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ABSTRACT 

 Boreal peatlands currently contain 550 Pg C and are located at high latitudes 

where mean annual temperatures are expected to increase by as much as 7°C by the end 

of the century. There is growing concern that warming will stimulate decomposition, 

transforming peatlands from a sink to a source of atmospheric carbon dioxide and 

accelerating climate change. A primary goal of this dissertation was to evaluate the effect 

of climate change on organic matter decomposition in peatlands. This was achieved by 

developing and employing biochemical tracers to indicate the extent of peat 

decomposition across a range of naturally occurring climatic conditions. First, peat cores 

were analyzed from a latitudinal transect from the West Siberian Lowland, Russia. Cores 

in the south of the transect formed with mean annual temperatures as much as 7° warmer 

than those in the north. However, peat accumulation rates were as much as 5 times higher 

in the southern cores, leading to faster burial beneath the water table where anoxic 

conditions generally prevail. The northern cores therefore experienced longer oxygen 

exposure time than the southern cores. Three independent biochemical indicators (the 

C:N ratio, hydroxyproline yields, and acid:aldehyde ratios of lignin phenols) all indicated 

the northern cores were more extensively decomposed than the southern cores. This 

suggests oxygen exposure time is the primary control on the extent of peat decomposition 

while temperature is of secondary importance. The importance of oxygen exposure time 

was supported by assessing temporal changes in decomposition in a peat core from James 

Bay Lowland, Canada. A reconstruction of the water table based on fossil testate 
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amoebae indicated oxygen exposure time was longest in a 100 cm interval in the center 

of the core. This interval had lower yields of neutral sugars, lower C:N ratios, and higher 

amino acid and hydroxyproline yields than the rest of the core, indicating more extensive 

decomposition. The bottom 50 cm of the core was formed during the Holocene Thermal 

Optimum under conditions ~2°C warmer than the rest of the core, but was not more 

extensively decomposed. This supports the conclusion that oxygen exposure time rather 

than temperature is the main control on organic matter decomposition in peatlands. The 

low apparent sensitivity of decomposition to temperature is consistent with recent 

observations of a strong correlation between peat accumulation rates and mean annual 

temperature, suggesting contemporary warming could enhance peatland carbon 

sequestration.
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CHAPTER 1 

REACTIVITY OF HYDROXYPROLINE-RICH GLYCOPROTEINS AND THEIR 

POTENTIAL AS BIOCHEMICAL TRACERS OF PLANT-DERIVED NITROGEN
1 

 

1.1 Introduction 

Vascular plants represent the largest component of living biomass on Earth and 

are a critical component of the global biogeochemical cycles of C and N. During the 

decomposition of plant litter, microbes utilize plant-derived biopolymers and leave their 

biochemical imprint in the remaining detrital material [Tremblay and Benner, 2006; 

Simpson et al., 2007]. As plant detritus is typically N-poor vs. microbial biomass, 

decomposers incorporate exogenous N in the process of N-immobilization, increasing the 

N content of the detritus [Melillo et al., 1984; White and Howes, 1994; Parton et al., 

2007]. The process is of interest, both due to the role of N as a limiting nutrient in many 

ecosystems and because it has been recently recognized that microbial remains constitute 

a major fraction of soil organic N and have a long turnover time [Kindler et al., 2006; 

Miltner et al., 2009].  

Many current approaches for tracking the fate of plant and microbial inputs utilize 

isotope-labeled additions to detritus and soils [Kindler et al., 2006; Miltner et al., 2009; 

Mambelli et al., 2011]. In addition, changes in the detritus during the transition from

                                                           
1 Philben, M. and R. Benner (2013), Reactivity of hydroxyproline-rich glycoproteins and 

their potential as biochemical tracers of plant-derived nitrogen, Organic Geochemistry., 

57, 11-22, doi: 10.1016/j.orggeochem.2013.01.003. 
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carbohydrate-dominated plant remains to protein-rich microbial necromass 

duringdecomposition have been used to estimate plant and microbial contributions to the 

detrital N pool using nuclear magnetic resonance (NMR) spectroscopy [Simpson et al., 

2007] andpyrolysis-gas chromatography-mass spectrometry combustion-isotope ratio 

mass spectrometry (Py-GC-MS-C-IRMS; [Mambelli et al. 2011]). While these 

approaches have provided valuable insights, they are not suitable for routine use in the 

field because they require experimental manipulations or controlled conditions. 

  A variety of unique compounds in the cell wall complex of bacteria, including 

muramic acid and D-enantiomers of amino acids (AAs), have been used to estimate 

bacterial contributions to the organic nitrogen pool in aquatic environments [Tremblay 

and Benner, 2006; Kaiser and Benner, 2008; Lomstein et al., 2009]. The amino sugars 

glucosamine, galactosamine, and muramic acid are often used as tracers of bacterial and 

fungal remains in soils, where fungi play a major role in decomposition [Guggenberger et 

al., 1999; Amelung, 2001, 2003]. However, no such tracer of plant N is in use. Such a 

biochemical tracer could be used to estimate plant N contributions to soils and sediments, 

complementing the information on the immobilized N input gleaned from microbial 

tracers. 

The AA 4-hydroxyproline (Hyp) is a promising candidate for a plant N tracer. It 

has only two major biochemical sources: hydroxyproline-rich glycoproteins (HRGPs) in 

plants, and collagen, a structural protein in animals. HRGPs are a family of homologous 

proteins in the primary cell walls of all land plants and most green algae, and include 

arabinogalactan proteins, extensins and solanaceous lectins [Kieliszewski and Lamport, 

1994]. They are insoluble and play a structural role in plants by increasing the tensile 
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strength of the cell and contributing to pathogen defense [Cassab, 1998]. Animal remains 

are generally considered to be a relatively minor component of soils, so collagens are 

unlikely to contribute a significant amount of Hyp. In addition, collagen contains 

hydroxylysine (Hly; [Spzak, 2011]), another unique amino acid that can be used to 

identify collagen-derived Hyp.   

Fungi and bacteria, the major decomposers of plant remains in soils, may 

synthesize small amounts of free Hyp for use in antibiotics such as etamycine [Katz et al., 

1979] and cryptocandin [Strobel et al., 1999], but are believed to lack prolyl hydroxylase 

for the hydroxylation of peptidal proline residues [Shibasaki et al., 1999]. Bacteria 

contain collagen-like proteins that share collagen’s repeated Gly-X-Y AA motif and 

triple helix structure, but appear to lack Hyp [Rasmussen et al., 2003; Sylvestre et al., 

2003; Xu et al. 2002], although some fungal fimbriae may have Hyp-containing collagen 

[Celerin et al. 1996]. Since bacteria and fungi produce little Hyp and animal remains are 

a minor component of soils and sediments, HRGPs from plants and green algae are likely 

to be the only significant sources of Hyp. Thus, Hyp could be useful as a biogeochemical 

tracer of plant N in soils and sediments. 

 In this study, we have examined the reactivity of Hyp during a 4 yr decomposition 

experiment with plant tissue representative of the three major groups of higher plants: 

dicotyledonous angiosperms (dicots), monocotyledonous angiosperms (monocots), and 

gymnosperms. It is important to analyze tissue from different phylogenetic groups, as the 

HRGPs in these plant types, though closely related, can have important structural 

differences [Kieliszewski and Lamport, 1994]. We demonstrate that the reactivity of Hyp 



 

4 

is similar to that of bulk plant N in monocot tissue and gymnosperm tissue but is more 

resistant to decomposition in dicot tissue. 

1.2. Material and methods 

1.2.1. Decomposition experiments 

 A detailed description of the experiments is given elsewhere [Opsahl and Benner, 

1995]. Briefly, green and senescent samples of black mangrove leaves (Avicennia 

germainans, a dicot), smooth cordgrass (Spartina alterniflora, a monocot) and cypress 

needles (Taxodium distichum, a gymnosperm) were collected in the vicinity of Port 

Aransas (Texas, USA). Senescent material (10-13 g) from each tissue were placed in 

mesh bags (60 µm opening), suspended in flow-through tanks receiving estuarine water 

and incubated in the dark to prevent the growth of algae. Duplicate bags were harvested 

at progressively longer intervals over the 4 yr period. After harvesting, bags were rinsed 

with deionized water and dried for 3 days at 45°C. The samples were ground and 

homogenized using a Wiley mill. All chemical analyses were made on material from each 

replicate bag. 

1.2.2. Bacterial and fungal samples 

To test for the presence of Hyp in bacteria and fungi, lyophilized cells of 5 

bacterial cultures (Pseudomonas fluorescence, Azobacter vinelandii, Bacillus subtilis, 

Micrococcus sp., and Aerobacter sp.) and samples of 4 species of fungi (Cortinarius 

armillatus, Albatrellus ovinus, Clitocybe sp., and Russula paludosa) were analyzed for 

AAs. All bacteria were obtained from Sigma and fungal samples were collected from a 

boreal forest in Newfoundland, Canada. Fungi were oven-dried at 60 °C and ground 

using a Wiley mill. 
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1.2.3. Chemical analysis 

 The C content and N content were measured using a Carlo Erba EA 1108 CHN 

analyzer [Opsahl and Benner, 1995]. Stable N isotopes were measured by Coastal 

Science Labs (Austin, Texas, USA). Lignin-derived phenols were analyzed via CuO 

oxidation followed by gas chromatography (GC) with flame ionization detection (FID) 

and presented in Opsahl and Benner [1995]. The sum of the p-hydroxy phenols (p-

hydroxybenzaldehyde, p-hydroxyacetophenone, p-hydroxybenzoic acid), syringyl 

phenols (syringaldehyde, acetosyringone, syringic acid), and vanillyl phenols (vanillin, 

acetovanillone, vanillic acid) is reported here.  

Samples for total hydrolysable neutral sugar (THNS) analysis were pretreated in 

12M H2SO4 for 2 h, followed by dilution to 1.2 M H2SO4 and hydrolysis at 100 °C for 3 

h. The hydrolysates were derivatized using Sylon BFT (Supelco) at 60 °C for 10 

min,analyzed by GC-FID, and presented in Opsahl and Benner [1999]. The following 

neutral sugars were measured: arabinose (Ara), fucose (Fuc), galactose (Gal), glucose 

(Glc), lyxose (Lyx), mannose (Man), rhamnose (Rha), ribose (Rib) and xylose (Xyl). 

Total hydrolysable amino sugars (THASs) were analyzed using the method of Kaiser and 

Benner [2000]. Samples (5 mg) were hydrolyzed in 3 M HCl at 100 °C for 5 h in sealed 

ampoules. Following hydrolysis, samples were neutralized with the self-absorbed AG11 

A8 resin (BioRad), desalted using the cation exchanger AG50 X8 (Na
+
 form; BioRad) 

and analyzed using high performance anion exchange chromatography (HPAEC) with 

pulsed amperometric detection (PAD). The three amino sugars analyzed were 

glucosamine (GlcN), galactosamine (GalN) and mannosamine (ManN).  
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 Samples (10 mg) for total hydrolysable amino acid (THAA) analysis were placed 

in sealed ampoules with 1 ml 6 M HCl at 110 °C for 20 h. The HCl was removed under a 

stream of N2 and the samples were redissolved in 200 µl deionized water. Norvaline was 

added to each sample as internal standard and samples were processed and derivatized 

using the Phenomenex EZ:faast method. AAs were separated using GC (Phenomex ZB-

AAA column; 110° to 320°C at 30° min
-1

) with FID. AA yields were quantified using the 

external standard method. The external standard included 16 AAs and was analyzed 

daily. The quantified AAs were: alanine (Ala), glycine (Gly), valine (Val), leucine (Leu), 

isoleucine (Ile), threonine (Thr), serine (Ser), proline (Pro), aspartic acid (Asp), 

methionine (Met), hydroxyproline (Hyp), glutamic acid (Glu), phenylalanine (Phe), 

lysine (Lys), histidine (His) and tyrosine (Tyr). Unlike the commonly used OPA 

derivatization for fluorometric detection, this procedure allows measurement of the 

heterocyclic AAs Pro and Hyp. Asparagine and glutamine are converted to aspartic acid 

and glutamic acid, respectively, during acid hydrolysis and are included in the reported 

measurements of Asp and Glu. The mean deviation for the analysis of replicate litter bag 

samples ranged from ±2.1-5.8% for THAA and ±2.0-4.4% for Hyp.  

The lignin phenols, neutral sugar and AA yields are reported as a proportion (%) 

of the total C according to the equation: 

 

%Cbiochemical = Σ(Yieldbiochemical/C)*(Wt % Cbiochemical/100) (1.1) 

 

where Yieldbiochemical/C is the C-normalized yield of each measured biochemical in mg 

biochemical (100 mg C)
-1

 and Wt % Cbiochemical is the wt. % carbon in the biochemical. 
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1.2.4. Calculation of %N from senescent plant tissue 

 The N measured is the sum of the N from the plant tissue and the N immobilized 

from exogenous sources. Three independent approaches were used to estimate the 

fraction of N derived from the plant tissue [Tremblay and Benner, 2006]. In the first, the 

“plant reactivity method”, it is assumed that plant N is removed at the same rate as bulk C 

or lignin phenols during decomposition. The amount of plant N remaining at time t 

(NPlant) was calculated using the equation: 

 

NPlant = NPlant, initial (Ct/Cinitial)   or   NPlant= NPlant, initial (lignint/lignininitial) (1.2) 

 

where NPlant, initial is the wt. % N of the senescent plant tissue, Ct and lignint are the wt. % 

C and lignin phenol yield, respectively, of the detritus at time t, and Cinitial and lignininitial 

are the wt. % C and lignin phenol yields in the senescent tissue. The proportion of detrital 

N derived from the plant tissue was calculated as: 

 

% Plant N = 100*(NPlant/Nsample) (1.3) 

 

where Nsample is the total N in the sample. The reported value is the mean of the results 

obtained using the reactivity of carbon and lignin phenols. 

 The second method uses N isotopes to estimate the relative contribution of plant 

and exogenous N sources in the detritus according to the equation: 

 

δ
15

Nsample = (%Nplant x  δ
15

Nplant) + (%Nimmob x δ
15

Nimmob) (1.4) 
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 It is assumed that there is no fractionation of N-isotopes during decomposition, 

and all changes in detrital δ
15

N are due to differences between the δ
15

N value of the 

original plant material (δ
15

Nplant) and the δ
15

N value of exogenous N (δ
15

Nimmob).  

δ
15

Nimmob is assumed to be between 8.8‰ (the most 
15

N-rich sample observed) and 11‰, 

the value estimated for dissolved inorganic N in the experiments [Tremblay and Benner, 

2006]. The calculation was performed twice, using the two alternative values for the 

δ
15

Nimmob end member and the mean result reported. 

To test the usefulness of Hyp as a geochemical tracer, plant-derived N was also 

calculated using it as an indicator of plant N, according to the equation:  

 

%Plant N = 100
Hyp/N𝑡

Hyp/N𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 (1.5) 

 

where (Hyp/N)t is the N-normalized Hyp yield at time t and (Hyp/N)initial  is the N-

normalized yield in the senescent tissue. 
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1.3. Results 

1.3.1. Sources of Hyp 

Microbes can synthesize trace quantities of Hyp as secondary metabolites, but 

none of the 5 species of bacteria or 4 species of fungi tested in this study contained 

detectable amounts of Hyp. A literature search showed that it is found in all land plants 

and all green algae (Chlorophyta and Charophyta) except for the genus Nitella (Table 

1.1). It is also found in low concentration in diatoms [Mannino and Harvey, 2000], where 

it is concentrated in soluble cellular protein rather than in the cell wall [Gotelli and 

Cleland, 1968]. It occurs in the cell walls of oomycetes (water molds) but not in the walls 

of true fungi [Crook and Johnston, 1962]. As bacteria and fungi lack significant amounts 

of Hyp and were the dominant decomposers during this experiment, the litter bags had no 

exogenous sources of Hyp. 

1.3.2 Bulk parameters 

 All three vascular plant tissues experienced extensive decomposition over the 

course of the 4 yr study. Decomposition was most extensive for the mangrove leaves, 

which lost 97.5% of their initial C in the 4 yrs (Table 2). Cordgrass and cypress needles 

lost 93.0% and 87.6%, respectively. Losses during the first 42 days were attributed 

largely to leaching of soluble components, while subsequent losses were due mainly to 

microbial degradation [Opsahl and Benner 1995].  

 Bulk N loss was less than C loss for all three tissues. After 4 yrs, 10.8% of the 

initial N remained in the mangrove leaves, and 25.9 and 34.5% in the cordgrass and 

cypress needles, respectively (Table 1.2; Fig. 1.1b). For cypress needles, > 100% of the 
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initial N was present after 1.8 yr despite extensive mass loss, demonstrating net 

immobilization of exogenous N. 

 Senescent cypress needles had a C:N ratio of 120, approximately double that of 

mangrove leaves and cordgrass (Table 1.2). In mangrove leaves and cypress needles, the 

ratio declined throughout (Fig. 1.1a). As the wt. % OC remained relatively constant, the 

large decrease in C:N mostly reflects an increase in wt. % N during decomposition 

[Tremblay and Benner 2006]. The C:N ratio in cordgrass displayed a different pattern, 

increasing by 40% during the leaching phase before declining during microbial 

decomposition (Fig. 1.1a).   

