Harwood Forest 

second rotation afforested site (SS2) shows an increased tannin input in the A horizon, 

reflected in the increase in the ratio to 0.83. This is consistent with the maximum of 

tannin marker 1,3,5-TMB observed in the A horizon (Chapter 3; Fig. 3.13). 

The Wark Forest soils show an average of 0.3 ± 0.03, down the six profiles, suggesting 

a predominant saccharide input to the 1,2,4-TMB yield. The only exception is the green 

litter of the marginal peat pit two, which shows an elevated ratio (0.89), indicating an 

increased tannin input. This is further reflected in the elevated yield of 1,2,4-TMB and 

1,3,5-TMB in the upper green litter of the marginal peat pit 2 (Chapter 6, Section 

6.3.5.1, Figs 6.15b and 6.16b), whereas the polysaccharide inputs at this horizon remain 

fairly low and consistent with the marginal peat pit 1 (Fig. 7.14). This is consistent with 

findings in Chapter 6, showing that this profile is displaying signs of the introduction of 

Sitka spruce, which are known to contain high levels of tannins. The remaining five 

profiles are predominantly vegetated with grasses and mosses, in which the distribution 

of tannins are of minor importance (White, 1957).  
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Table 7.2: The ratio indicating the polysaccharide input to 1,2,4-TMB in the Coalburn (CB) and 

Harwood (HW) Forest soil profiles using [1,2,4-TMB / ((MC1-MC4) + (1-4))] 

CB ML ratio CB SS1 ratio HW SS2 ratio 

L+F 0.38 L+F 0.53 L+F 0.40 

Hf 0.21 Hf 0.56 Hf 0.37 

Hs 0.41 Ae 0.60 Hs 0.27 

Ae 0.50 Bg n.d A 0.83 

Bg n.d   H 0.21 

 

Table 7.3: The ratio indicating the polysaccharide input to 1,2,4-TMB in the Wark Forest soil 

profiles using [1,2,4-TMB / ((MC1-MC4) + (1-4))] 

 

 

 

 

These results indicate that the proposed ratio to determine the source of 1,2,4-TMB 

provides a quick indication of source, especially when combined with other factors and 

proxies, such as lignin ratios C/G and S/G. However, care must be used when 

interpreting the data, due to the potential of other sources; e.g. Mason et al. (2009) 

suggested that methylated carbohydrates in deeper soils were of microbial origin; 

indicating further research into the differentiation of 1,2,4-TMB from a tannin and 

polysaccharide source is required. 

 

7.3.6 Profile Trends 

7.3.6.1  Coalburn, Harwood and Wark Forest 

 

THM in the presence of TMAH of solvent-extracted soil from Coalburn, Harwood and 

Wark Forest yielded methylated carbohydrates and the cellulose derived products. The 

THM traces for these samples are shown in their respective results chapters (Chapter 3; 

Figs. 3.2-3.4, and Chapter 6; Figs. 6.4-6.7). The sum of the methylated carbohydrates 

and the sum of the cellulose derived products are normalised to 100 mg of OC and 

displayed ion Figs. 7.13 and 7.14.                                                                                          

The total methylated carbohydrates yield for the ML is constant down the profile, 

decreasing only in the mineral B horizon, however displays an increase with depth in  

 

Marginal peat under SS 

ratio 

Marginal peat 

ratio 

Open peat 

ratio 

Lg 0.21 0.25 0.15 0.89 0.22 0.16 

Lb 0.25 0.34 0.19 0.18 0.19 0.18 

Hf 0.44 0.29 0.47 0.31 0.14 0.23 

Hs 0.59 0.32 0.32 0.29 0.41 0.21 
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the two afforested soils. The polysaccharide derived products in the ML and SS1 

display a high yield in the litter (ca 0.26 and 0.06 mg/100 mg OC respectively), 

however they are lost with increasing depth. In the SS2 soil, the polysaccharide derived 

products increase in to the deeper horizons, however changes are not significant 

(p>0.05).The GLM indicated the ML soil had significantly higher yield of poly-

saccharide derived products compared to the two afforested sites (p<0.001). However 

there were no differences observed between the sites for the MC yield (p=0.05).  