 The stable isotope composition (δ
15

N) of mangrove leaves and cypress needles 

decreased during the leaching phase before increasing to above their initial values by 4 

yrs (Table 1.2; Fig. 1.1c). The δ
15

N of mangrove leaves increased from a minimum of 

5.7‰ after 189 days to 8.7‰ after 4 yrs and increased from a minimum of 4.3 to 7.6‰ in 

cypress needles. The cordgrass δ
15

N did not decline during the leaching phase and 

steadily increased from 1.2‰ in the senescent tissue to 6.1‰ after 4 yrs.  

1.3.3. Yields of neutral sugars, lignin phenols, AAs and amino sugars 

 THAAs, neutral sugars, amino sugars and lignin phenols accounted for 19-58% of 

the C in the senescent tissue (Table 1.2). The largest fraction of carbon was characterized 

for cordgrass due to its high neutral sugar yield. The proportion of C characterized 

remained relatively constant in the mangrove leaves but declined from 58 to 34% in the 

cordgrass and from 19 to 8% in the cypress needles. 

 Neutral sugars were the most abundant class characterized in the senescent 

tissues, and they were also the most reactive component in all tissues (Fig. 1.2). By the 
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end of the study, the neutral sugar yield had declined 60% in mangrove leaves, 71% in 

cordgrass and 80% in cypress needles, relative to the yield in their respective senescent 

tissues. The cordgrass neutral sugar yield was at least 2.5 times the yield from the other 

senescent tissues. Cordgrass neutral sugars were also less reactive during the initial 

stages, declining to only 90% of their initial yield after 3 yrs, but then fell to 29% of 

initial by the end of the study. 

 Lignin phenols accounted for 2.5% of the C in senescent mangrove leaves, 5.3% 

in cordgrass and 1.9% in cypress needles (Table 1.2). In all three tissues, the lignin yield 

increased during the first 3 yrs (Fig. 1.2). As lignin phenols have no exogenous sources, 

these increases indicate that lignin was less reactive than the bulk C. However, the lignin 

phenol yield declined between 3 yrs and 4 yrs for all 3 tissues, indicating that during this 

period lignin was removed more rapidly than bulk C.  

 AA yields from mangrove leaves and cordgrass both declined during senescence, 

indicating the resorption of some AAs during senescence [Aerts, 1996] . The yield from 

senescent mangrove leaves was 68% lower than from green leaves, while the senescent 

cordgrass yield was 45% lower (Table 1.2). AA yield increased with decomposition for 

all 3 tissues, by a factor of 4 for mangrove leaves, a factor of 3 for cordgrass and a factor 

of 2 for cypress needles. For cordgrass, the yield decreased slightly in the leaching phase 

before increasing during the phase of microbial degradation.  

 Amino sugar yields increased 16-fold in mangrove leaves and 28-fold in 

cordgrass after 4 yrs of decomposition (Table 1.2). The absolute amount increased during 

the first year to 270% and 134% of the amount present in the senescent cordgrass and 

mangrove leaves, respectively (Fig. 1.3). These increases occurred despite considerable 
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mass loss from the two tissues, indicating extensive microbial input. There was net 

removal of amino sugars in both tissues after 1 yr, indicating turnover of microbial 

remains. 

1.3.4. Hyp yield 

 The Hyp yield displayed very different patterns with decomposition in the 3 tissue 

types (Table 1.2). For mangrove leaves, the most Hyp-rich tissue, the yield increased 

from 17.2 nmol mg C
-1

 for the senescent tissue to 79.8 nmol mg C
-1

 after 4 yrs of 

decomposition, a more than 4 fold increase. As Hyp lacks a significant exogenous source, 

the increase in is due to selective preservation of Hyp vs. bulk carbon. The Hyp yield 

increased more slowly for the cordgrass, but doubled in 4 yrs. For the cypress needles, 

the yield initially increased for 1.8 yrs, but then declined back to its initial value.  

 The reactivity of Hyp is similar to that of lignin phenols in cordgrass and cypress 

needles (Fig. 1.2). The yield of both components increased to ca. 200% of the initial yield 

for the cordgrass and returned to ca. 100% for the cypress needles after an initial 

increase. The Hyp yield from cordgrass displayed a different pattern than the lignin yield, 

as the lignin yield increased for 3 yrs but declined in the 4
th

 year, while the Hyp yield 

continued to increase for the duration of the experiment. In the mangrove leaves, Hyp 

was much less reactive than lignin phenols. The Hyp yield increased to 465% of its initial 

value by the end of the study, while the lignin yield increased only to 143%. Thus, Hyp in 

mangrove leaves was more resistant to decomposition than lignin phenols.  

 Although Hyp was less reactive than bulk C and other major biochemicals, the 

absolute amount of Hyp remaining declined with decomposition in all 3 tissues (Fig. 1.3). 

After 4 yrs, 12% of the initial Hyp remained in the mangrove leaves and the cypress 
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needles, while 14% remained in the cordgrass. The removal of Hyp from mangrove 

leaves showed a pattern very similar to the removal of N (Fig. 1.3). For cordgrass and 

cypress needles, N was removed more slowly than Hyp.  

 The mol% Hyp of both mangrove leaves and cordgrass was higher in senescent 

tissue than in fresh green tissue (Table 1.2). Hyp increased from 1.3 to 3.8% of the 

THAAs during senescence in mangrove leaves, and from 1.2 to 1.7% in cordgrass. As the 

Hyp yield was lower in the senescent tissue than in the green tissue, the changes were 

caused by a sharp decline in AA yield in both tissues during senescence, likely due to 

resorption. As most Hyp is bound in insoluble structural proteins, little Hyp was resorbed 

during senescence. The mol% Hyp decreased during decomposition in all tissues, as the 

AA yield increased more rapidly than the Hyp yield due to immobilization of exogenous 

N not containing Hyp.  

1.3.5. Proportion (%) N from senescent plant tissue 

 The plant reactivity method and the N isotope method gave similar estimates of 

the proportion of detrital N derived from the senescent plant tissue (% Plant N) after 4 yrs 

of decomposition in all three tissues (Fig. 1.4). The N isotope method resulted in < 100% 

plant N in senescent mangrove leaves and cypress needles because the δ
15

N declined 

during the leaching phase. The minimum δ
15

N value was used as δ
15

NPlant, causing the 

senescent tissue to appear to contain immobilized N.  

 Using the N normalized Hyp yield to estimate the % Plant N (“Hyp method”) 

compared well with the other two methods for cordgrass and with the plant reactivity 

method in cypress needles (Fig. 1.4). The N isotope method indicated higher % Plant N 

in cypress needles than the other two methods for the first 3 yrs of decomposition, but 
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converged with the other methods after 4 yrs. For the mangrove leaves, the Hyp method 

indicated that nearly 100% of the N in the litter bags was plant-derived throughout the 

experiment. This contrasted with the plant reactivity and N isotope methods, which 

indicated that 33% and 39%, respectively, was plant-derived. 

1.3.6. Hyp-rich glycoprotein (HRGP) AA composition and reactivity 

 A literature review of HRGP AA composition revealed that all HRGPs are rich in 

the AAs Hyp, Pro and Lys (Table 1.3). In addition, almost all characterized HRGPs from 

dicots are rich in Tyr and Val, while monocot HRGPs are rich in Thr but have little Val 

or Tyr. With the exception of Val, these AAs are found in relatively low abundance in 

decomposers and in bulk plant tissue. This makes them useful tracers of HRGPs in the 

decaying tissues. In all plant types, the (Tyr+Lys):Hyp ratio never fell below 0.54, the 

mean ratio in dicot HRGPs (Fig. 1.5). In mangrove leaves, the ratio declined with 

decomposition but never dropped below the critical value of 0.54. This observation is 

consistent with the intact preservation of the peptide component of HRGP, as non-HRGP 

Tyr and Lys are removed more quickly than they are added through immobilization, 

leaving behind detritus with an AA composition more closely resembling HRGP. 

 Assuming all Hyp in the detritus is derived from HRGP and the HRGP peptides 

are preserved intact, the mean AA composition of HRGP from each taxonomic grouping 

can be used to estimate the contribution of N from HRGPs to the detrital N in each litter 

bag. Thus, the detrital N originating from the senescent tissue can be divided into HRGP-

associated N and other plant N using the equation: 

 

%Plant N as HRGP =
(%THAA as HRGP)(%N as THAA-N)

%Plant N
 (1.6) 
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To avoid circular reasoning, the Hyp method was excluded from this calculation and % 

Plant N was calculated using the mean of the plant reactivity and N isotope methods. The 

%THAA as HRGP was calculated as: 

 

%THAA as HRGP = 100 ×
∑[(Hypsample)×(mol% AAHRGP)/(mol% HypHRGP)]

THAAsample
 (1.7) 

 

for each of the 16 AAs constituting THAA. Hypsample  and THAAsample represent the C-

normalized yields of Hyp and THAA, respectively. Mol% AAHRGP and mol% HypHRGP 

were calculated as the mean for each plant type from Table 1.3. 

The calculation showed that the proportion of plant-derived N accounted for by 

HRGPs changed little with decomposition in the cordgrass and cypress needles, 

indicating that the reactivity of HRGPs was similar to that of other plant-derived N-

containing components (Fig. 1.6). In mangrove leaves, HRGPs were less reactive than 

other mangrove-derived N, and after 4 yrs of decomposition HRGPs accounted for > 15% 

of the total plant-derived N. 

1.3.7. HRGP glycan composition and reactivity 

 In vascular plant HRGP, Hyp often forms linkages with arabinose 

oligosaccharides, resulting in Hyp-Aran blocks, with n typically 1-4 subunits [Lamport 

and Miller, 1971]. The size of the typical block varies with taxonomic grouping. Dicot 

HRGP contains mostly Hyp-Ara4 arabinosides, gymnosperms contain an even mixture of 

Hyp-Ara4 and Hyp-Ara3, and monocots have mostly unglycosylated Hyp (Table 1.4). 

This information can be used to calculate a mean Ara/Hyp ratio for each group. The 

Ara/Hyp ratio is 3.1 in dicots, 1.0 in monocots and 2.4 in gymnosperms. 
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 The Ara/Hyp values in the senescent plant tissues were much higher than these 

values, as plants have many non-HRGP sources of Ara. However, these sources are more 

reactive than HRGP and the ratio declined with decomposition as Ara was remineralized 

(Fig. 1.7). The Ara/Hyp ratio in mangrove leaves declined from 25.4 to 4.8 after 189 

days, and then remained fairly constant to the end of the study. Despite increasing Hyp 

yield, the ratio never dropped below 2.3. This suggests that association with HRGP 

protected arabinose from microbial degradation, as the Ara/Hyp ratio in mangrove leaves 

remained close to the ratio in dicot HRGPs, although this could also be caused by 

microbial Ara production. This trend was not visible for the cordgrass, which contained 

much more Ara that was not associated with HRGP. 

1.4. Discussion 

1.4.1. Preservation of HRGP in mangrove leaves 

 HRGPs in mangrove leaves appeared to be selectively preserved vs. other plant 

proteins, while their reactivity was similar to that of other plant proteins in cordgrass and 

cypress needles. Since the decomposition of all three tissues occurred under similar 

conditions, the apparent resistance of mangrove HRGP to microbial decomposition is 

most likely due to differences between mangrove leaves and the other plant tissues. It 

appears that either the structure of mangrove HRGP makes it inherently recalcitrant to 

decomposition compared with HRGP from other plants, or the physical and chemical 

environment of the mangrove cell wall protects the HRGP in ways that the other plant 

cell walls do not. We discuss below four potential mechanisms for the selective 

preservation of HRGP. 
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1.4.1.1. Association with tannins 

 One potential mechanism for the preservation of plant proteins is association with 

tannins. Tannins form hydrophobic associations and hydrogen bonds with proteins 

[Hagerman et al., 1998] and tannin-protein complexes are more resistant to microbial 

attack than unaltered proteins [Howard and Howard, 1993]. In addition, proline-rich 

proteins like HRGPs form complexes more readily than other proteins [Hagerman and 

Butler, 1981]. Thus, association with tannins could contribute to the observed 

preservation of HRGPs. 

 However, this hypothesis is not viable for black mangrove leaves because they 

lack detectable amounts of tannins. In a synthesis of colorimetric and protein 

precipitation tannin assays, Mole [1993] reported that tannins were detected in only 6% 

of plants from the Acanthaceae family, which includes black mangroves. A molecular 

analysis also failed to detect tannins in black mangrove leaves [Hernes and Hedges, 

2004]. Cordgrass, like most other monocots, also lacks tannins, so cypress needles are the 

only tannin-containing tissue analyzed in the present study [Mole, 1993; Hernes and 

Hedges, 2004]. As cypress needle Hyp was the most reactive of the three tissues, it is 

unlikely that complexation with tannins contributed significantly to the preservation of 

HRGP. 

1.4.1.2. Physical protection from cell wall matrix 

 There is abundant evidence that association with an organic matrix such as the 

cell membrane or organelles can slow the degradation of otherwise labile proteins in 

marine environments [Knicker and Hatcher, 1997; Nagata et al., 1998; Borch and 
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Kirchman, 1999; Moore et al., 2012]. Therefore it is possible that association with the 

plant cell wall aids the preservation of HRGPs. 

 The physicochemical associations between HRGPs and other components of the 

plant cell wall are not well known. It was initially thought that HRGP forms an 

independent network in the cell wall, strengthened and made insoluble by isodityrosine 

(IDT) intramolecular cross-links [Fry, 1982; Cooper and Varner, 1984] and pulcherosine 

(tri-tyrosine) and di-IDT (tetra-tyrosine) linkages between HRGP monomers [Brady et 

al., 1996; Held et al., 2004]. This network was thought to form a net, weaving together 

cellulose microfibrils and increasing the physical strength of the cell wall [Wilson and 

Fry, 1986]. In this model, HRGPs do not form covalent bonds with other cell wall 

components, but may be protected by intimate physical association with the cell wall 

matrix. In addition, the basic AAs in HRGPs likely form ionic bonds with the negatively 

charged uronic acids in pectin [Smith et al., 1986], which may give the complex 

additional protection from microbial decomposition. However, more recent evidence 

suggests that HRGPs form a covalent bond with pectin in cultured cotton cells [Qi et al., 

1995] and in sugar beet [Nunez et al., 2009]. The precise nature of the linkage is unclear, 

but it likely increases the resistance of associated HRGP to microbial degradation.  

Whatever the linkage between HRGPs and pectin, it alone cannot explain the 

difference in reactivity between mangrove HRGP and HRGP from the other two plant 

tissues. Current models indicate that dicot and gymnosperm primary cell walls are very 

similar, with the only major difference being greater glucomannans in gymnosperm walls 

[Popper, 2008; Sarkar et al., 2009]. Thus, HRGP from mangrove, a dicot, and HRGP 

from cypress, a gymnosperm, exist in a very similar physical environment, yet mangrove 
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HRGP is much more resistant to decomposition than cypress HRGP. This shows that 

while physical protection within the cell wall matrix may play a role in the protection of 

HRGP, it cannot explain the large difference in reactivity between mangrove and cypress 

HRGPs. 

In addition, Hyp in mangrove leaves was less reactive than any of the cell wall 

components that may be associated with it. Lignin is generally less reactive than the 

polysaccharide components of cell walls [Benner et al., 1984; Benner and Hodson, 1985; 

Stout et al., 1988], yet Hyp was less reactive than lignin phenols in decomposing 

mangrove leaves. If the cell wall matrix is responsible for the protection of HRGP from 

microbial attack, the reactivity of HRGP should be similar to the wall components with 

which it is associated. This was observed for the cordgrass and cypress needles, where 

HRGP and lignin phenols have similar reactivity, but not the mangrove leaves. Again, it 

is likely that the organic matrix of the cell wall slows decomposition of HRGP in all three 

tissues, but it cannot explain the recalcitrance of HRGP in mangrove leaves relative to the 

other tissues.  

1.4.1.3. Protection due to glycosylation 

 A third hypothesis explaining the preservation of HRGP is that glycosylation 

inhibits microbial decomposition of the peptide portion of the molecule. Kiel and 

Kirchman [1993] showed that marine microbes distinguish between glycosylated and 

nonglycosylated protein, and that the turnover time of the glycosylated protein was 34-

202 times longer than that of unmodified protein. In addition, glycoproteins account for a 

major fraction of protein in marine dissolved organic matter (DOM) [Yamada and 

Tanoue, 2003], which is considered to be highly degraded (e.g. [Kaiser and Benner, 
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2009]). Together, these findings suggest that the glycosylation of proteins may decrease 

their reactivity and contribute to their survival in the environment.  

  Previous research on the structure of HRGPs supports the hypothesis that 

glycosylation contributes to their resistance to decomposition. The arabinosides bound to 

Hyp contribute to the overall stability of the molecule and lock it into an extended 

polyproline-II conformation [Vanholst and Varner, 1984; Stafstrom and Staehelin, 

1986b]. The arabinosides appear to be very effective at protecting HRGP from 

degradation by proteases. Digestion with trypsin released only 5% of the Hyp in a 

cultured cotton cell wall, but this increases to 50% after the selective removal of 

arabinosides [Qi et al., 1995]. The hydrolysis of HRGP by pronase, a commercially 

available protease mix, was also more efficient after the removal of sugars [Esquerre-

Tugaye and Lamport, 1979].  