The polysaccharide derived products exceed the methylated carbohydrate yield 

throughout the Wark Forest soils (Fig. 7.14). The GLM indicated the three Wark sites 

all had similar yields of methylated carbohydrates and products 1-4 (p=0.955 and 0.382). 

However, significant differences were observed between the total methylated 

carbohydrates and 1-4 yield down the core (p=0.002 and 0.000). The Tukey’s test 

showed that the Hs horizon had significantly higher yield of methylated carbohydrates 

than the shallower litter horizons, and Lb had significantly higher yield of products 1-4 

than the Lg, Hf and Hs horizons. Quantities of methylated carbohydrates and products 

1-4 in the Wark Forest profiles (0.18 and 0.04 mg/100 mg OC) are comparable to the 

yields in the ML soil of Coalburn Forest (0.11 and 0.04 mg/100 mg OC). However the 

yield of cellulose products 1-4 decline to 0.06 mg/100 mg OC in the afforested stands, 

whilst the methylated carbohydrates are elevated to 0.08 mg/100 mg OC. 

The yield of the polysaccharide derived compounds exceeds the yield of the methylated 

carbohydrates in the litter of the Coalburn, Harwood and Wark Forest soils. However 

with increasing depth, the yield decreases to a similar yield of methylated carbohydrates. 

The larger contribution of these metasaccharinic acids at depth, which were observed in 

the two monosaccharides of hexose, but not in the cellulose (Figs. 7.3 and 7.4), could be 

a reflection of the preferential decomposition of cellulose by white-rot fungi, and the 

input of microbially synthesised hexose in the deeper soil, especially of fungi (Dijkstra 

et al., 1998; Huang et al., 1998). Polysaccharides are the principal energy source for 

heterotrophic microbial communities, so their progressive decrease with depth is 

expected (Huang et al., 1998). The land use change appears to have increased the loss of 

compounds 1-4, concomitant with increased lignin oxidation (Chapter 3; Fig. 3.10) 

(Filley et al., 2002), whilst allowing the accumulation of the microbially synthesised 

methylated carbohydrates in the deeper soil (Spaccini et al., 2000; Gleixner et al., 2002). 
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Fig. 7.13: The depth profile showing changes in the methylated carbohydrates (solid lines) and the 

polysaccharide derived compounds 1-4 (dashed lines) (mg/100 mg OC) in (a) ML, (b) SS1 and (c) 

SS2 soil. The error bars indicate the standard error from three/two analytical replicates. Means with 

different letters are significantly different (Tukey’s HSD, p>0.05). 

Fig. 7.14: Depth profile showing changes in the amount of methylated carbohydrates (solid lines) 

and the polysaccharide derived compounds 1-4 (dashed lines) (mg/100 mg OC) in a) FM peat under 

SS, b) FM peat and c) the open peat. Error bars show standard error of two analytical replicates. 
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7.3.6.2  Ryggmossen Peatland 

 

The acid hydrolysis carbohydrates from the Ryggmossen peat cores carried out by Dr. 

Greg Cowie (Edinburgh University), showed consistently higher amounts compared to 

the THM cellulose products 1-4 (Fig. 7.15) consistent with previous work (Comont et 

al., 2006; Estournel-Pelardy et al., 2011). Estournel-Pelardy et al. (2011) found a poor 

agreement between acid hydrolysis carbohydrates and THM carbohydrates; however 

Estournel-Pelardy used the methylated carbohydrate markers with m/z 101, 129 as 

indicators for carbohydrates. The thermochemolysates of the peat cores released very 

small quantities of these methylated carbohydrates (average BM hummock = 4.3 x 10
-5

 

mg/100mg OC). Therefore the dominant cellulose markers 1-4 were used. Combined 

THM in the presence of TMAH of the extracted S. fallax capitulum mixed with the 

authentic cellulose confirmed the presence of compounds 1-4 in the Sphagnum.  