Hyp from dicots have the highest degree of arabinosylation (on average, 3.1 

arabinose residues per Hyp). HRGPs from mangrove leaves, a dicot, were more resistant 

to decomposition than HRGPs from the other two plant types. Hyp from monocot cell 

walls was much less glycosylated and was more reactive.  This is consistent with the 

protection of HRGPs by glycosylation. However, Hyp in gymnosperm cell walls has an 

average arabinoside length of 2.4. Gymnosperm HRGPs are only slightly less 

glycosylated than dicot HRGPs, but were more reactive than HRGPs in both monocots 

and dicots. Thus it appears that the extent of glycosylation is not, by itself, a good 

predictor of the reactivity of HRGP, which casts doubt on the hypothesis that 

glycosylation is solely responsible for its resistance to decomposition. 
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1.4.1.4. Protection due to protein-protein cross links 

Dicot HRGPs contain extensive protein-protein cross links, both within and 

between peptide chains. The cross linking of dicot HRGPs is different from the cross 

linking of monocot and gymnosperm HRGPs, giving it the potential to further explain the 

difference in reactivity between the mangrove leaves and the other tissues. 

Both intramolecular and intermolecular linkages involve tyrosine residues. 

Intramolecular IDT linkages arise from the formation of a diphenyl ether bond between 

two tyrosine residues in the repeated amino acid sequence Tyr-Lys-Tyr [Epstein and 

Lamport, 1984; Stafstrom and Staehelin, 1986a]. This cross link forms a kink in the 

otherwise rod-shaped HRGP molecule [Stafstrom and Staehelin, 1986a]. Pulcherosine 

(tri-tyrosine) and di-IDT (tetra-tyrosine) linkages cross link HRGP polypeptides [Brady 

et al., 1996; Held et al., 2004]. Like the IDT linkage, pulcherosine and di-IDT cross links 

involve highly stable diphenyl ether bonds. These linkages are very common in HRGPs; 

solid-state 
13

C-NMR analyses of cotton cell walls indicate that 25% of the tyrosine 

residues are in the form of IDT [Cegelski et al., 2010]. However, it appears that IDT is 

specific to dicots. Although it appears to be ubiquitous among dicots, it is absent from the 

cell walls of maize, a monocot [Kieliszewski and Lamport, 1994] and Douglas Fir, a 

gymnosperm [Kieliszewski et al., 1992a].  

The intermolecular tyrosine cross linking of HRGP is performed enzymatically by 

extensin peroxidase [Everdeen et al., 1988]. Schnabelrauch et al. [1996] proposed two 

conditions for successful cross linking: presence of the Val-Tyr-Lys AA sequence and a 

high level of glycosylation. Monocot HRGP lacks the Val-Tyr-Lys motif [Kieliszewski et 

al., 1990] and was not cross linked by extensin peroxidase. While Douglas Fir HRGP 
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contains the Val-Tyr-Lys motif, the isolated HRGP monomers are lightly glycosylated 

[Kieliszewski et al., 1992a] and are also not cross linked by extensin peroxidase. This 

shows that there is a clear difference between the structures of dicot HRGPs and monocot 

and gymnosperm HRGPs. Dicot HRGP is extensively cross linked by IDT, pulcherosine, 

and di-IDT, while monocot and gymnosperm HRGPs are not. Further, these cross links 

involve diphenyl ether and biphenyl linkages, which are stable and difficult to degrade. 

Thus, this structural difference among plant tissues provides a likely mechanism 

contributing to the selective preservation of mangrove HRGP vs. cordgrass and cypress 

HRGP. 

In summary, association with other components of the primary cell wall, 

including covalent or ionic bonds with pectin, likely contributes to the protection of 

HRGP from microbial attack in all three tissues. However, the cell walls of dicot 

angiosperms and gymnosperms are very similar in structure, so HRGP from mangrove 

leaves and cypress needles exists in similar physical environments. It appears that 

physical protection cannot explain the large difference in reactivity between mangrove 

HRGP and HRGP from cypress needles. Therefore, the difference in reactivity is likely 

caused by a difference between the structure of HRGP in mangrove leaves and in the 

other tissues. Differences in glycosylation is a tempting hypothesis, as dicot HRGP is the 

most heavily arabinosylated and glycosylation has been proposed as a mechanism for the 

production of recalcitrant OM in the ocean. However, gymnosperm HRGP is only 

slightly less glycosylated than dicot HRGP. Thus, differences in protein-protein cross 

linking between the tissue types most likely account for differences in HRGP reactivity. 

Dicot HRGP contains many IDT, pulcherosine, and di-IDT linkages between 
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polypeptides, which appear to be absent from monocotyledon and gymnosperm HRGP. 

These diphenyl ether linkages are very difficult to break down and may be responsible for 

the recalcitrance of mangrove HRGP. 

1.4.2. Biogeochemical applications 

Hyp has the potential to be a useful biogeochemical indicator in soil because it is 

restricted to only two major biochemical sources, HRGPs and collagen. Like HRGP, 

collagen is a rigid, Hyp-rich structural protein. It is the principle protein in animal 

connective tissue and has been found in every animal phylum [Adams, 1978]. It seems to 

have good preservation potential, as the isotopes of preserved collagen are commonly 

used in paleodietary studies [Deniro, 1985]. Fortunately, the occurrence of collagen is 

unlikely to affect the usefulness of Hyp as a biogeochemical indicator in most 

environments. Macrofaunal biomass and remains are likely minor components of soil 

OM (SOM), DOM, or sedimentary OM compared with detritus from plants, plankton and 

microbes. In addition, collagen contains the uncommon AA, Hly [Szpak, 2011], which 

can be measured in routine AA analyses, including the method used herein, and can be 

used to estimate collagen contribution to the measured Hyp. Hly was not detected in any 

of the samples in this study, confirming the absence of significant amounts of collagen. 

The reactivity of Hyp was similar to the reactivity of the bulk plant N in cordgrass 

and cypress needles. This is consistent with results from Nguyen and Harvey [2003], who 

found that during the decomposition of the green alga Botryococcus braunii, Hyp was 

remineralized at a rate similar to other algal AAs. These results indicate that the N-

normalized Hyp yield can be used as a quantitative tracer of plant N in systems with plant 

communities dominated by monocots, gymnosperms, or both. The accuracy of this 
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application was tested by comparing it with two independent methods for estimating the 

amount of plant-derived N in detritus, the plant reactivity method and the N isotope 

method. Results from the Hyp method agreed with the other two methods for cordgrass. 

For cypress needles, the Hyp method agreed with the plant reactivity method throughout 

the study and converged with the N isotope method after the 4 yrs. The agreement among 

these independent methods increases confidence in their accuracy, but of these 

approaches only the Hyp method can be readily applied to field studies.  

 Hyp in mangrove leaves was more resistant to decomposition than bulk plant N, 

so substantial litter input from dicots to soil could lead to overestimation of plant-derived 

N using the Hyp method. To evaluate the sensitivity of the tracer to changes in dicot 

input and to illustrate a system where Hyp could potentially be applied, we calculated the 

proportion (%) of plant-derived N in a mixture of gymnosperms, dicots and monocots 

representative of a mature black spruce stand in a boreal forest. The contribution of each 

plant group to the total net primary production (70% from gymnosperms, 27% from 

dicots and 3% from monocots; [Mack et al., 2008]) was assumed to reflect their 

contributions to the litter. The reactivity of Hyp and N in cypress needles, mangrove 

leaves and cordgrass as determined by this study was assumed to be representative of 

their behavior in gymnosperms, dicots and monocots, respectively. The N-normalized 

Hyp yield of this example mixture at time t during 4 yrs of decomposition was modeled 

using the equation: 

 

Hyp/N =
∑ [f𝑖×(%Hyp remaining)𝑖×(Hyp/C)plant,i]𝑖=𝑑,𝑚,𝑔

∑ [f𝑖×(%N remaining)𝑖×(N/C)plant,i]𝑖=𝑑,𝑚,𝑔
 (1.8)  
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where fi is the fraction of the litter from each plant type (dicots, monocots, and 

gymnosperms), and Hyp/Cplant,i and N/Cplant,i are the C-normalized Hyp yield and N:C 

weight ratio in senescent mangrove leaves, cordgrass, or cypress needles. %Hyp and %N 

remaining at time t were calculated using the yield of Hyp and N for each plant type as 

measured in this study.  

The proportion (%) of plant-derived N in the model mixture was calculated using 

Eq. 1.5. To illustrate the sensitivity of the method to changes in the contribution of dicots 

to the mixture, the results were compared to the proportion (%) of plant-derived N as 

calculated using the Hyp method with cypress needles.  

 The calculations indicate the Hyp method has a relatively low sensitivity to 

change in dicot input. The Hyp method using cypress needles indicated 36% of the N 

present after 4 yrs of decomposition was plant-derived, while increasing the proportion of 

dicot input to 27% increased the estimate of plant-derived N to 49% (Fig. 1.8). The 

calculation with 0% dicot input is assumed to be an accurate estimate of the plant-derived 

N because the Hyp method agreed with the other two methods for calculating the 

proportion of plant-derived N in cypress needles after 4 yrs. Therefore, increasing the 

dicot input from 0 to 27% resulted in overestimation of the plant-derived N by 13%. This 

demonstrates the applicability of the Hyp method and the importance of estimating dicot 

inputs to the system being studied when applying this method. 

 The mixing model suggests that Hyp can be a good tracer of plant-derived N in 

boreal forest soils. This would be an important application because these ecosystems are 

globally important and contain as much as 550 Pg C, about half of the total C stored in 

forest ecosystems [Larsen, 1980; Dixon et al., 1994]. Further research should focus on 
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the development of this tracer in boreal forest soils and in other ecosystems with known 

inputs of monocot, dicot and gymnosperm tissues. In addition, the distribution and 

reactivity of Hyp in different plant tissues (roots, shoots, and leaves) should be 

investigated. While we have demonstrated that the reactivity of Hyp in cordgrass and 

cypress needles is similar to that of bulk plant N, further studies are needed to fully 

determine the potential of Hyp as a quantitative tracer of plant-derived N in 

biogeochemical studies.  
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Table 1.1 Occurrence of Hyp in varying types of organisms (+, presence; -, absence). 

 

Organism Hydroxyproline Reference 

Angiosperms 
  

 
Monocots + e.g. Kieliszewski and Lamport 1987 

 
Dicots + e.g. Stuart and Varner 1980 

Gymnosperms + Kieliszewski et al. 1992a 

Ferns 
 

+ Lamport 1971 

Bryophytes + Lamport 1971 

Horsetails + Lamport 1971 

Liverworts + Lamport 1971 

Green algae All but Nitella Gotelli and Cleland 1968 

Diatoms + Gotelli and Cleland 1968 

Oomycetes + Crook and Johnston 1962 

Fungi 
 

- Crook and Johnston 1962; this study 

Bacteria - This study 

Archaea ?   
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Table 1.2 C and N remaining (%), C:N ratio, stable N isotopic composition, yield of major biochemical classes, and yield and mol% 

of Hyp during decomposition (THAA, total hydrolysable amino acids; THNS, total hydrolysable neutral sugars; nd, not determined). 

  %C %N C:N δ
15

N THAA THNS THAS Lignin Hyp  Mol% 

Sample remaining remaining (molar) (‰) (%C) (%C) (%C) (%C) (nmol mgC
-1

) Hyp 

Mangrove Leaves 

          Green - - 25.0 nd 7.8 15.8 nd 3.0 17.5 1.3 

Senescent 100 100 60.6 6.4 2.5 18.0 0.05 2.5 17.2 3.8 

42 days 72.6 81.7 54.0 nd 2.9 14.7 0.03 2.7 21.4 4.0 

189 days 42.5 76.1 33.9 5.7 6.6 10.3 0.09 3.2 30.0 2.6 

1.0 yr 19.8 56.5 21.3 6.1 9.6 10.7 0.34 3.5 45.3 2.6 

1.8 yr 8.9 34.4 15.7 7.4 11.9 6.6 0.51 3.8 62.9 2.9 

3.0 yr 3.4 15.0 13.6 8.8 12.7 7.7 0.89 4.6 71.6 3.0 

4.0 yr 2.5 10.8 14.0 8.7 13.3 7.2 0.83 3.6 79.8 3.1 

           Smooth Cordgrass 

          Green - - 41.6 nd 4.5 47.0 nd 4.5 7.6 1.2 

Senescent 100 100 62.1 1.2 2.5 49.7 0.04 5.3 7.4 1.7 

42 days 89.3 63.8 87.0 - 2.0 42.6 0.04 6.0 7.2 2.0 

189 days 79.2 64.6 76.2 3.8 2.5 43.8 0.05 6.1 6.7 1.5 

1.0 yr 41.9 52.7 49.1 4.0 3.9 35.2 0.23 7.0 6.8 1.0 

1.8 yr 28.9 44.7 40.9 4.9 4.4 56.1 0.24 7.9 8.1 1.0 

3.0 yr 13.4 31.2 28.0 5.8 6.8 44.7 0.60 10.8 10.1 0.8 

4.0 yr 7.0 25.9 16.8 6.1 9.6 14.5 0.86 9.2 14.8 0.8 

           Cypress Needles 

          Senescent 100 100 110 5.0 2.0 14.8 nd 2.2 11.8 3.4 
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42 days 83.2 90.4 102 nd 2.3 16.9 nd 1.9 10.8 2.8 

189 days 54.4 107.2 56.1 4.7 3.7 11.7 nd 2.3 13.4 2.0 

1.0 yr 38.9 105.7 40.7 4.3 5.0 7.0 nd 2.7 15.4 1.7 

1.8 yr 24.4 64.1 42.1 5.0 4.3 3.6 nd 2.5 16.8 2.1 

3.0 yr 15.6 47.4 36.3 6.1 3.7 3.0 nd 2.4 12.0 1.8 

4.0 yr 12.4 34.5 39.8 7.6 3.5 2.9 nd 1.8 11.8 1.8 
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Table 1.3 AA composition (mol%) of Hyp-rich glycoproteins. 

  Ala Gly Val Leu Ile Thr Ser Pro Asp Met Hyp Glu Phe Lys His Tyr Arg 

Dicotyledons 

                 Soybean  33kD RPRP
a
  0.0 0.0 17.3 0.0 1.1 0.4 0.0 21.5 1.2 0.0 20.0 8.9 0.0 17.3 0.0 11.5 0.0 

Soybean seed coat cell 

wall HRGPb 1.9 4.0 2.5 1.3 0.9 1.3 8.2 9.9 2.1 2.2 36.2 2.4 0.5 10.8 8.8 8.3 1.0 

Tomato extensin P1
c
 3.2 1.6 5.0 0.8 1.8 7.2 9.8 8.3 1.8 0.0 33.5 1.9 1.3 10.5 7.1 6.3 1.2 

Tomato extensin A
d
 3.5 0.8 9.6 0.4 0.4 5.3 8.0 10.8 1.0 0.0 34.3 1.1 0.0 10.0 5.5 7.5 0.1 

Tomato extensin B
d
 1.8 1.0 9.1 0.6 0.4 6.1 7.8 7.4 1.9 0.0 34.6 1.1 0.0 10.4 7.7 8.6 0.6 

Carrot disk HRGP
e
 0.6 0.7 3.0 0.3 0.3 1.1 12.8 1.1 0.4 0.0 50.8 0.4 0.0 6.9 11.4 10.1 0.2 

Carrot root HRGP
f
 0.4 0.4 5.9 0.3 0.3 1.2 14.0 0.9 0.3 0.0 45.5 0.3 0.0 6.5 11.8 11.0 0.0 

Sugar beet extensin 

P1
g
 1.5 1.4 10.8 0.6 0.5 6.7 9.6 6.1 0.6 0.3 33.8 3.4 0.0 9.6 5.6 9.4 0.1 

Potato extensin
h
 1.2 0.5 10.1 0.3 0.6 6.2 2.0 20.0 1.3 0.0 30.0 1.3 0.2 11.5 8.8 5.6 0.5 

Potato bacterial 

agglutinin
i
 0.9 1.1 3.8 0.2 0.3 3.2 9.4 9.2 0.7 0.0 41.7 1.1 0.1 15.9 5.1 6.2 0.2 

Mean Dicot 1.5 1.1 7.7 0.5 0.7 3.9 8.2 9.5 1.1 0.3 36.0 2.2 0.2 10.9 7.2 8.4 0.4 

Monocotyledons 
                 Maize THRGP

j
 1.7 2.4 0.7 0.2 0.1 25.3 7.3 14.5 0.7 0.0 24.8 2.3 0.1 13.5 2.4 3.9 0.1 

Maize PC1
k
 5.2 7.1 2.7 1.0 0.4 17.5 5.5 13.5 2.4 0.0 21.9 2.5 0.1 11.3 3.6 4.6 0.7 

Maize HHRGP
l
 13.2 5.3 1.1 1.4 0.8 2.7 11.1 4.9 1.0 0.2 34.7 3.9 3.4 1.9 12.0 3.9 2.1 

Mean Monocot 6.7 4.9 1.5 0.9 0.4 15.2 8.0 11.0 1.4 0.1 27.1 2.9 1.2 8.9 6.0 4.1 1.0 

Gymnosperms 
                 D. Fir extensin 

PHRGP
m

 0.0 0.6 17.3 0.0 8.9 1.5 2.5 21.3 0.0 0.0 28.7 0.0 0.0 11.0 1.2 4.9 1.9 
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D. Fir extensin P2
m

 4.1 2.0 6.5 1.8 0.9 4.5 6.8 14.2 0.0 0.0 29.2 2.9 0.7 14.9 6.0 4.6 0.6 

Mean Gymnosperm 2.1 1.3 11.9 0.9 4.9 3.0 4.7 17.8 0.0 0.0 29.0 1.5 0.4 13.0 3.6 4.8 1.3 
a
Datta et al. 1989;   

b
Cassab et al. 1985;   

c
Smith et al. 1984;   

d
Brownleader and Ley 1993;   

e
Stuart and Varner 1980;    

f
Van Holst and Varner 1984;

g
Li et al. 1990;   

h
Dey et al. 1997;   

i
Leach et al. 1982;   

j
Kieliszewski and Lamport 1987;       

k
Hood et al. 1988;

l
Kieliszewski et al. 1992b; 

m
Kieliszewski et al. 1992a 
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Table 1.4 Distribution of hydroxyproline arabinoside lengths in cell walls of several plant species. 

  Hydroxyproline Arabinosides (% total Hyp)   Arabinose   

Species Hyp-Ara4 Hyp-Ara3 Hyp-Ara2 Hyp-Ara Hyp per Hyp Reference 

Gymnosperms 
       Ginko biloba 33 44 6 4 13 2.8 Lamport and Miller, 1971 

Cupressus sp. 26 34 8 6 26 2.3 Lamport and Miller, 1971 

Ephedra sp. 27 37 4 6 26 2.3 Lamport and Miller, 1971 

Pseudotsuga menziesii 20 45 6 6 10 2.3 Kieliszewski et al., 1992a 

Mean gymnosperm 27 40 6 6 19 2.4 
 Monocotyledons 

       Zea mays 4 13 2 15 66 0.7 Lamport and Miller, 1971 

Zea mays 20 41 6 9 24 2.2 Kieliszewski and Lamport, 1987 

Avena sativa 6 11 3 5 71 0.7 Lamport and Miller, 1971 

Iris kaempferi 10 11 3 5 73 0.8 Lamport and Miller, 1971 

Allium porrum 6 13 3 5 73 0.7 Lamport and Miller, 1971 

Mean monocot 9 18 3 8 61 1.0 
 Dicotyledons 

       Acer pseudoplatanus 75 17 3 2 3 3.6 Lamport and Miller, 1971 

Gossypium hisutum 48 31 4 5 12 3.0 Qi et al., 1995 
Lycopersicon 
esculentum 52 28 4 6 10 3.1 Lamport and Miller, 1971 
Lycopersicon 
esculentum 49 28 9 10 5 3.0 Smith et al., 1984 

Convolvulus arvensis 63 22 6 4 5 3.3 Lamport and Miller, 1971 

Vicia tetrasperma 52 31 5 4 8 3.2 Lamport and Miller, 1971 

Pisum sativum 33 41 7 6 13 2.8 Lamport and Miller, 1971 

Mean dicot 53 28 5 5 8 3.1   
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Figure 1.1 C:N ratio (a), %N remaining (b) and N isotope composition (c) during 

decomposition. Error bars represent deviation from replicate litter bags. 
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Figure 1.2 Yield of Hyp, lignin phenols and hydrolysable neutral sugars in detritus of 

decaying mangrove leaves, cordgrass and cypress needles, normalized to yield from their 

respective senescent tissues. Error bars show range of Hyp yield for duplicate litter bags. 
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Figure 1.3 Proportion (%) of initial Hyp, N and amino sugars remaining during 

decomposition. Error bars represent deviation from replicate litter bags. 
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Figure 1.4 N derived from senescent plant tissue (% Plant N) during decomposition, 

calculated using the N-normalized Hyp yield [Eq. (5)), the ‘‘Plant reactivity’’ method 

(Eqs. 1.2 and 1.3) and N isotopes (Eq. 1.4). Error bars represent deviation from replicate 

litter bags for the Hyp method, or range derived from different assumptions for the plant 

reactivity and N isotope methods (Section 1.2.4). 
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Figure 1.5 Ratio of mol% (lysine + tyrosine) to mol% Hyp in detrital samples during 

decomposition. The dashed line at y = 0.54 shows average ratio in dicot Hyp-rich 

glycoproteins (Table 1.3). 
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Figure 1.6 Plant N (%) as HRGPs in mangrove leaves, cordgrass and cypress needles 

during decomposition. Plant N was calculated as the product of wt.% N and% plant N 

and HRGP N was calculated using the Hyp yield for each detrital sample (Table 1.1) and 

the mean AA composition of HRGPs from each taxonomic grouping (Table 1.3), 

assuming that all Hyp was derived from HRGPs. 
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Figure 1.7 Arabinose: Hyp ratio in decaying mangrove leaves, cordgrass and cypress 

needles. Dashed line at Ara:Hyp = 3.1 represents mean ratio in dicot HRGP (Table 1.4). 

  



 

40 

 

 

Figure 1.8 Plant-derived N (%) calculated using the Hyp method in cypress needles (solid 

red line) and in a model mixture of gymnosperms, dicots and monocots representative of 

a black spruce stand in a boreal forest (70% gymnosperm, 27% dicot and 3% monocot; 

dashed blue line). The % plant N in the model mixture was calculated assuming that the 

reactivity of Hyp and N in cypress needles, mangrove leaves and cordgrass was 

representative of their behavior in gymnosperms, dicots and monocots, respectively 

(Section 1.4.2).
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CHAPTER 2 

BIOCHEMICAL EVIDENCE FOR MINIMAL VEGETATION CHANGE IN 

PEATLANDS OF THE WEST SIBERIAN LOWLAND DURING THE MEDIEVAL 

CLIMATE ANOMALY AND LITTLE ICE AGE
2
 

2.1. Introduction 

The climate of the last millennium was dominated by two periods of sustained 

temperature anomalies: the relatively warm Medieval Climate Anomaly (MCA; defined 

here as 950-1250 C.E. after Mann et al. [2009]) was followed by the Little Ice Age (LIA; 

1400-1700 C.E.). These events were globally widespread, but it is now apparent that the 

MCA and LIA varied greatly in both timing and magnitude among regions [Osborn and 

Briffa, 2006; Mann et al., 2009; Guiot et al., 2010]. There was cooling associated with 

LIA on every continent, but the pattern of climate change within continents was variable 

and some regions did not experience change at all [PAGES 2k Consortium, 2013]. 

Identifying patterns of past climate change and the processes that drive them is important 

for predicting the spatial distribution of future climate change. 

 It is difficult to evaluate the spatial heterogeneity of the MCA and LIA because 

quantitative, high-resolution paleotemperature proxies are limited both in number and 

spatial coverage. Proxy networks calibrated using the modern instrumental temperature

                                                           
2 Philben, M., K. Kaiser, and R. Benner (2014a), Biochemical evidence for minimal 

vegetation change in peatlands of the West Siberian Lowland during the medieval climate 

anomaly and little ice age, Journal of Geophysical Research: Biogeosciences. 
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 records can be used to interpolate between individual proxy records (e.g. [Mann et al., 

1998]), but direct evidence of climate change is lacking in many regions, particularly the 

subarctic. Peatlands have the potential to fill some of these gaps and verify the spatial 

patterns of climate change predicted by instrumental calibrations of other proxies. 

Peatlands are useful climate archives because they are isolated from the local 

groundwater, so the water table level depends on the balance between precipitation and 

evaporation. The surface vegetation is in turn controlled by water table depth, as 

Sphagnum mosses generally prefer wetter conditions while vascular plants prefer drier 

conditions [Valiranta et al., 2007]. This makes vegetation a useful, if qualitative, 

paleoclimate proxy. Peat climate archives covering the last millennium are generally 

consistent with other proxies, and LIA cooling was coincident with wet-shifts in peatland 

vegetation across Europe and the UK [Barber et al., 2000; Mauquoy et al., 2002]. 

 The West Siberian Lowland (WSL) contains the world’s largest peatland complex 

and is located in a region with few other climate proxy records [Gorham, 1991]. Tree-

ring records from the Yamal peninsula, the northern boundary of the WSL, indicate a 

warm MCA and cool LIA [Briffa, 2000; Osborn and Briffa, 2006]. There are no 

quantitative proxy records from the subarctic southern WSL, but climate models and 

proxy interpolations indicate that these events were less severe in the south than in the 

arctic [Mann et al., 2009]. The peat vegetation record provides an opportunity to 

independently test this prediction. To date several studies have examined WSL vegetation 

development over the Holocene [Peteet et al., 1998; Pitkanen et al., 2002; Kremenetski et 

al., 2003], but none have focused on the last millennium with sufficient resolution to 

identify effects of MCA or LIA climate change. In this study we analyze vegetation 
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change in the WSL over the last 2000 years to evaluate the magnitude of MCA and LIA 

climate change in this important region. 

 Macrofossil analysis is the most commonly employed technique for evaluating 

peatland paleovegetation. Unlike pollen analysis, which reveals regional vegetation 

trends, macrofossils show the volumetric contribution of each plant species to the peat 

matrix in a particular core. Macrofossils are relatively simple to interpret and can 

characterize the vegetation community at species or genera level. However this approach 

is limited in peats where decomposition and humification have destroyed the physical 

structure of the plant remains. In highly decomposed peats, as little as 30% of the matrix 

can be identified as plant remains [Comont et al., 2006; Swindles et al., 2007; Delarue et 

al., 2011]. The abundance of unidentified organic material and the likelihood of selective 

preservation of some plant remains complicate the quantitative application of this 

technique. In addition, macrofossil analyses result in a volumetric rather than mass-based 

vegetation reconstruction. There are likely significant differences between the two 

because Sphagnum mosses are typically less dense than vascular plant tissues. This can 

be problematic for quantitative applications such as modeling peat accumulation, which 

typically operate in units of mass or carbon [e.g. Frolking et al., 2010]. 

Paleovegetation reconstructions based on biochemical tracers characterize all peat 

C, regardless of diagenetic alteration and preservation of the physical structure. Several 

types of biomarkers, including alkanes [Baas et al., 2000; Pancost et al., 2002, 2003], 

alkanones [Nichols and Huang, 2007], sphagnum acid [McClymont, et al., 2011], and 

sterols [Ronkainen et al., 2013] have been explored for the potential to reconstruct 

paleovegetation in peats with poorly preserved macrofossils. Of these, n-alkanes are the 
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most widely applied, as Nichols and Huang [2006] developed a mixing model to 

quantitatively estimate the contributions of Sphagnum and vascular plants to the peat 

based on the C23:C29 alkane ratio. Alkanes are very resistant to decomposition, and this 

ratio is assumed to remain constant with diagenesis. This approach for reconstructing the 

vegetation community at the time of peat formation has been shown to correlate with 

other proxies for paleoclimate and surface wetness [Zhou et al., 2005; Nichols et al., 

2006; Zhou et al., 2010]. However, due to their recalcitrance, alkane-based 

reconstructions do not account for differences in reactivity among plant types. Selective 

decomposition of plant tissues can generate substantial differences between the original 

plant community and that preserved in peats. The Holocene Peat Model predicted that 

vascular plants account for 65% of net primary production but only 35% of contemporary 

peat mass in a simulated bog [Frolking et al., 2010]. This makes alkane-based 

reconstructions useful for paleoenvironmental reconstruction but demonstrates the 

limitations of the approach for characterizing sources of C in contemporary peat. 

We have developed a quantitative approach to estimate Sphagnum and vascular 

plant contributions to the peat C using hydrolysable neutral sugars and lignin phenols. 

Neutral sugars are useful because different plant types synthesize different suites of 

hemicelluloses, so their biomass is composed of different sugars [Carpita, 1996]. Lignin 

is synthesized only by vascular plants, so its yield in peat is proportional to the 

contribution of vascular plants. Both neutral sugars and lignin phenols have been used as 

indicators of peat paleovegetation and these biochemical reconstructions appear to agree 

with macrofossil-based reconstructions, but these studies were qualitative in nature 

[Bourdon et al., 2000; Williams and Yavitt, 2003; Tareq et al., 2004; Comont et al., 2006; 
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Delarue et al., 2011]. We have developed a set of mixing models using modern peat-

forming vegetation as end members to quantitatively estimate the contributions of 

Sphagnum and vascular plants to peat.  

We hypothesized the plant community would respond to climate change over the 

last 2000 years, particularly the Medieval Climate Anomaly and the Little Ice Age. 

Specifically, we predicted warm and dry conditions during the Medieval Climate 

Anomaly to favor vascular plants and cool and wet conditions during the Little Ice Age to 

favor Sphagnum. In the northern cores we expected colder climate to be associated with 

dry-adapted plant assemblages due to soil-heaving associated with permafrost 

development. Our results supported the latter hypothesis, as lichens were present in the 

northern cores following the Medieval Climate Anomaly in the northern cores. However, 

the plant community in the southern cores did not have a consistent response to either 

climate anomaly. This indicates climate change during the Medieval Climate Anomaly 

and Little Ice Age was not sufficient to drive vegetation change at these sites in southern 

West Siberian Lowland. 

2.2. Materials and Methods 

2.2.1 Study sites and sampling 

This study uses a subset of a large network of peat cores collected from the West 

Siberian Lowland between 1999 and 2001 [Smith et al., 2004, 2012; Beilman et al., 

2009]. The four cores selected for analysis spanned a latitudinal gradient (56-66 °N) from 

non-permafrost peatlands in the boreal forest regions in the south to open tundra 

permafrost peatlands in the north (Fig. 2.1). Cores were extracted with a 5-cm rotating 

sleeve side-cut Russian corer (non-permafrost sites) or a modified Cold Regions 
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Research and Engineering Lab (CRREL) corer (permafrost sites). Subsamples (1 cm-

thick) were collected every 2-6 cm (southern cores) or every 1-2 cm (northern cores). The 

cores SIB04 (56.8°N 78.7°E) and SIB06 (58.4°N 83.4 °E) were collected from non-

permafrost bogs with high apparent accumulation rates (44 and 28 g C m
2
 a

-1
, 

respectively) over the last 2000 years [Beilman et al., 2009]. The cores G-137 (63.7°N 

75.8°E) and E-113 (66.4°N 79.3°E) were collected from permafrost peat plateau sites 

with present thaw depths of 50 and 17 cm, respectively [Smith et al., 2012]. Apparent 

carbon accumulation rates of these two sites ranged from 10-15 g C m
2
 a

-1 
over the last 

2000 years. Sphagnum fuscum dominates the surface vegetation at all 4 sites, with Pinus 

sylvestris (SIB04) and Eriophorum sp. (SIB06) also prominent at the southern sites and 

lichens common at the northern sites [Smith et al., 2012]. Age models were developed 

based on linear interpolation between three or four radiocarbon dates targeting the last 

2000 years in each core (Table 1; [Beilman et al., 2009]). Additional details about the 

cores and coring sites can be found in Beilman et al. [2009] and Smith et al. [2004; 

2012]. 

Samples of fresh peatland and boreal forest vegetation were also analyzed to 

identify the chemical signature of peat-forming plants. Unfortunately, no fresh vegetation 

was available from the coring sites. Instead, representative vegetation was collected from 

similar environments, including bogs in James Bay Lowland, QC, Canada; tundra near 

Toolik Lake, Alaska, USA; and a boreal forest in Codroy Valley, NL, Canada. The lignin 

phenol composition of these plants was supplemented with previously published results 

for peat-forming vegetation [Williams et al., 1998].  
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2.2.2. Chemical analyses 

 Frozen slices of peat (1 cm) were thawed and dried in a Savant SpeedVac vacuum 

centrifuge at 40 °C.  Dry peat material was ground in a Wiley mill to pass a 40-mesh 

filter. Carbon content was measured after combustion at 980 °C using a Costech ECS 

4010 elemental analyzer. The analytical precision for duplicate analyses was ±0.7 %. 

 Neutral sugars were analyzed according to Skoog and Benner [1997] with 

modifications. About 5 mg of dry peat was weighed into 2 mL muffled glass ampules and 

immersed in 12 mol L
-1

 sulfuric acid for 2 hours at room temperature. After addition of 

1.8 mL of ultrapure water, the ampules were flame-sealed and heated to 100 °C in a water 

bath for 3 hours. The hydrolysis was terminated in an ice bath. Ampules were cracked 

open, and deoxyribose was added as an internal standard. About 400 µL of sample 

hydrolysate were immediately neutralized with 2 mL self-absorbed ion retardation resin 

(Biorad AG11 A8, [Kaiser and Benner, 2000]). Residual particles in the hydrolysate 

were trapped at the surface of the neutralization resin. 