The Ryggmossen site as a whole displays a positive correlation between the acid 

hydrolysis carbohydrates and THM products 1-4 (Pearson correlation = 0.674; p<0.001).  

The acid hydrolysis carbohydrates of the BP and BM hummock cores show a general 

decrease in the acrotelm, followed by an increase in the mesotelm, whilst the THM 

compounds 1-4 show a gradual increase down the two profiles. The BP hollow core 

displays an increase in both acid hydrolysis and THM carbohydrates in the upper 

mesotelm (i.e. above the mean water table), followed by a decrease and subsequent 

stabilisation in the lower mesotelm (i.e. below the mean water table). The BM core also 

displays an increase in the acrotelm, followed by a sharp decrease in the upper 

mesotelm, however a subsequent increase below the mean water table into the catotelm 

is observed. The FL and SF hummock cores show a relatively stable carbohydrate yield 

(acid hydrolysis and THM) in the acrotelm, followed by a decrease in the mesotelm. 

The FL hollow core displays a general increase in carbohydrate yield, whereas the SF 

hollow shows a progressive decrease. 

These results suggest that the THM yield of compounds 1-4 can provide profile trends 

which are consistent to the profile trends of the acid hydrolysis carbohydrates. 

Therefore THM can be used as a tool to analyse both the lignin and carbohydrate pools 

within peat. 
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Fig. 7.15: The depth profiles of carbohydrate concentration within Ryggmossen BP, BM, FL and SF 

released after acid hydrolysis (TCHO) and TMAH thermochemolysis (1-4) (a,b: hummock and c,d: 

hollow). Solid line is the mean water table, dashed lined indicate upper and lower water table extent. 
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7.4 Conclusions  

 

Thermochemolysis is a valuable technique in analytical chemistry, and is being 

increasingly utilised to investigate carbohydrates. However there are still several 

products that have only been identified tentatively or not at all. Although not 

comprehensive, the findings from this chapter provide the following insights for future 

research. 

The thermochemolysis of one polysaccharide and two monosaccharide reference 

samples released a suite of THM products that are considered specific to carbohydrates. 

The methylated metasaccharinic acids (MC) were derived from the monosaccharide 

reference samples only, whilst 1,2,4-TMB was released from both the polysaccharide 

and monosaccharide reference samples. A further 4 products (1-4) were also observed 

in these reference samples, however their molecular structures still remain unknown. 

Lastly two isosaccharinic products 5 and 6, were identified in the thermochemolysate of 

the cellulose reference compound.  

1,2,4-TMB was observed in all the samples analysed in this thesis and identified in the 

thermochemolysis of both the monosaccharides and glycosidically-linked 

polysaccharides. The preliminary differentiation of 1,2,4-TMB from its carbohydrate 

and tannin source has been investigated, with results consistent with findings from 

previous chapters.   

The yield of the polysaccharide derived compounds exceeds the yield of the methylated 

carbohydrates in the litter of the three forest soils. However with increasing depth, the 

yield decreases to a similar yield of MCs. The selective decrease in the cellulose derived 

products relative to the sugars, could be a reflection of the breakdown of cellulose 

coupled with the microbial production of saccharinic acids (Huang et al., 1998). This 

suggests that the upper horizons are biologically active, with decomposition readily 

occurring. Microbial polysaccharides that are synthesised in situ are likely to be 

responsible for the persistent polysaccharides in the mineral horizons of SS1 and SS2, 

however further research is evidently required. 

When compared with the widely used acid hydrolysis, results from the TMAH 

thermochemolysis results to the Ryggmossen samples, the profile trends are consistent.  
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Therefore THM can be used as a tool to analyse both the lignin and carbohydrate pools 

within peat. 

This chapter has provids a glimpse into the potential use of carbohydrate and 

polysaccharide inputs in soil. Future research should therefore focus on the 

identification of products 1-4 and the further differentiation of the source of 1,2,4-TMB. 