 Before chromatography, ~2 mL of sample was deionized with a mixture of cation 

and anion exchange resins (Biorad AG50 and AG2). Neutral sugars were separated 

isocratically with 25 mmol L
-1 

NaOH on a PA1 column in a Dionex 500 system with a 

pulsed amperiometric detector (PAD). Detector settings were analogous to Skoog and 

Benner [1997]. Method blanks were run after every 12th sample. Seven sugars were 

measured: fucose (Fuc), rhamnose (Rha), arabinose (Ara), galactose (Gal), glucose (Glc), 

mannose (Man), and xylose (Xyl). The analytical precision of duplicate analyses 

performed on different days was ±2% for glucose and ± 4% for all other sugars. 
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 Concentrations of phenols were determined by GC-MS following CuO oxidation 

[Kaiser and Benner, 2012]. Dry peat samples (10-15 mg) were reacted with 330 mg CuO, 

106 mg of Fe(NH4)2(SO4)2·6H2O and 2.5 mL of 2 mol L
-1

 NaOH in Monel reaction 

vessels. Vessels were kept in argon-filled containers to exclude molecular oxygen. After 

oxidation, vessels were uncapped and a mixture of trans-cinnamic acid and ethyl-vanillin 

was added as internal standards. Samples were purified by solid phase extraction (SPE) 

using Oasis HLB cartridges and a vacuum manifold. After SPE, samples were gently 

dried under a stream of argon and redissolved in 200 µL of dry pyridine. Samples were 

stored at -20 ºC until analysis. 

 Gas chromatography was carried out using an Agilent 7890 system connected to 

an Agilent 5975C triple axis mass detector with electron impact ionization. Samples were 

derivatized with BSTFA/TMCS before analysis. Typically, 15 μL of sample were reacted 

with 15 μL of BSTFA/TMCS reagent at 75 °C for 15 min. Mass spectrometer settings are 

described in detail by Kaiser and Benner [2012]. Analyzed phenols included p-hydroxy 

(P) phenols (p-hydroxybenzaldehyde (PAL), p-hydroxyacetophenone (PON), p-

hydroxybenzoic acid (PAD)); vanillyl (V) phenols (vanillin (VAL), acetovanillone 

(VON), vanillic acid (VAD)); syringyl (S) phenols (syringaldehyde (SAL), 

acetosyringone (SON), syringic acid (SAD)); cinnamyl (C) phenols (cinnamic acid 

(CAD) and ferulic acid (FAD)) and 3,5-dihydroxy-benzoic acid. The analytical precision 

of duplicate analysis was ±4 %. 

2.2.3 Vegetation reconstruction 

 The paleovegetation at each of the four sites was reconstructed using two 

independent methods: (1) neutral sugar compositions of peat forming plants and lichens; 
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and (2) lignin phenols as indicators of vascular plant remains (Table 2.2). The 

carbohydrate approach uses previously identified differences in the ratios of neutral 

sugars between Sphagnum mosses, vascular plants, and lichens [Comont et al., 2006; Jia 

et al., 2008; Delarue et al., 2011]. Sphagnum was identified by the carbohydrate 

Sphagnum index (SICarb), defined as the molar ratio of the sugars: 

Xylose  Mannose

Rhamnose
 index    teCarbohydra


Sphagnum

 (2.1) 

To quantitatively estimate the fraction of peat derived from Sphagnum litter, we 

calculated the mean C-normalized neutral sugar yields for Sphagnum and peat-forming 

vascular plants (Table 2.3) and used these as end members in a nonlinear mixing model. 

The yield of each neutral sugar and resulting carbohydrate Sphagnum index in a 

theoretical mixture of Sphagnum and vascular plants was calculated and fit to a 3
rd

 degree 

polynomial using MATLAB. This regression results in an equation for calculating the 

contribution of Sphagnum to the peat C using the carbohydrate Sphagnum index as an 

independent variable (Fig. 2.2).  

 Lichens were identified by their abundance of Man and Gal [Jia et al., 2008]. We 

used the molar ratio: 

Carbohydrate lichen index =(Mannose+Galactose)/(Rhamnose+Arabinose+Xylose) (2.2) 

to differentiate lichen from Sphagnum and vascular plant contributions. Lichen neutral 

sugar concentrations reported by Jia et al. [2008] were converted to C-normalized yields 

assuming 44 %C, the mean C content of the other analyzed vegetation. As for the 

Sphagnum index, a theoretical mixing curve between lichens and a 50/50 mixture of 

Sphagnum and vascular plants was calculated using the neutral sugar yields in fresh plant 

and lichen tissues as end-members and was fit to a 3
rd

 order polynomial to generate an 
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equation for lichen input to the peat (Table 2.2). After the Sphagnum and lichen 

contributions were calculated independently using their respective carbohydrate indices, 

the vascular plant contribution was calculated by difference. 

 An independent proxy for paleovegetation, lignin phenols (nmol V+S phenols mg 

C
-1

; VPIPhenol) was used to estimate vascular plant contributions to the peat C according to 

the equation: 

fVascular = (VPIPhenol)Peat/(VPIPhenol)Plant (2.3) 

where (VPIPhenol)Plant is the mean phenol vascular plant index in modern peat-forming 

vascular plants (Table 2.4). Unlike the carbohydrate method, the phenol method directly 

estimates the vascular plant rather than Sphagnum contribution. Sphagnum and lichens 

cannot be differentiated and the total Sphagnum + lichen contribution was calculated by 

difference. 

 In addition to the quantitative reconstruction of Sphagnum vs. vascular plant 

contributions to the peat, we applied several qualitative indicators to provide insights 

about the composition of the vascular plant community. The ratio of syringyl to vanillyl 

phenols (S:V) is an indicator of the relative proportions of angiosperms (enclosed seeds) 

and gymnosperms (naked seeds), as angiosperms produce both S and V phenols while 

gymnosperms produce only V phenols. The Cyperaceae Index (CICarb), the molar ratio of 

the neutral sugars (Arabinose+Xylose)/(Rhamnose+Mannose+Galactose), is indicative of 

sedges (monocotyledons in family Cyperaceae, e.g. Carex and Eriophorum; Jia et al., 

2008). This is likely due to the abundance of arabinoxylan hemicelluloses in the cell 

walls of monocotyledons [Carpita, 1996; Buranov and Mazza, 2008]. Cell wall 
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arabinoxylans are ester-bonded to ferulic acid (CIPhenol, [Carpita, 1996; Buranov and 

Mazza, 2008]) making this phenol another useful indicator of monocot remains. 

 The p-hydroxyacetophenone (PON) yield of the peat was also evaluated as an 

indicator of Sphagnum remains because Sphagnum is highly enriched in PON relative to 

vascular plants (Table 2.4). Vascular plants also contain small amounts of PON, so a 

third mixing model was tested to simulate the PON yield in a mixture of Sphagnum and 

vascular plant litter. We found that this method agreed with the other two methods in the 

southern cores (SIB04 and SIB06) but not in the more highly decomposed northern cores 

(G-137 and E-113; Fig. A1-A3). We concluded that the presence of PON reservoirs of 

different reactivities in both Sphagnum and vascular plant tissues made the PON method 

more sensitive to diagenetic alteration and, therefore, was a less reliable indicator of 

paleovegetation than the other two indices (see section 2.4.1.2). It was not used in the 

quantitative reconstruction of paleovegetation. 

2.3. Results 

2.3.1. Neutral sugar and phenol yields in peat-forming vegetation 

 Neutral sugars constituted a large fraction of all plants analyzed, accounting for 

22-40% of the total C (Table 2.3). Glucose was the most abundant neutral sugar in all of 

the plants analyzed, ranging from 45-65 mol% of the total neutral sugars. The Sphagnum 

mosses analyzed are characterized by a high rhamnose yield (5.7-6.8 mol%) compared to 

vascular plants (0.4-2.3 mol%). Galactose and mannose were also, on average, more 

abundant in Sphagnum than in vascular plants (Table 2.3), but their yields in vascular 

plants were variable and in some cases higher than in Sphagnum. Most vascular plants 

had a higher xylose yield than Sphagnum, with the exception of Abies balsamea needles 
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(Table 2.3). As all Sphagnum species analyzed were rich in rhamnose and vascular plants 

were rhamnose-poor but comparatively rich in mannose, xylose or both, the carbohydrate 

Sphagnum index was used to differentiate Sphagnum from vascular plant sources. The 

carbohydrate Sphagnum index ranged from 0.35-0.50 in Sphagnum, but was <0.12 in all 

vascular plants analyzed. Jia et al. [2008] analyzed neutral sugars in 7 lichen species and 

found mannose and galactose (67±10 mol % s.d.) were the dominant sugars. The 

carbohydrate lichen index in these lichens was 20 ±10 but was <1.15 in Sphagnum and 

<0.95 in vascular plants.  

 The eleven p-hydroxy (P), vanillyl (V), syringyl (S) and cinnamyl (C) phenols 

accounted for 3.9 ± 1.6 % s.d. of the carbon in vascular plants and 2.1 ± 0.3 % C in 

Sphagnum. The phenol content of Sphagnum was dominated by p-hydroxy phenols, 

especially p-hydroxyacetophenone, which had a yield of 109 ± 14 nmol mg C
-1

 (Table 

2.4). Small amounts of vanillyl and syringyl phenols were also detected in Sphagnum, 

likely due to minor contamination with vascular plant fragments in field samples of 

Sphagnum. Vascular plants had substantial yields of vanillyl phenols, and all but Picea 

and Abies balsamea contained significant amounts of syringyl phenols (Table 2.4). The 

sum of vanillyl and syringyl phenols (VPIPhenol) in vascular plants was 220 ± 128 nmol 

mg C
-1

. 

2.3.2 Vegetation indices in peat cores 

 The carbohydrate Sphagnum index (SICarb) ranged from a minimum of 0.05 to a 

maximum of 0.48 in the peat cores (Fig. 2.3). SICarb was generally higher in SIB04 than 

in SIB06. While neither core showed a strong depth trend, SICarb varied dramatically 

between adjacent samples representing timescales of <50 years, indicating rapid 
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vegetation change at these sites. These changes appeared to be cyclical, as SICarb declined 

repeatedly in SIB04 and SIB06, with an average periodicity of 240 and 420 years, 

respectively. SICarb declined at the onset of the Little Ice Age at SIB06 but there was no 

apparent correlation between either climate event and SICarb at SIB04. At G-137, SICarb 

was very low between 1-12 cm (50-450 cal. BP) but increased to near the range of SICarb 

values in fresh Sphagnum then gradually declined with depth. Like the southern cores, E-

113 did not display any apparent depth trend and indicated relatively rapid shifts in the 

dominant vegetation (Fig. 2.3). 

 The depth profile for the phenol vascular plant index (VPIPhenol) in the southern 

cores largely appeared to be a mirror image of the profile for SICarb (Fig. 2.3). In both 

SIB04 and SIB06, many negative peaks in SICarb were coincident with positive peaks in 

VPIPhenol and vice versa. The similarity between the profiles of SICarb and VPIPhenol was 

less apparent in the northern cores due to the absence of abrupt changes in the indices. 

Both indices were generally intermediate compared with values in the southern cores. At 

G-137, VPIPhenol was low in peat deposited in the last 550 years despite low SICarb, likely 

due to the presence of lichens. 

 The carbohydrate lichen index (LICarb) was <1.2 and within the range of fresh 

Sphagnum and vascular plants throughout SIB04 and SIB06 (Fig. 2.3). In the northern 

cores, however, LICarb indicated significant post-LIA lichen contributions. At G-137, 

LICarb in the peat was in the range of LICarb in fresh lichens between 1-12 cm (50-450 cal. 

BP), indicating a substantial lichen input to the peat. Smaller peaks in LICarb were visible 

at the surface and at 31 cm (~2130 cal. BP) in G-137 and at 23 cm (~750 cal. BP) in E-
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113 (Fig. 2.3). These peaks coincided with low values for SICarb and VPIPhenol. LICarb 

indicated that there was no significant lichen contribution to the peat at other depths. 

2.3.3 Vegetation reconstruction 

 The carbohydrate Sphagnum index, the phenol vascular plant index, and the 

carbohydrate lichen index were used to quantitatively estimate the contribution of 

Sphagnum, vascular plants, and lichens to the peat using the equations presented in Table 

2.2. This resulted in two independent estimates of the paleovegetation: (1) the 

carbohydrate Sphagnum and lichen indices were used to calculate the Sphagnum and 

lichen contribution, respectively, and vascular plants were calculated by difference (Fig. 

2.4a); and (2) the phenol vascular plant index was used to estimate the vascular plant 

abundance while Sphagnum plus lichens (which could not be resolved using phenols) 

were calculated by difference (Fig. 2.4b). The two approaches revealed largely the same 

trends in vegetation, but differed somewhat on the magnitude of vegetation change in the 

peatlands (Fig. 2.4). For example, at SIB04 both methods agreed that the core was 

generally dominated by Sphagnum but quickly and transiently shifted to vascular plant 

dominance every 50-300 years. However, the carbohydrate Sphagnum index indicated 

that during vascular plant invasions, vascular plants accounted for about 20% of the peat 

C, and during periods of Sphagnum dominance they are absent entirely, while the phenol 

vascular plant index indicated that vascular plants typically contributed about 20% to the 

peat C, increasing to >40% of the C during peaks in vascular plant abundance.  

 This pattern was also apparent in the other three cores, as the two methods 

displayed the same patterns of vegetation change but the phenol vascular plant index 

generally indicated a higher vascular plant input (Fig. 2.4). In G-137, carbohydrate 
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indices indicated that lichens accounted for 80-100% of the peat in the last 500 years, and 

25% at 31 cm (2130 cal. BP). Both neutral sugars and phenols indicated that vascular 

plants made up <50% of the peat throughout the core. Vascular plant remains also 

accounted for less than half of the peat C in E-113 according to both tracers. The 

carbohydrate lichen index indicated that the surface peat (0-25 cal. BP) was 20-30% 

lichens and peat at 23 cm (750 cal. BP) was 55% lichens. 

2.3.4 Error analysis 

 The two vegetation indices generally agreed concerning the contributions of 

Sphagnum and vascular plants in the peat. Of the 143 total depths analyzed for both 

carbohydrates and phenols, the two estimates of % Sphagnum were within 20% of one 

another in 95 (66%) of the samples (Fig. 2.5). This number did not include samples in 

which the carbohydrate lichen index suggested a lichen contribution, as these samples 

had low carbohydrate Sphagnum index but also lacked vanillyl and syringyl phenols.  

The agreement was strongest in E-113, where 73% of the 26 samples agreed within 20% 

and weakest in G-137, where 55% of the samples agreed. 

 The carbohydrate indices tended to indicate a higher % Sphagnum and lower % 

vascular plants than the phenol vascular plant index (Fig. 2.6). Overall, the % Sphagnum 

was higher using the carbohydrate Sphagnum index in 75% of the samples and in 92% 

(44 of 48) of the samples where the difference between the methods was greater than 

20%. This was especially evident in SIB04, where the carbohydrate-based estimate of % 

Sphagnum was larger in 92% of the samples (Fig. 2.6). 
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2.3.5 Composition of vascular plant community 

 At SIB04, peaks in vascular plant input to the peat at 162, 224, and 230 cm (1210, 

1680, and 1730 cal. BP) were associated with elevated  ratios of syringyl to vanillyl 

phenols (S:V; Fig. 2.7a), suggesting that during these intervals, the vascular plant 

community was primarily angiosperms. However, the S:V ratio remained low during 

vascular plant invasions at 80 and 136 cm (580 and 1010 cal. BP), indicating 

gymnosperm dominance. The carbohydrate Cyperceae index (CICarb) was low (<1) 

throughout the core and phenol Cyperceae index (CIPhenol) was low other than at the 

surface and at 82 cm (600 cal. BP). This indicates that among angiosperms, dicotyledons 

(e.g. Ericaceae) were more prevalent than sedges. Several depths in SIB06 with 

significant vascular plant input, including 36, 84, 158, and 178 cm (40, 510, 1510, and 

1780 cal. BP), had higher values for both Cyperceae indices, indicating a larger 

contribution of sedges at SIB06 than at SIB04 throughout the last 2000 years (Fig. 2.7).  

 In the northern cores, S:V was <0.5 throughout both cores except at the surface of 

G-137 and at 21 cm (660 cal. BP) in E-113. CICarb was also low (<1) throughout both 

cores but generally increased with depth in E-113. CIPhenol was <10 throughout G-137 but 

increased to 27 at 43 cm (1650 cal. BP) in E-113. These indicators indicate that 

gymnosperms or dicotyledons might have been the dominant vascular plants at the 

northern cores other than at the bottom of E-113, where there appeared to be some sedge 

input. However, the interpretation of these indicators is complicated by variability in the 

source vegetation and sensitivity to diagenetic alteration (see section 2.4.1.2). 
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2.4. Discussion 

2.4.1 Evaluation of methods 

2.4.1.1 Development of vegetation indices 

 Both neutral sugars and plant phenols have been used previously to qualitatively 

evaluate changes in peatland paleovegetation. Comont et al. [2006] identified rhamnose, 

galactose, and mannose as indicators for moss remains, while Jia et al. [2008] proposed 

the indices mol % (Fucose+Rhamnose) and [(Mannose+Galactose):(Xylose+Arabinose)] 

as indicators of Sphagnum and lichen remains, respectively. The molar ratio 

[(Arabinose+Xylose):(Rhamnose+Galactose+Mannose)] is indicative of Cyperaceae 

remains [Delarue et al., 2011]. Each of these indicators has been shown to qualitatively 

correlate with the remains of their respective plant tissues in peat cores, but have not been 

applied quantitatively [Bourdon et al., 2000; Comont et al., 2006; Jia et al., 2008]. 

 We developed modified versions of these indices using the neutral sugar 

compositions of peat-forming plants from a variety of boreal forest and peatland 

ecosystems. Unlike the Jia et al. [2008] index, the index we introduce (the carbohydrate 

Sphagnum index) does not include fucose. While mol % fucose is higher on average in 

Sphagnum than in vascular plants, the difference between Sphagnum and vascular plants 

is small and the yield in vascular plants is highly variable. In addition, fungi collected 

from a Canadian boreal forest were found to be rich in fucose (12 ±7 mol %; data not 

shown). Although fungal activity is generally lower than bacterial activity in peatlands, 

fungi can be important decomposers, especially under dryer conditions [Jaatinen et al., 

2008]. This could confound the interpretation of fucose data. In contrast, mol % 

rhamnose was on average 4.5 times higher in Sphagnum than in vascular plants, likely 
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due to the abundance of rhamnogalacturonans in Sphagnum cell walls [Ballance et al., 

2007]. Mannose and xylose were included in the denominator of the carbohydrate 

Sphagnum index because they are the most abundant sugars in lichen and vascular plant 

tissues, respectively. This allows the carbohydrate Sphagnum index to effectively 

distinguish Sphagnum from both lichens and vascular plants. While galactose was also 

abundant in both lichens and vascular plants, it was not included in the carbohydrate 

Sphagnum index because its yield was variable among vascular plants as the average mol 

% Gal was 2.3 times higher in dicots than in monocots. Similarly, we modified the lichen 

index proposed by Jia et al. [2008] ((Mannose+Galactose):(Xylose+Arabinose)) by 

adding rhamnose to the denominator of the carbohydrate lichen index to more effectively 

separate lichens from Sphagnum. The sugars used in the carbohydrate Cyperceae index 

were the same as those proposed by Delarue et al. [2011], but this index was not applied 

quantitatively because it is very sensitive to diagenesis (see section 2.4.1.2). 

 The vanillyl (V) and syringyl (S) phenols are exclusively indicative of lignin, 

which is synthesized by all vascular plants [Sarkanen and Ludwig, 1971]. The p-hydroxy 

(P) phenols can also be components of lignin, but there are non-lignin sources of these 

phenols as well [Opsahl and Benner, 1995]. The ratio of P to lignin (V and S) phenols 

has been used to identify the relative contributions of Sphagnum and vascular plants to 

peat [Williams et al., 1998; Williams and Yavitt, 2003], as Sphagnum is rich in P phenols 

but lack V and S phenols and true lignin [Williams et al., 1998; Wilson et al., 1989]. The 

source specificity of V and S phenols facilitates their use as quantitative tracers of 

vascular plant material in peats. Assuming V and S phenols represent a constant fraction 

of vascular plant C and that this fraction does not change appreciably with diagenesis, the 
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yield of these phenols in peats is directly proportional to the fractional contribution of 

vascular plants to the peats as shown in Figure 2.2. Minor amounts of V and S phenols 

were measured in field-collected Sphagnum, but these were likely due to contamination 

from vascular plant debris so the Sphagnum end-member in our mixing model does not 

contain V or S phenols. 

2.4.1.2 Analysis of error 

 The two indices generally produced similar results, and the difference in % 

Sphagnum between the two methods was <20% in 66% of samples. These indices are 

independent, so this agreement increases confidence in the accuracy of these results. The 

differences between the two methods are likely caused by either alteration of the indices 

during diagenesis or by variations in the indices of the fresh plant end members. 

 The carbohydrate Sphagnum index is relatively uniform among the Sphagnum 

species and vascular plants analyzed and presented in Table 2.3, and there is a three-fold 

difference between the two plant types. This makes the neutral sugar-based 

reconstruction relatively robust to changes in the composition of the vascular plant 

community. The phenol vascular plant index (VPIPhenol) was more variable among 

vascular plants, and Ledum leaves had a particularly low VPIPhenol (24-53 nmol mg C
-1

) 

compared to other vascular plants. A Ledum-dominated plant community would produce 

peat with a lower VPIPhenol than other plants, which would bias the quantitative vegetation 

reconstruction. However, Ledum stems had a VPIPhenol of 458 nmol mg C
-1

, 

approximately double the average of all vascular plants, potentially compensating for the 

low yield in leaves. The index is relatively constant in other vascular plant species, so 
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changes in the vascular plant community likely have a minor effect on the results of the 

vegetation reconstruction.  

 Neutral sugars are the building blocks of structural polysaccharides in plants, and 

they account for a large fraction of the C in vegetation and peat. They are more reactive 

than lignin during early diagenesis of plant litter and their C-normalized yields decline 

with decomposition [Opsahl and Benner, 1995, 1999]. Using ratios of sugars as 

indicators of source vegetation avoids some problems associated with diagenesis, because 

ratios are independent of the total yield of neutral sugars. However, neutral sugars are not 

uniformly distributed among plant polysaccharides, which could make these ratios 

sensitive to diagenetic alteration. Although the relative bioreactivity of neutral sugars has 

not been evaluated in peatlands, studies in other ecosystems consistently indicate the 

mol% rhamnose increases and the mol% xylose decreases during decomposition. The 

mol % rhamnose increased by a factor of 2-5 during a 4-year decomposition study of 

vascular plant detritus [Opsahl and Benner, 1999]. In addition, the mol % rhamnose is 

greater in soil organic matter than fresh plant material [Derrien et al., 2007]. Mol % 

rhamnose was also higher in more decomposed organic matter in the Amazon basin 

[Hedges et al., 1994]. This implies that rhamnose is selectively preserved compared to 

other sugars, has a substantial microbial source, or both. In contrast, xylose is more 

reactive than other sugars and the mol% xylose tends to decrease with decomposition 

[Opsahl and Benner, 1999]. As decaying detritus tends to become enriched in rhamnose 

and depleted in xylose, the carbohydrate Sphagnum index can be expected to increase 

with diagenesis. In addition, vascular plant litter decomposes more rapidly than 

Sphagnum litter [Moore et al., 2007; Bragazza et al., 2009]. Carbohydrates comprise a 
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large fraction of Sphagnum C, so Sphagnum-derived neutral sugars are likely less 

reactive than those in vascular plants. Furthermore, Sphagnum cell wall polysaccharides 

are very resistant to decomposition and contribute to the recalcitrance of bulk Sphagnum 

litter [Hajek et al., 2011]. Therefore, it is likely that the carbohydrate Sphagnum index 

increases with decomposition as rhamnose and Sphagnum-derived sugars are selectively 

preserved and vascular plant-derived sugars are selectively decomposed. The neutral 

sugar based vegetation reconstruction likely overestimates Sphagnum contributions and 

underestimates vascular plant contributions. 

 The lignin component of vascular plant litter is more resistant to decomposition 

than bulk C under aerobic and anaerobic conditions [Benner et al., 1984; Benner et al., 

1987; Opsahl and Benner, 1995]. The phenol vascular plant index is therefore expected 

to increase with diagenesis, implying that the phenol-based vegetation reconstruction is 

likely to overestimate vascular plant contributions and underestimate Sphagnum 

contributions. The phenol and neutral sugar-based reconstructions of paleovegetation 

tend to offset each other with regards to estimation of vascular plant and Sphagnum 

contributions. Therefore, the two methods should provide a range of values that 

encompasses the contributions of Sphagnum and vascular plant carbon in peats. 

 Independent biochemical indicators show that the northern cores are more 

extensively decomposed than the southern cores. The acid:aldehyde ratios of vanillyl and 

syringyl phenols were significantly higher in the two northern cores compared with the 

two southern cores (Chapter 3). These ratios increase with microbial decomposition of 

lignin [Hedges et al., 1988; Opsahl and Benner, 1995], indicating that vascular plant 

material is more extensively decomposed in the northern cores than in the southern cores 
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despite forming under cooler conditions. Yields of hydroxyproline, an amino acid found 

in plant structural glycoproteins, were significantly higher in northern cores compared 

with southern cores (Chapter 3). Hydroxyproline-rich glycoproteins are not synthesized 

by microbes and are generally less reactive than bulk plant carbon (Chapter 1), so 

elevated yields supported the conclusion that the northern cores were more extensively 

decomposed than the southern cores.  

 The general agreement between the results of the carbohydrate and phenol-based 

reconstructions indicates these independent indicators provide fairly representative 

reconstructions of paleovegetation. The estimate of % Sphagnum using the carbohydrate 

Sphagnum index was higher than the estimate using the phenol vascular plant index in 

75% of the samples and 90% of the samples where the difference between the two was 

greater than 20% (Fig. 2.6), consistent with an overestimation of % Sphagnum using the 

carbohydrate method compared to the lignin phenol method. However, the differences 

between the two methods were similar for the northern and southern cores despite more 

extensive decomposition of the northern peats. The average difference in % Sphagnum 

calculated using the two methods was 21 and 13% in SIB04 and SIB06, respectively, 

compared to 18 and 16% in G-137 and E-113. This indicates diagenetic effects on 

vegetation reconstruction were relatively minor in peats with quite variable extents of 

alteration and decomposition.  

 The carbohydrate Cyperceae index (CICarb) was used qualitatively to identify peat 

with sedge inputs, but was not applied quantitatively because it is very sensitive to 

diagenetic alteration. The index declined from 15.9 to 3.2 in smooth cordgrass, a 

monocot, over the course of a 4-year decomposition study (recalculated from [Opsahl 
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and Benner, 1999]). If a mixing model was developed to estimate Cyperaceae 

contributions to the peat it would likely underestimate this fraction, especially in highly 

decomposed peats. The low values of CICarb throughout both northern cores could be due 

to diagenetic alteration rather than the lack of sedge remains. Therefore, only the 

carbohydrate Sphagnum and lichen indices and the phenol vascular plant index were used 

quantitatively, while CICarb was used to qualitatively infer changes in the composition of 

the vascular plant community. 

 Like the carbohydrate Cyperceae index, p-hydroxyacetophenone (PON) offered 

potential as an indicator of Sphagnum remains but was ultimately excluded due to its 

sensitivity to diagenesis. There are likely two major reservoirs of PON in peat, one 

derived from Sphagnum cell walls [Rasmussen et al., 1995] and another associated with 

lignin in vascular plants. These reservoirs seem to have different reactivities, as PON 

often underestimated Sphagnum inputs compared to neutral sugar and lignin phenol 

indices in peat samples with >50% Sphagnum, but overestimated the % Sphagnum in 

vascular plant-dominated samples (Fig. A3). These differences are most pronounced in 

the two more highly decomposed northern cores. In addition, PON yields indicated 

declining Sphagnum contributions in G-137 and E-113 with depth, a trend that is not 

apparent from the other indices. This indicates PON is preferentially removed in more 

decomposed peats. Although PON yields are very different between Sphagnum and 

vascular plants, PON is not a reliable tracer of Sphagnum contributions in peats due to its 

inconsistent pattern of alteration during diagenesis. 
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2.4.2 Paleovegetation in the West Siberian Lowland over the last 2000 years 

The northern cores (G-137 and E-113) were collected near the Yamal Peninsula, 

where tree-ring evidence indicates a warm Medieval Warm Period (MCA) and cool Little 

Ice Age (LIA) [Briffa, 2000; Osborn and Briffa, 2006]. These cores appear to record 

opposite trends. Both cores are generally Sphagnum-dominated, but E-113 shows a lichen 

invasion ~750 cal. BP, between the MCA and LIA, while G-137 was lichen-dominated 

from the peak of the LIA to present. Lichens thrive in dry conditions, but developed at 

these sites during periods of supposedly cool and wet conditions. This apparent 

contradiction may be explained by the development of permafrost. Permafrost causes 

heaving of the soil, which raises the peat surface relative to the water table and creates 

locally drier conditions [Zoltai, 1993; Sannel and Kuhry, 2008]. Surface peat (upper 30 

cm) had lower average water content in permafrost vs. non-permafrost cores both among 

the four cores analyzed (87.5 vs. 91.0%) and across the West Siberian Lowland (81.6 vs. 

92.0%; Smith et al., 2012). Climate cooling associated with the transition from the MCA 

to the LIA could have triggered the expansion of permafrost at these sites, creating 

locally drier conditions even in a cooler and wetter climate. 

Sphagnum remains dominate the southern cores (SIB04 and SIB06) throughout 

most of the past 2000 years, punctuated by repeated but short-lived vascular plant 

invasions. Vascular plant signals were often confined to single sample intervals, 

representing <100 years of accumulation. There are three commonly observed drivers of 

peatland vegetation change that may have triggered the oscillations observed in SIB04 

and SIB06: burning of surface vegetation and the establishment of short-lived pioneer 

communities, rapid climate change causing water table fluctuations, and internal peat 
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dynamics and complex ecohydrological feedbacks driving vegetation succession 

independent of climate change. We evaluate the likelihood of each below. 

The repeated burning of the peat surface has the potential to produce the observed 

pattern of vegetation change. Peat fires remove the surface vegetation, which is replaced 

by pioneer plant communities that are typically dominated by vascular plants [Kuhry, 

1994; Sillasoo et al., 2011]. However these communities are often short-lived and are 

replaced by the original vegetation within a few decades [Kuhry, 1994]. The fire return 

interval is variable among bogs, but is on the order of centuries. These features make peat 

fires a possible explanation for the observed invasions of vascular plants that occurred 

repeatedly every few centuries but lasted only decades. 

However, there is no evidence in the cores themselves to suggest extensive 

burning. While a quantitative charcoal analysis was not conducted, there did not appear 

to be any significantly charred layers in these cores (D. Beilman and K. Willis, personal 

communication). In addition, the C content of the cores fell in a relatively narrow range 

from 42-48% in SIB04 and 36-51% in SIB06 and did not appear to be correlated with 

vegetation changes. Ash content was <6% in all but one sample in both SIB04 and SIB06 

[Smith et al., 2012]. This indicates fires did not drive the observed vegetation change, as 

they would likely cause variations in the ash and C contents of the peat. This is consistent 

with previous research indicating that fire is relatively rare in West Siberian Lowland 

peatlands, particularly in the late Holocene [Turunen et al., 2001]. 

Climate change is a more likely driver of the observed vegetation patterns. The 

frequent shifts between Sphagnum and vascular plant dominance imply rapid changes in 

the position of the water table relative to the bog surface. Changes in temperature and 
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precipitation alter the moisture balance and water table level in peatlands, which in turn 

determine the composition of the plant community [Barber et al., 1994; Valiranta et al., 

2007]. However, this explanation remains problematic because vegetation changes in the 

two cores display different periodicities despite their close proximity (approximately 330 

km). SIB04 cycles between Sphagnum and vascular plants on average every 240 years, 

compared with approximately 420 years in SIB06. This is likely due to differences in 

microtopography between the sites. Vegetation at hummock microsites may be more 

sensitive to water table variations than lawns or hollows [Loisel and Garneau, 2010]. The 

carbohydrate and phenol Cyperceae indices were elevated during vascular plant invasions 

at SIB06 but not at SIB04, indicating sedges were an important part of the vascular plant 

community only at SIB06. It appears conditions were wetter at SIB06 than at SIB04, 

which was likely colonized by gymnosperms and herbaceous angiosperms during 

vascular plant invasions, characteristic of a relatively dry hummock environment. This 

could explain the more frequent vegetation changes observed in SIB04, as the hummock 

plant community was likely more sensitive to small changes in water table level than the 

Sphagnum/sedge community at SIB06. 

The oscillation between Sphagnum and vascular plant dominance indicated a 

dynamic water table and plant community. However, the MCA and LIA did not produce 

a consistent vegetation change in the cores. SIB04 and SIB06 appeared to be Sphagnum-

dominated during both events, indicating wet conditions. It is unlikely that this is due to 

chronological uncertainty because there do not appear to be any sustained shifts in 

vegetation in either core during the past 2000 years. This indicates that the two climate 

anomalies were not sufficient to cause significant vegetation change at SIB04 and SIB06. 
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There are two plausible explanations for this lack of response of the vegetation to climate 

change: either (1) climate change in the southern West Siberian Lowland was relatively 

mild; or (2) vegetation in West Siberian Lowland peatlands is insensitive to climate 

change due to internal ecohydrological feedbacks. 

The lack of vegetation change in the southern cores during the MCA and LIA is 

consistent with the heterogeneity of climate change during these events. The MCA and 

LIA were widespread across the northern hemisphere [Osborn and Briffa, 2006; Mann et 

al., 2009], but the timing and magnitude of the MCA and LIA varied within Europe 

[Guiot et al., 2010] as well as between continents [PAGES 2k Consortium, 2013]. 

Climate models and calibrated proxy paleotemperature reconstructions indicate a 

significant difference between MCA and LIA temperatures in arctic Eurasia, near the 

sites of the northern cores, but a smaller difference at lower latitudes in the West Siberian 

Lowland [Mann et al., 2009]. The lack of vegetation change is consistent with a mild 

MCA and LIA, given our limited data set. 

In contrast, it is also possible that vegetation did not change during the MCA and 

LIA because it is relatively insensitive to climate change. Peatlands are not passive 

receptacles of climate conditions but complex living ecosystems. The response of the 

water table level to climate change is nonlinear due to ecohydrological feedbacks in the 

peat system. The water table depth is affected both by climatic water balance, which 

determines the rate of water storage in the peat, and by peat formation rate. These 

variables are closely linked, as moisture conditions affect primary production and rates of 

decomposition, the balance between which determines peat accumulation [Belyea, 2009]. 