Additionally, since microbially derived saccharides are known to contribute 

substantially to carbohydrates, further research to investigate their occurrence and 

persistence is required.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

209 

 

 

 

 

 

 

 

Chapter 8: 

Conclusions and Future Work 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

210 

 

 

8  Conclusions and Future Work 

8.1  Conclusions 

 

This study was carried out to assess the carbon and phenolic dynamics occurring after 

the afforestation of carbon-rich peat and peaty gley soils. Soil and litter were analysed 

using thermally assisted hydrolysis and methylation (THM) in the presence of 
13

C-

labelled and unlabelled tetramethylammonium hydroxide (TMAH) with the primary 

interest focused towards the soil organic matter (SOM) dynamics at both the bulk (SOC) 

and molecular level (lignin, non-lignin phenolics and other organic compounds) in 

carbon-rich soil profiles. Sites included two afforested peaty gley soils under first and 

second Sitka spruce rotations, an unforested moorland, and self seeded Sitka spruce on 

unprepared peat, all of which are located in Kielder Forest, northern England. A pristine 

peatland in central Sweden was also extensively sampled to observe the phenolic 

processes occurring prior to afforestation; including the processes that control the 

stabilisation and release of carbon within soil, and the chemical structure of plant 

macromolecules, such as lignin and their long-term turnover in soils. Changes in carbon 

storage were also investigated across the sites to assess the effects afforestation will 

have on soil organic carbon stocks. 

Molecular biomarkers including lignin provide an invaluable measurement in carbon 

cycling studies due to the unambiguous information that they can provide regarding the 

source and diagenesis. Sphagnum biomarkers have been identified alongside lignin 

biomarkers in soil and peat using TMAH thermochemolysis to provide detailed 

structural information on both vascular and non-vascular species simultaneously. 

Ideally, 
13

C-labelled TMAH would have been used throughout the study in order to 

account for the tannin contribution, however, due to limited supplies it was not possible 

to use it for all samples investigated. 

 

8.1.1 Afforested Sites 

 

The phenolic changes associated with afforestation on carbon-rich soils have been 

successfully investigated in a below ground system (Chapter 3). The establishment of 

coniferous forests on peaty gley soils displayed a net accumulation of soil carbon during 

the second rotation, surpassing the moorland capacity. Both first rotation and second  



 

211 

 

 

rotation Sitka spruce stands experienced land disturbance prior to planting, however the 

two stands displayed very different carbon storage capacities. This is attributed to the 

initial land-use change including the change of vegetation and the introduction of 

drainage systems that cause increased degradation and loss of organic carbon in the first 

rotation stand only. Therefore despite major land disturbance occurring at the second 

rotation site, large quantities of carbon are able to accumulate. This recovery of organic 

carbon storage is, in part, due to the increased bulk density of the soil due to the 

increased compression caused by the growing trees, coupled with the increasing depth 

of the ectorganic horizons. The lignin yield largely mirrors the carbon storage trends, 

decreasing after afforestation, however displaying a recovery in the second rotation, 

increasing to quantities larger than at the moorland. The depth-related profiles indicate 

progressive lignin degradation at the moorland, whereas the soil beneath the two Sitka 

spruce stands record changes in vegetation input, land preparation and land disturbance. 

The phenol composition of soil horizons presented a lignin maximum at depth across 

the afforested sites caused primarily by the mounding (horizon inversion) that occurred 

prior to planting the second rotation. The increase of lignin and non-lignin phenols in 

the overturned mineral A horizon of the second rotation Sitka spruce suggests that 

mineral horizons have the potential to store significant quantities of phenols despite low 

levels of TOC and OC. 

In Chapter 3, unlabelled TMAH was used as the methylating agent during 

thermochemolysis. This may introduce bias into the results, as Sitka spruce systems will 

have a tannin input as shown in Chapter 6, which has the potential to mask the lignin 

sample. Ideally 
13

C-TMAH would have been used in this study to account for this input.  

Overall, the impact of afforestation appears to significantly influence both carbon 

storage capacities and phenolic composition in northern UK peaty gley soils, with 

mounding after the first rotation increasing the SOC capacity in the second rotation. 

The concern of the impact of afforestation is not restricted to the planting area alone; the 

encroachment of Sitka spruce on to adjacent open peatland via self seeding revealed a 

decreased carbon stock, with the distribution of OC shifting from high stocks in the 

deep peat of the open peat to higher stocks in the litter of the forest-margin peat 

undergoing the Sitka spruce encroachment (Chapter 6). These results indicate that a 

natural stabilisation of SOC in the open peat is occurring alongside the destabilisation of  
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SOM in the forest-margin peats. However unlike afforested plantations, the addition of 

carbon via biomass will be minimal at these marginal peat sites.  

The lignin maximum at depth at the self-seeded marginal peat was due to a shift in 

vegetation cover across the three sites from a continuous non-woody vascular 

dominated moorland to a higher spatial variation across the chronosequence introducing 

Sphagnum and non-Sphagnum mosses. The intact lignin contents at the litter horizons of 

these samples support a greater non-lignin phenolic contribution (e.g. Sphagnum and 

non-Sphagnum mosses), with the exception of forest-margin peat under Sitka spruce pit 

two, where there is evidence of the introduction of the self-seeded Sitka spruce by way 

of the high proportion of intact G4 coupled with the high yield of intact G6 and 

demethylated lignin, increased litterfall, and low S/G and C/G ratios. These results 

highlight the importance of using 
13

C-labelled TMAH and the identification and use of 

Sphagnum moss biomarkers in soil archives. 

It appears that the presence of the self-seeded Sitka spruce has not had a major effect on 

the phenolic composition and distribution. However there has been a notable change in 

surface vegetation across the entire chronosequence, which has brought about changes 

in the phenolic yields and carbon storage.  

 

8.1.2 Pristine Peatlands 

 

Chapters 4 and 5 are the first major studies of sphagnum acid thermochemolysis 

products as a tool to assess the degradation of Sphagnum mosses within peat. 

Methylated 4-isopropenylphenol (I), methylated (E) and (Z)-3-(4'-hydroxyphen-1-

yl)but-2-enoic acid (II a/b), and methylated 3-(4'-hydroxyphen-1-yl)but-3-enoic acid 

(III) are confirmed as TMAH thermochemolysis products of sphagnum acid and also as 

being specific to Sphagnum mosses. Equations 4.2 (Sphagnum yield; σ) and 4.3 (SR%) 

are presented to provide estimates of the relative quantity of Sphagnum mosses to 

vascular plant phenols in peat moss and peat archives. 

The sphagnum acid biomarkers (I, IIa/b and III) persist into the peat archives. The SR% 

across the bog centre indicates that Sphagnum phenols are oxidised preferentially over 

vascular plant phenols in the acrotelm and mesotelm, with σ decreasing in the oxic peat  
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with all four sphagnum acid THM products decreasing simultaneously. In the anoxic 

peat σ stabilises, however the distribution of the four sphagnum acid THM products has 

shifted, so that I accounts for a larger proportion of σ. The increase of I relative to IIa/b 

and III, indicates the sphagnum acid is decarboxylated prior to TMAH analysis 

probably by microbial activity in the permanently anoxic conditions of the catotelm. 

Therefore these four products could potentially be used as a proxy for the degree of 

oxidation in peatlands, and provide direct information on the degradation of Sphagnum 

mosses in peat, whilst avoiding time consuming and costly water level recording within 

peatlands. 

The peat cores revealed large quantities of carbohydrates, indicating a relatively slow 

consumption of these compounds, with the carbohydrate yield decreased from the bog 

centre to the bog-forest margin. The moss indicators (Rha+Man+Gal) increased in the 

catotelm of the BP, BM and FL, whereas sedge indicators (Ara+Xyl+Fuc) showed 

decreases in the catotelm, further indicating the selective preservation of the moss 

monosaccharides in the anoxic zone. 