A change in precipitation balance will either be amplified or dampened by feedbacks due 
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to the rate of peat growth, depending on the peat microform [Belyea, 2009]. In addition, 

bog water table can also vary independently of climate through processes internal to bog 

development [Swindles et al., 2012; Loisel and Yu, 2013]. It is clear that not all climate 

change causes a change in the position of the bog water table, and not all apparent 

changes in bog water table are necessarily driven by climate. 

The lack of vegetation change in response to the MCA and LIA cannot therefore 

rule out significant climate change during these events. To be recorded in the bog 

vegetation record, climate must alter the water table level enough to significantly alter the 

competitive balance between Sphagnum and vascular plants. There appears to be a 

minimum threshold necessary to affect vegetation due to the complex feedbacks between 

water table level and peat growth [Charman, 2007], and the threshold is likely higher in 

the large bog complexes of the West Siberian Lowland than smaller bogs in United 

Kingdom and Western Europe. The lack of vegetation change at SIB04 and SIB06 

indicates that this threshold was not met during the MCA and LIA at these sites. This 

suggests that the MCA and LIA were relatively mild at these sites in the West Siberian 

Lowland, but it is difficult to estimate the magnitude because the climate threshold for 

vegetation change in these bogs is unknown.  

In addition, the lack of vegetation change at SIB04 and SIB06 is not necessarily 

representative of the entire southern West Siberian Lowland. While peatland vegetation 

records are generally reproducible given a sufficient sample size [Barber et al., 1998], 

they are variable enough that two cores should not be extrapolated to the entire region. 

Our results are consistent with model predictions of a mild Medieval Climate Anomaly 
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and Little Ice Age in the southern West Siberian Lowland, but further study is needed to 

determine the magnitude and spatial extent of the events. 
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Table 2.1 Locations and radiocarbon ages of the four peat cores 

 

Core Latitude Longitude Depth Median calibrated 14C age 

      (cm) (calendar years BP)
a 

SIB04 56°48'14"N 78°44'13"E 42-43 290 

   

258-259 1940 

   

284-285 2060 

SIB06 58°26'09"N 83°26'03"E 24-25 29 

   

31-32 40 

   

179-180 1670 

   

189-190 2400 

G-137 63°45'01"N 75°45'58"E 7-8 370 

   

15-16 520 

   

22-23 730 

   

60-61 5240 

E-113 66°26'59"N 79°19'24"E 7-8 180 

   

15-16 390 

   

47-48 1885 

   

78-79 2400 

 
a
From Beilman et al. [2009]. 
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Table 2.2 Summary of vegetation indices and equations for vegetation reconstruction. 

 

Index name Abbreviation Definition Equation 

Quantitative indices 

   
Carbohydrate Sphagnum index SICarb Rha/(Man+Xyl)

a
 fSphagnum=2.700(SICarb)

3
-4.589(SICarb)

2
+3.378(SICarb)-0.2161 

Carbohydrate lichen index LICarb (Man+Gal)/(Xyl+Ara+Rha)
a
 fLichens=0.00039(LICarb)

3
-0.014(LICarb)

2
+0.20(LICarb)-0.085 

Phenol vascular plant index VPIPhenol nmol V+S phenols mgC
-1

 fVascular=VPIPhenol/220
c
 

Other indices 

   
Carbohydrate Cyperaceae index CICarb (Xyl+Ara)/(Man+Gal+Rha)

a,b
 - 

Phenol Cyperaceae index CIPhenol nmol FAD mgC
-1

 - 

Phenol Sphagnum index SIphenol nmol PON mgC
-1

 fSphagnum=0.00994(SIPON)-0.0873 

    a
Molar ratios of sugars 

   b
Jia et al. (2008) 

   c
220 represents the mean VPIPhenol in vascular plant sources (Table 2.4) 
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Table 2.3 Neutral sugar yields and vegetation indices in peat-forming vegetation. 

      Fuc Rha Ara Gal Glc Man Xyl sum Yield SICarb LICarb CICarb 

  Source n nmol/mg C (%OC)       

Bryophytes 

              S. fuscum
a
 James Bay, QC, Canada 2 47 307 134 761 2806 266 474 4795 33.8 0.42 1.12 0.46 

S. angustifolium
a
 James Bay, QC, Canada 2 47 367 138 850 3226 170 583 5382 37.9 0.49 0.94 0.52 

S. magellanicum
a
 James Bay, QC, Canada 2 37 288 221 965 2698 237 580 5025 35.3 0.35 1.10 0.54 

S. quinquefarium Codroy Valley, NL, Canada 1 67 326 164 807 3145 316 490 5316 37.5 0.40 1.15 0.45 

               Vascular Plants 

              Carex sp.
a
 James Bay, QC, Canada 2 44 138 732 559 2717 83 1760 6033 40.5 0.08 0.24 3.19 

Carex sp. Toolik Lake, Alaska 2 2 23 531 245 2864 24 1227 4916 33.3 0.02 0.15 6.03 

Eriophorum vaginatum Toolik Lake, Alaska 2 5 21 653 246 3178 22 1522 5647 38.1 0.01 0.12 7.53 

Ledum palustre Toolik Lake, Alaska 3 4 60 371 394 2122 27 487 3464 23.9 0.12 0.46 1.78 

Abies balsamea needles Codroy Valley, NL, Canada 3 23 49 358 261 2075 274 146 3186 22.4 0.12 0.97 0.86 

               a
Field samples that may include traces of litter from other plants 
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Table 2.4 Phenol yields and VPIPhenol in peat-forming vegetation. 

      PAL PON PAD VAL VON VAD SAL SON SAD CAD FAD VPIPhenol
a
 Yield 

  Source n (nmol/mgC)   (%OC) 

Bryophytes 

               

S. fuscum
b
 

James Bay, 

QC, Canada 2 46.0 114.8 54.5 4.2 0.8 1.0 3.2 0.5 0.5 4.1 1.2 10.3 2.3 

S. angustifolium
b
 

James Bay, 

QC, Canada 2 63.0 126.5 49.6 3.0 0.7 1.0 2.2 0.4 0.4 7.9 0.6 7.7 2.4 

S. magellanicum
b
 

James Bay, 

QC, Canada 2 42.0 101.1 48.3 12.1 5.1 3.5 4.9 0.7 0.8 5.9 2.6 27.1 2.2 

S. quinquefarium 

Codroy Valley, 

NL, Canada 1 32.8 95.1 37.2 10.6 2.5 3.2 1.5 0.3 0.3 3.4 0.6 18.4 1.7 

                Vascular Plants 

               

Carex sp.
b
 

James Bay, 

QC, Canada 2 40.8 21.0 19.2 108.1 16.8 15.1 69.4 22.9 13.9 60.2 71.7 246.3 4.8 

Carex sp. 

Toolik Lake, 

Alaska 2 20.0 8.4 8.1 67.9 15.5 8.7 62.5 35.2 14.9 79.6 56.3 204.6 4.0 

Eriophorum 

vaginatum 

Toolik Lake, 

Alaska 2 11.7 2.1 3.8 51.3 7.7 7.7 67.1 44.4 15.8 77.2 75.1 194.0 4.0 

Sedge Leaves
c
 

Spring Pond 

Bog, NY, USA 1 27.8 9.1 11.3 99.3 21.4 18.8 115.8 0.0 20.7 151.3 118.3 275.9 6.2 

Ledum palustre 

Toolik Lake, 

Alaska 3 7.8 1.1 17.3 26.9 4.3 5.2 13.5 1.7 1.8 33.3 4.9 53.4 1.2 

Ledum leaves
c
 

Spring Pond 

Bog, NY, USA 1 4.1 1.9 6.7 6.5 1.4 1.5 4.9 8.7 0.5 102.8 4.0 23.6 1.5 

Ledum stems
c
 

Spring Pond 

Bog, NY, USA 1 10.5 9.3 4.8 104.7 15.6 14.5 293.1 1.6 28.4 50.4 21.1 457.9 5.5 

Abies balsamea 

needles 

Main Brook, 

NL, Canada 2 16.4 5.9 20.9 119.9 30.1 39.6 6.5 1.5 3.1 31.1 11.1 200.7 2.9 

Picea wood
c
 

Spring Pond 

Bog, NY, USA 1 36.9 8.4 16.6 271.4 33.9 48.4 0.0 0.0 0.0 4.0 19.3 353.7 4.2 

Picea needles
c
 

Spring Pond 

Bog, NY, USA 1 26.6 42.7 111.6 127.3 32.0 35.2 0.0 0.0 0.0 45.4 15.3 194.5 4.4 
a
nmol V+S phenols mg C

-1
  

b
Field samples that may include traces of litter from other plants  

c
From [Williams et al., 1998]. 
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Figure 2.1 Location of the four cores used in this study (black stars) in comparison to the 

larger 77 core network used by Beilman et al. [2009]. Cores with only a basal 

radiocarbon age are indicated with a white circle. Cores with the 2 ka depth identified are 

indicated with black circles, and those with additional radiocarbon ages near the surface 

contain white dots. Modern mean annual air temperature isotherms are shown by dashed 

lines (1931–2000) (K. Matsuura and C. J. Willmott, Arctic Land- Surface Air 

Temperature: 1930–2000 Gridded Monthly Time Series, version 1.01, 2004, Center for 

Climate Research, University of Delaware, Newark; available at 

http://climate.geog.udel.edu/~climate/html_pages/archive.html). Modified from Beilman 

et al. [2009].
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Figure 2.2 Carbohydrate Sphagnum index (SIcarb; solid red line) and phenol vascular 

plant index (VPIphenol; dashed green line) in a modeled mixture of Sphagnum and vascular 

plants. The equations shown are derived from the regressions of the mixing curves. 

Neutral sugar and phenol yields in Sphagnum and vascular plant end-members were 

calculated as the average for each plant type from Tables 2.3 and 2.4. fSphagnum = 

fractional contribution of Sphagnum to the total C in the modeled mixture. 
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Figure 2.3 Profiles of the carbohydrate Sphagnum index (SIcarb), the phenol vascular 

plant index (VPIphenol), and the carbohydrate lichen index (LIcarb) in the four cores. 

The indices are defined in Table 2.2. Values (average ± standard deviation) of the indices 

in source vegetation (Sphagnum, vascular plants, and lichens) are shown at the top of 

their respective profiles. Median calibrated 
14

C ages are from Table 2.1. Gray bars from 

850–1050 to 300–600 cal years B.P. correspond to the Medieval Climate Anomaly and 

the Little Ice Age, respectively, based on linear interpolation between dated intervals. 



 

77 

 

 

Figure 2.4 Vegetation reconstruction using (left) carbohydrates and (right) lignin phenols 

in the four cores. Diagonal bars indicate the positions of the Medieval Climate Anomaly 

and the Little Ice Age. For the neutral sugar-based reconstruction, % Sphagnum was 

calculated using SIcarb, % lichen was calculated using LIcarb, and % vascular plant was 

calculated by difference. For the phenol-based reconstruction, % vascular plant was 

calculated using VPIphenol, and Sphagnum and lichens were calculated by difference. 

Sphagnum and lichens cannot be differentiated using the phenol method, so their sum is 

presented as % Sphagnum 
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Figure 2.5 Average (line and dots) and range (yellow fill) of % C as Sphagnum in the 

four cores, calculated using SICarb and VPIPhenol. The lichen-dominated upper 8 cm of G-

137 is omitted. 
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Figure 2.6 Correlation of carbohydrate- and lignin phenol-based estimates of peat 

vegetation. The solid line indicates a 1:1 relationship. Samples containing lichen remains 

(as indicated by LICarb) were excluded.  
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Figure 2.7 Qualitative vegetation indices in the four cores. See table 2 for index 

definitions. % Vascular was calculated as the average of the neutral sugar- and lignin 

phenol-based reconstructions. 
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CHAPTER 3 

DOES OXYGEN EXPOSURE TIME CONTROL THE EXTENT OF ORGANIC MATTER 

DECOMPOSITION IN PEATLANDS?
3
 

3.1. Introduction 

 Peatlands accumulate carbon (C) due to an imbalance between net primary 

production (NPP) and organic matter decomposition. NPP has exceeded decomposition 

in northern peatlands over most of the Holocene, resulting in the accumulation of 

approximately 550 Pg C [Yu et al., 2010]. However, there is substantial concern that 

human activities will disrupt the current imbalance, transforming peatlands from a net C 

sink to a C source. Rising temperatures [Lafleur et al., 2005; Dorrepaal et al., 2009], 

changing precipitation patterns [Ise et al., 2008; Fenner and Freeman, 2011], and 

increasing atmospheric nitrogen deposition [Vitt et al., 2003; Bragazza et al., 2012] to the 

boreal region will all affect both NPP and decomposition processes, and their net effect 

on peat C accumulation rates and C sequestration remain poorly understood. 

 Our ability to predict the response of peatland C accumulation to climate change 

rests on a mechanistic understanding of the factors that control NPP and decomposition. 

Experimental evidence shows that temperature, vegetation type, and availability of 

molecular oxygen can have a strong influence on rates of peat decomposition. Elevated

                                                           
3 Philben, M., K. Kaiser, and R. Benner (2014b), Does oxygen exposure time control the 

extent of organic matter decomposition in peatlands?, Journal of Geophysical Research: 

Biogeosciences. 

 



 

82 

 temperatures stimulate microbial respiration, resulting in increased rates of organic 

matter decomposition [Hobbie, 1996; Lafleur et al., 2005]. Vascular plant material 

decomposes at higher rates than Sphagnum mosses [Hobbie, 1996; Moore et al., 2007], 

so a shift in the plant community composition could have a significant effect on peat 

decomposition. Aerobic decomposition of plant material in soils and sediments is 

typically an order of magnitude faster than anaerobic decomposition [Benner et al., 

1984]. It has been suggested that the residence time of peat in the acrotelm, the 

periodically oxic region between the peat surface and the lowest summer water table, is 

an important control on the extent of peat decomposition [Belyea and Clymo, 2001].  

 It is difficult to assess the importance of these effects on peat decomposition 

based on results of experimental manipulations. Temperature, vegetation, and water table 

are not fully independent of one another and tend to covary. For example, higher 

temperatures lead to increased evapotranspiration, which can lead to a lower water table. 

Drier conditions can promote vascular plant growth at the expense of Sphagnum, causing 

a change in the plant community. The depth of the water table is not only a function of 

climate, but is determined by the relative change in water storage and new peat formation 

[Belyea, 2009]. It is difficult for short-term experimental manipulations to capture the 

complex feedbacks among environmental variables. This limits the applicability of 

experimental results in predicting the long-term effects of environmental change on peat 

decomposition. It is also difficult to predict the relative importance of each of these 

factors in peatlands where all three are affecting the rate of peat decomposition. 

 The ratios of C:N and humification indices are commonly used to assess the 

extent of peat decomposition [Aaby, 1976; Chambers et al., 1997; Kuhry and Vitt, 1996]. 
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These approaches do not involve experimental manipulation of environmental conditions, 

but rather integrate natural variability of conditions both among cores and through time in 

individual cores. However, both C:N and humification indices are difficult to interpret 

and compare among sites. Use of the C:N ratio as a diagenetic index requires the 

assumption that plants have similar C:N ratios and that N is conserved while C is 

respired. The resulting enrichment of N relative to C can be used to estimate the extent of 

C loss [Malmer and Holm, 1984; Kuhry and Vitt, 1996]. However, this assumption is not 

necessarily met. Sphagnum mosses in ombrotrophic bogs receive most of their N from 

atmospheric deposition, and C:N ratios of Sphagnum litter are significantly correlated 

with the rate of N deposition [Bragazza et al., 2006; Gerdol et al., 2007; Limpens et al., 

2011]. Atmospheric deposition of reactive N has increased by an order of magnitude over 

the last century in many terrestrial environments due to anthropogenic N fixation 

[Galloway et al., 2004]. Different levels of N deposition among sites and changing 

deposition with time can therefore affect peat C:N ratios independent of decomposition. 

In addition, denitrification rates can be significant in peatlands with greater N availability 

[Francez et al., 2011], complicating the assumption of conservative N recycling. 

Similarly, humification indices are affected by the botanical composition of the peat 

[Yeloff and Mauquoy, 2006; Hughes et al., 2012]. This limits their value in assessing 

controls on peat decomposition among sites with different plant communities. 

Biochemical indices of the diagenetic state of organic matter can be useful for 

deciphering the controls on the extent of peat decomposition. Amino acids are common 

to all organisms and they typically comprise half or more of the total N in biomass, 

thereby providing insights about N recycling as well as the extent of decomposition 
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[Tremblay and Benner, 2006]. Hydroxyproline (Hyp) is an amino acid found in all plants, 

including mosses, but is not synthesized by microbes [Kieliszewski and Lamport, 1994]. 

Hyp is found in structural glycoproteins and is typically more resistant to microbial 

decomposition than bulk C. The yield of Hyp increased with increasing bulk C loss 

during a litter bag decomposition study of three vascular plant tissues, indicating Hyp is a 

useful diagenetic indicator (Chapter 1). Lignin is found only in vascular plants, and its 

CuO oxidation produces phenols that reflect the sources and extent of decomposition of 

vascular plant tissues [Benner et al., 1991]. Ratios of vanillic acid to vanillin and syringic 

acid to syringaldehyde are low in fresh plant tissues but increase with microbial 

decomposition and are useful indicators of diagenetic alterations [Hedges et al., 1988; 

Opsahl and Benner, 1995].  