The BP, BM and FL cores all show a progressive increase in the bulk density from the 

acrotelm into the catotelm consistent with the values cited by Clymo (1992), which 

subsequently leads to the progressivley increasing carbon storage with depth. The SF 

hollow displays a large carbon storage particularly in the deep mineral soil, indicating 

that the mineral-fed marginal peats undergoing paludification may have the highest 

capacity for carbon storage due to the high bulk density combined with the relatively 

high TOC for mineral soil. 

The new biomarkers and indices reported here provide tools for tracking the input, 

accumulation and degradation of Sphagnum phenols in peat profiles. From these results 

we can infer that the water table dynamics play an important role in the degradation of 

Sphagnum phenols, with the seasonally and permanently saturated layers favouring the 

stability and accumulation of Sphagnum phenols. However when exposed to oxic 

conditions above the mean water table, the Sphagnum markers are rapidly lost. 

These results highlight the sensitivity of Sphagnum litter and peat exposed to oxic 

conditions, which would be affected by a lowered water table brought on by climate 

change.  
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Furthermore, the intact lignin phenols present in the Sphagnum and the Sphagnum-

dominated litter are attributed to the large water-holding capacity in the living 

Sphagnum, whereby lignin phenols in the DOM are likely to have become entrapped 

and have become physically bound and/or protected to the Sphagnum, and therefore 

remain detectable despite the samples undergoing solvent extraction. The fractionation 

of the vascular (lignin and non-lignin) phenols as introduced by Hernes et al. (2007), 

was identified in the Ryggmossen samples (Chapter 4).  

The corrected [Ad/Al]G ratio produces similar results for both the Sphagnum and 

vascular species, therefore there appears to be minimal fractionation of the intact lignin 

phenols (G6 and G4) mobilized into the Sphagnum. However, the non-lignin phenols 

contributing to the uncorrected lignin yield appear to be fractionated. These results 

suggest that the non-lignin acid phenols are preferentially removed from the POM and 

solubilised in the DOM, which are subsequently mobilized into the Sphagnum, resulting 

in elevated levels of these non-lignin acids within the Sphagnum. 

 

8.1.3 Soil Carbohydrates 

 

The soil, peat and litter samples analysed in this thesis released several potential THM 

saccharinic products; 1,2,4-trimethoxybenzene (1,2,4-TMB), four methylated 

carbohydrates (MC 1-4), and cellulose derived products (1-6). Their identification was 

confirmed by the analysis of a range of carbohydrate reference samples. The 

polysaccharide cellulose and monosaccharides glucose and galactose (Chapter 7). 

Although the cellulose thimbles have been suggested as a source of the polysaccharide 

derived compounds and methylated carbohydrates compounds, results indicate that the 

thimbles as a source of these compounds can be assumed to be negligible. However if 

future work focused on the analysis of carbohydrates, it is reccommend that glass fibre 

thimbles or an alternative extraction technique is utilised, to eliminate any chance of 

contamination. 

The preliminary differentiation of 1,2,4-TMB from its carbohydrate and tannin source 

has been investigated, with results implying increased tannin inputs to the buried 

mineral horizon of the second rotation Sitka spruce stand at Harwood Forest, and in the 

green litter of the marginal peat pit two at Wark Forest.  These results are consistent  
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with the traditional lignin proxies such as C/G and S/G. However, care must be used 

when interpreting the data, due to the potential of other sources, including the potential 

microbial origin in deeper soils. 

When compared with the widely used acid hydrolysis technique, the yield of 

carbohydrates obtained from the TMAH thermochemolysis of the Ryggmossen samples 

revealed similar profile trends as observed with the yield of sugars released from acid 

hydrolysis. Therefore THM can be used as a tool to simultaneously analyse both the 

lignin and carbohydrate pools within peat. 

The selective decrease in the cellulose derived products (polysaccharides) relative to the 

monosaccharides (methylated carbohydrates) in the three forest soils, could be a 

reflection of the concurrent breakdown of cellulose coupled with the microbial 

production of saccharinic acids (Huang et al., 1998). This suggests that the upper 

horizons are biologically active, with decomposition readily occurring. Microbial 

polysaccharides that are synthesised in situ are likely to be responsible for the persistent 

polysaccharides in the mineral horizons of first and second rotation afforested sites, 

however further research is evidently required. 

 

8.2 Recommendations for Future Work 

 

The research conducted during this study has raised some issues and questions that 

could be recommended for future investigations. 

The spatial and temporal variability in soil carbon is high, especially in afforested sites 

(Chapter 3). The preparation and implementation of a detailed experimental design 

could be employed, such as a factorial or split plot design, complete with blocks and 

replicates, which would allow the spatial variability to be quantified, whilst carrying out 

detailed statistical analyses, including multivariate analysis. Samples at multiple time-

points throughout the year would take into account any temporal variability. This 

detailed stratified soil sampling design has recently been adopted by Forest Research in 

a detailed chronosequence experiment within Kielder Forest, taking into account the 

heterogeneity of the stands and calculating the difference between soil carbon stocks in 

mounds compared to undisturbed flat areas between tree mounds (E. Vanguelova, pers.  
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comm.). This research has focussed on the land-use change associated with carbon rich 

soils (peaty gley and peat soils), however climate change is also an important factor 

which will have an impact on the soil carbon storage and phenolic dynamics. Therefore 

it is important to note that soil temperature has not been considered in this study. Soil 

temperature can stimulate microbial activity and release carbon from the soil into the 

atmosphere. Therefore future work should consider temperature changes on SOC stocks. 

Results at the self-seeded Wark Forest site indicated a minimal effect of the self-seeded 

Sitka spruce on the phenolic composition and distribution (Chapter 6). An extended 

study at the site through canopy closure would be required to provide a more complete 

evaluation of the effect of self-seeded Sitka spruce and the edge-effect occurring due to 

the adjacent plantation site. 

The leaching of highly-oxidised lignin and non-lignin phenolics has not been addressed 

in this study. The concept of lignin phenol fractionation (Hernes et al., 2007) and the 

potential for non-lignin phenol fractionation (Chapter 4), whereby the Hernes et al. 

(2007) reported the preferential removal of specific phenols during the solubilisation of 

lignin-phenols from litter and subsequent sorption of the resulting leachates to soils. 

This fractionation highlights the need for the investigation of lignin included within 

DOM, and the phase changes that occur after afforestation, in order to assess the impact 

of lignin and non-lignin fractionation on lignin proxies, and provide more information 

on the fate of lignin from these systems. 

210
Pb or 

14
C-radiocarbon dating of the soil profiles would provide an age of the organic 

matter and provide an indication of the relative stability of the organic matter in soil. 

This would also allow for kinetic information to be extended from the BP Ryggmossen 

core in Chapter 5, and determined for the loss of carbon and phenols in the remaining 

peats and soils with time.  

The stabilisation of Sphagnum-derived phenols relative to other phenols was identified 

within the permanently saturated Ryggmossen peat, due to the increase of I relative to 

IIa/b and III. As previously established by van der Heijden et al. (1997), after THM, II 

and III are stabilised via transesterification processes, preventing the further formation 

of I beyond that observed via the decarboxylation of the sphagnum acid (van der 

Heijden et al., 1997). These results suggested that the sphagnum acid, which is ether-

linked to the cell wall, is decarboxylated prior to TMAH analysis, probably by  
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microbial activity in the anoxic peat. It was hypothesised that the decarboxylated 

product of sphagnum acid (i.e. isopropenyl phenol) remains bound into the polymer via 

the original ether bonds, and therefore remains present after solvent extraction. 

However, the activity of the major biodegradative hydrolyase enzymes are known to be 

suppressed in peatlands (Kang and Freeman, 1999), therefore the mechanisms involved 

in the sphagnum acid decarboxylation in-situ require further research. Additionally, 

further studies on peat profiles from different climate regions, as well as mechanistic 

studies on the processes of Sphagnum phenol degradation, is required, to determine 

whether the sensitivity of Sphagnum litter and peat exposed to oxic conditions, as 

observed at Ryggmossen, is representative of all northern peatlands. 

Chapter 7 is not a comprehensive review of carbohydrate analysis by TMAH 

thermochemolysis in carbon-rich soils, however it provides insights into the potential of 

this method for future research. Additionally, since microbially derived saccharides are 

known to contribute substantially to carbohydrates, especially peat, further research to 

investigate their occurrence and persistence is required. 
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APPENDIX 

A1: The equations used to determine the original aromatic methoxyl/hydroxyl content 

of 3,4-dimethoxy- (guaiacyl, 1 and 2) and 3,4,5-trimethoxy (syringyl, 3 and 4) 

compounds (taken from Filley et al., 2006) 
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A2: The equations used to determine the original aromatic methoxyl/hydroxyl content 

of sphagnum acid thermochemolysis products  

 

% Hydroxyl (I, IIa/b, III) 
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Table A2: The first set of data required to ascertain the methoxyl/hydroxyl content of 

sphagnum acid thermochemolysis products 

 m/z I  m/z IIa  IIb m/z III 

NL  9  10 10  10 

NUL  10  12 12  12 

MUL 148 137625 206 12945 52201 206 21411 

MUL+1 149 18615 207 2842 9446 207 4002 

ML 149 126222 208 4953 14358 208 4992 

ML + 1 150 15823 209 799 2023 209 769 

(ML + 1)calc  15365.4  906.2 2165.1  777.56 
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4-Isopropenyl phenol 

So to determine (ML+1)calc 

= 126222 x (18615 / 137625) x (9 / 10) 

= 126222 x 0.1352589 x 0.9 

= 15365.38 

 

So to determine the percentage of I that has one hydroxyl group (i.e. derived from sphagnum 

acid): 

 

= 100 x (15823 – 15365.38) / (126222 + 15823 – 15365.38) 

= 100 x (457.62 / 126679.62) 

= 100 x 3.61x10
-3

 

= 0.36 

 

=100-0.36 

= 99.64% 

 

(E) and (Z)- 3-(4'-hydroxyphen-1-yl)but-2-enoic acid 

Isomer 1: 

So to determine (ML+1)calc 

= 4953 x (2842 / 12944) x (10 / 12) 

= 4953 x 0.219544 x 0.8333 

= 906.17 

 

So to determine the percentage of IIa that has two hydroxyl groups (i.e. derived from sphagnum 

acid): 

 

= 100 x (799 – 906.2) / (4953+ 799 – 906.2) 

= 100 x (-107.17/ 4845.8) 

= 100 x -0.0221 

= -2.21 

 

=100-2.21 

= 97.79% 

Isomer 2: 

So to determine (ML+1)calc 

= 14358 x (9446 / 52201) x (10 / 12) 
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                          = 14358 x 0.18095 x 0.8333 

= 2165.12 

So to determine the percentage of IIb that has two hydroxyl groups (i.e. derived from sphagnum 

acid): 

 

= 100 x (2023 – 2165.12) / (14358+ 2023 – 2165.12) 

= 100 x (-142.12/ 14215.9) 

= 100 x -9.9x10
-5
 

= -0.999 

 

=100-0.999 

= 99.001% 

 

3-(4'-hydroxyphen-1-yl)but-3-enoic acid  

 

So to determine (ML+1)calc 

= 4992 x (4002/21411) x (10/12) 

= 4992 x 0.1869 x 0.8333 

= 777.559 

 

So to determine the percentage of III that has two hydroxyl groups (i.e. derived from sphagnum 

acid): 

 

= 100 x (769 – 777.56) / (4992+ 769 – 777.56) 

= 100 x (-8.56/ 4983.44) 

= 100 x -1.72x10
-3

 

= -0.17 

 

=100-0.17 

= 99.83%
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