 We analyzed samples from four cores collected along a latitudinal gradient in the 

West Siberian Lowland (WSL), which contains the world’s largest peat-forming 

complex. Two cores were collected from the southern WSL, which has experienced 

relatively warm conditions and high rates of peat accumulation during the last 2000 years 

[Smith et al., 2004; Beilman et al., 2009]. Two cores were collected from the northern 

WSL, which has experienced lower temperatures, permafrost and much lower 

accumulation rates [Kremenetski et al., 2003; Beilman et al., 2009; Smith et al., 2012]. 

Carbohydrate and lignin phenol compositions indicate that plant communities were 

variable in the southern cores, alternating between periods of Sphagnum and vascular 

plant dominance, while the northern cores were generally Sphagnum-dominated (Chapter 

2). The latitudinal gradient presents a natural experiment for comparing the effects of the 

different hypothesized controls on peat decomposition. The southern cores experience 
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higher temperatures but are buried rapidly, shortening their exposure to oxygen and 

aerobic decomposition. The effect of vegetation on decomposition is assessed within each 

core, as layers dominated by vascular plants are hypothesized to be more decomposed 

than Sphagnum-dominated layers. Our objective is to test the relative importance of these 

factors in determining the extent of peat decomposition in these cores. 

3.2. Materials and Methods 

3.2.1. Study sites and sampling 

 Four peat cores were collected along a latitudinal gradient ranging from 56°N to 

66°N in West Siberian Lowland, Russia [Smith et al., 2004; Beilman et al., 2009]. Cores 

were extracted with a 5-cm rotating sleeve side-cut Russian corer (non-permafrost sites) 

or a modified Cold Regions Research and Engineering Lab (CRREL) corer (permafrost 

sites). Cores were subsampled at 1 cm resolution and stored frozen in airtight plastic 

Whirl-pak sample bags until analysis. Two cores, SIB04 and SIB06, were collected from 

rapidly accumulating non-permafrost bogs in southern Siberia with depths of 400 and 395 

cm, respectively. Core G-137 was collected from the discontinuous permafrost zone and 

had an active layer thickness of 50 cm and a total depth of 177 cm, whereas core E-113 

was located in continuous permafrost and had an active layer thickness of 17 cm and a 

total depth of 327 cm [Smith et al., 2012].  

The four cores were radiocarbon dated to determine peat accumulation rates 

[Beilman et al. 2009]. The analyses herein focus on peat deposited in the last 2000 years. 

The apparent C accumulation rates at SIB04 and SIB06 over the last 2000 years (44 and 

28 g C m
-2

 yr
-1

, respectively) were significantly higher than the rates at G-137 and E-113 

(10 and 15 g C m
-2

 yr
-1

, respectively; Table 3.1). A vegetation reconstruction using the 
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lignin phenol and neutral sugar composition indicated all four cores were generally 

composed of Sphagnum remains but the southern cores indicated frequent shifts to 

vascular plant dominance on time scales <100 years (Chapter 2). Further details about the 

cores and their collection can be found in Sheng et al. [2004]; Smith et al. [2004, 2012]; 

and Beilman et al. [2009]. 

 Samples of peat-forming vegetation and decomposers were also analyzed to 

identify their chemical signatures in the peat. While no vegetation was available from the 

coring sites, a variety of source materials were obtained from representative boreal 

ecosystems in North America. Bog vegetation from James Bay, QC, Canada was 

provided by Glen MacDonald and colleagues at UCLA. Keisuke Koba and Satoru 

Hobara provided tundra vegetation from Toolik Lake, AK, USA. Fungi and balsam fir 

needles and roots were collected from a boreal forest in Codroy Valley, NL, Canada by 

Sue Ziegler and Faye Murrin. Lyophilized bacteria cells were obtained from Sigma-

Aldrich. The apical capitulum was removed from Sphagnum samples before analysis. 

Nitrogen is translocated from senescent stems to the actively growing capitula as they are 

buried [Aldous, 2002], so these capitula-free samples are more representative of 

Sphagnum litter on the peat surface.  

3.2.2 Chemical Analyses 

 Frozen slices of peat (1 cm) were dried in a Savant SpeedVac vacuum centrifuge 

and ground in a Wiley mill to pass a 40-mesh screen. The C and N content of the peat 

was measured after combustion at 980 °C using a Costech ECS 4010 elemental analyzer. 

The mean % deviation for duplicate analyses was ±0.7% for C and ±3% for N. 
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 Samples (10 mg) for total hydrolysable amino acid (THAA) analysis were added 

to glass ampules with 1 ml 6M HCl. The ampules were flame-sealed and heated to 110°C 

for 20 h. After hydrolysis, the ampules were opened and aliquots of the hydrolysates were 

dried under a stream of N2. Samples were then dissolved in 200 µL deionized water and 

norvaline was added as an internal standard. Amino acids were recovered using solid 

phase extraction and derivatized with propyl chloroformate using the commercially 

available EZ:Faast kit for amino acid profiling (Phenomenex, USA). Derivatized samples 

were separated using gas chromatography (Phenomenex ZB-AAA column; 110-320°C at 

30° min
-1

) with flame ionization detection. The 16 quantified amino acids were: alanine 

(Ala), glycine (Gly), valine (Val), leucine (Leu), isoleucine (Ile), threonine (Thr), serine 

(Ser), proline (Pro), aspartic acid (Asp), hydroxyproline (Hyp), glutamic acid (Glu), 

phenylalanine (Phe), lysine (Lys), histidine (His), tyrosine (Tyr), and diaminopimelic 

acid (DAPA). 

 The amino acid yield was expressed as a percentage of C or N using the equation: 

THAA (%C or N) = Σ[YieldAA/(C or N)] x [Wt % (C or N)]AA (3.1) 

for each of the 16 amino acids, where YieldAA/C or N is the C- or N- normalized yield of 

the amino acid in mg AA (100 mg C or N)
-1

 and [Wt % (C or N)]AA is the weight % C or 

N in the amino acid. All amino acid data can be found in the supplementary information 

(Tables S1 and S2). 

 Lignin phenols were analyzed by gas chromatography/mass spectrometry 

(GC/MS) following CuO oxidation [Kaiser and Benner, 2012]. Dry peat samples (10-15 

mg) were reacted with 330 mg CuO, 106 mg of Fe(NH4)2(SO4)2 ·6H2O and 2.5 mL of 2 

mol L
-1

 NaOH in a Monel reaction vessel. Trans-cinnamic acid (CiAD) and ethyl-vanillin 
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(EVAL) were added as internal standards following oxidation. Samples were purified by 

solid phase extraction (SPE) using Oasis HLB cartridges and a vacuum manifold. After 

SPE, samples were dried under a stream of argon and redissolved in 200-400 μL of dry 

pyridine.  

Gas chromatography was carried out using an Agilent 7890 system with an 

Agilent 5975C triple axis mass detector using electron impact ionization. Samples were 

derivatized with BSTFA/TMCS before analysis. Typically, 15 μL of sample was reacted 

with 15 μL of BSTFA/TMCS reagent at 75 °C for 15 min. The analytical precision of 

duplicate analysis was ±4 %. Mass spectrometer settings are described in detail by Kaiser 

and Benner [2012]. 

3.2.3 Statistical Analyses 

 All statistical analyses were performed using the open-source statistical package 

R (R Core team, 2013). A principle component analysis (PCA) was conducted to identify 

differences in amino acid composition among peat samples. The PCA compressed the 

mole percentages of 15 amino acids (all but DAPA) in each peat sample (n=150) into the 

two axes that explained the greatest amount of variance in the data set. The mole % of 

each amino acid in the peats was normalized by subtracting the mean value and dividing 

by the standard deviation of the mole % of the amino acid in the full data set.  

3.3. Results 

3.3.1. Composition of source materials 

 The Sphagnum mosses analyzed were very N-poor, with C:N ratios ranging from 

91-170. Vascular plants had lower C:N than Sphagnum (32-61), but higher than fungi 

(11-21) or bacteria (3.7-4.7; Table 3.2). Amino acids accounted for a large fraction of the 
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N in all four types of organisms, ranging from 38% of the N in the stems of Cortinarius 

armillatus fungi to 71% in Sphagnum magellanicum (Table 3.2). Sphagnum had the 

highest average fraction of N as amino acids with 65%, while fungi had the lowest with 

47%. The %C as amino acids was strongly correlated with the N:C ratio in the source 

materials analyzed (r
2
=0.97), reflecting the relatively constant fraction of N as amino 

acids in all of the vegetation and microbes analyzed.  

 Hyp was found in all plants analyzed but not in bacteria or fungi (Table 3.2). The 

C-normalized Hyp yield was higher in vascular plants (10.4±2.7 s.d. nmol Hyp mg C
-1

) 

than in Sphagnum (7.3±1.4 nmol Hyp mg C
-1

). The highest Hyp yields (14.6 nmol mgC
-1

) 

were found in Abies balsamea roots.  

DAPA was found in four of the five bacteria analyzed but was not found in any 

other type of organism. The DAPA yield was 32 ±11 nmol mgC
-1

 in Gram negative 

bacteria (Table 2). The yield was higher in Bacillus subtilis (193 nmol mgC
-1

), but DAPA 

was not found in Micrococcus, the other Gram positive bacterium analyzed. This is 

consistent with observations that the peptidoglycan layer is thicker in Gram positive than 

in Gram negative bacteria, but most Gram positive bacteria do not include DAPA in their 

peptidoglycan [Schleifer and Kandler, 1972]. 

3.3.2 Composition of peat cores 

 Patterns of C:N ratios varied significantly among the four cores. The average C:N 

ratio of the cores declined with increasing latitude, as SIB04 had the highest average C:N 

ratio (116) and E-113 had the lowest (56). The C:N ratios were generally high in SIB04 

(100-150), but declined in the top 50 cm to a minimum of 45 (Fig. 3.1). The opposite 

trend was observed in SIB06, where C:N ratios were high near the surface (>275) but 



 

90 

declined to 60-120 below 50 cm depth. The samples at 26 and 29 cm depth had higher 

C:N ratios than any of the fresh vegetation analyzed. The G-137 core contained the 

narrowest range of C:N ratios; the ratio at the surface (69) increased rapidly to 109 at 2 

cm and then generally declined with depth to a minimum of 53. The C:N ratio also 

generally declined with depth in core E-113, from a maximum of 113 at 17 cm to a 

minimum of 24 at the base of the core, the lowest ratio observed in the four cores (Fig. 

3.1). 

 Amino acids accounted for a large fraction of the total N in all of the peats 

analyzed. This fraction was relatively constant in SIB04 and SIB06, generally ranging 

from 35-60% of the N with no apparent depth trend (Fig. 3.2). The two samples in SIB06 

with C:N ratios >250 also had higher %N as THAA than the rest of the core. Amino 

acids constituted ~40% of the N at the surface in both northern cores, but this increased 

to >60% immediately below the surface layer. The THAA %N generally decreased with 

depth, reaching ~40% in the deepest samples analyzed in both cores. The THAA %N 

declined with depth in both northern cores, and the lower values in the northern cores 

were similar to typical values in the southern cores.  

 The PCA analysis identified two principle components (PC1 and PC2) that 

explained 25 and 19% of the variance of the amino acid composition, respectively. 

Among the individual amino acids, Hyp had the largest loading on PC1 (-0.45), 

indicating differences in mol % Hyp were the most significant drivers of variation in the 

peat AA composition (Fig. 3.3). Of the five AAs with loadings less than -0.2, four (Hyp, 

Lys, His, and Pro) are enriched in hydroxyproline-rich glycoproteins (HRGPs) relative to 

bulk plant N (Chapter 1). The five amino acids with significant negative loadings were all 
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polar amino acids, but Ser, Asp, and Thr are also polar amino acids and had positive 

loadings, indicating polarity did not control peat amino acid composition.  

 Hydroxyproline yields were significantly different between the northern and 

southern cores. Hyp yields were low throughout the SIB04 and SIB06 cores, falling 

within or slightly below the range of Hyp yields in Sphagnum and vascular plant source 

vegetation (6.1-14.6 nmol Hyp mg C
-1

; Fig. 4). In contrast, Hyp yields in the northern 

cores were higher than those in source vegetation at most depths. The Hyp yield was 

within the range of vegetation yields in the top 12 cm of G-137 but increased below that 

depth to values higher than those measured in any plant tissue. The pattern in E-113 was 

similar, as the Hyp yield was relatively low near the surface but increased below 20 cm, 

reaching a maximum yield of 64 nmol Hyp mg C
-1

, more than 4-fold higher than the most 

Hyp-rich source vegetation.  

 The acid/aldehyde (Ad/Al) ratios of lignin phenols, which indicate the extent of 

decomposition of vascular plant remains, followed the same general trends as the Hyp 

yields (Fig. 3.5). The Ad/Al ratio of vanillyl phenols was variable (0.1-0.7) near the peat 

surface in SIB04 and SIB06 cores, but was <0.5 below 50 cm in both cores (Fig. 3.5). In 

contrast, the Ad/Al ratios increased with depth to a maximal value of 0.9 at 37 cm in core 

G-137 and was >0.5 throughout core E-113. The Ad/Al ratios of vanillyl and syringyl 

phenols were strongly correlated (r
2
=0.77, p<0.0001), and the ratio of syringyl phenols 

showed an even more pronounced difference between the northern and southern cores. 

The Ad/Al ratios were <0.4 throughout cores SIB04 and SIB06, but increased with depth 

in cores G-137 and E-113. The Ad/Al ratios of syringyl phenols reached maximal values 

of 0.6 in core G-137 and 0.8 in core E-113, the highest value in the four cores. The Ad/Al 
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ratios of the vanillyl and syringyl phenols were significantly correlated with the C-

normalized Hyp yields (Fig. 3.6). The correlation was stronger between the Hyp yield 

and the Ad/Al ratios of syringyl phenols (r
2
=0.664; p<0.001) than between Hyp and 

Ad/Al ratios of vanillyl phenols (r
2
=0.485; p<0.001), but both relationships were 

statistically significant.  

3.4. Discussion 

3.4.1 Extent of peat decomposition 

 The C:N ratio of peat is often interpreted as an indicator of the extent of peat 

decomposition. This interpretation relies on the assumption that N is quantitatively 

recycled within the peatland, while C is lost as CO2 during the remineralization of peat. 

The C:N ratio is therefore expected to decline with increasing C loss. This is supported 

by observations of low N concentrations in runoff from peatlands and low rates of 

gaseous N losses via denitrification [Kuhry and Vitt, 1996; Malmer and Wallen, 1993; 

2004]. The C:N ratios are generally >100 below 50 cm in core SIB04 and <25 in the 

deepest layers of core E-113, with intermediate values in cores SIB06 and G-137. Based 

on C:N ratios, the extent of decomposition increases among the cores as follows: SIB04 < 

SIB06 = G-137 < E-113.  

 Several factors independent from microbial decomposition can affect the C:N 

ratios of peat, complicating its interpretation as a diagenetic indicator (see section 3.1). 

The cores analyzed in this study illustrate some these complications. Two samples in core 

SIB06 have C:N ratios >275, greater than those in fresh vegetation. This could indicate 

vertical transfer of N such as uptake by vascular plant roots, or preferential removal of N 

from the system via denitrification, runoff and volatilization. These processes challenge 
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the assumption of conservative N cycling in peatlands and complicate the interpretation 

of C:N ratios as diagenetic indices. Core SIB04 is unusual in that it has low C:N ratios 

near the surface and high ratios in the catotelm, the opposite of the trend in other peat 

profiles in which C:N ratios are highest at the surface and decline with depth in the 

acrotelm [Kuhry and Vitt, 1996; Malmer and Wallen, 2004]. Low C:N values near the 

surface of SIB04 coincide with a shift in the plant community from Sphagnum to vascular 

plant dominance (Chapter 2). This indicates vegetation change can have an effect on the 

peat C:N ratio as vascular plants are enriched in N compared to Sphagnum (Table 2.2). 

These effects illustrate the potential complications in interpreting C:N ratios as diagenetic 

indicators.   

 The %N as hydrolysable amino acids has also been used to estimate the extent of 

OM decomposition in other environments. In marine settings, it decreases along a 

continuum of increasing microbial alteration, from living phytoplankton, to sinking 

detritus, to sedimentary OM [Cowie and Hedges, 1992; 1994], and during microbial 

decomposition of DOM [Amon et al., 2001]. A similar pattern appears to exist in mineral 

soils, as organic horizons typically have >70% N as amino acids [Friedel and Scheller, 

2002; Mikutta et al., 2010], and mineral horizons have <50% N as amino acids 

[Christensen and Bechandersen, 1989; Friedel and Scheller, 2002; Schmidt et al., 2000; 

Sowden et al., 1977]. This indicates amino acids are preferentially removed as plant litter 

is transformed into soil organic matter.  

 There does not appear to be selective removal of amino acids in the southern 

cores, which typically have 40-50 %N as amino acids throughout the cores. In the 

northern cores, the fraction of N as amino acids decreases from >70% near the surface to 
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about 40% at depth. This trend in the northern cores could be indicative of selective 

removal of amino acids with increasing decomposition, but this is complicated by the 

observation that the lowest %N as amino acids in the northern cores is within the range of 

typical values in the southern cores. This is likely due to the fact that the dominant 

sources of amino acids in the peats, plants and microbes, exhibit a broad range of values 

(36-71%) for the %N as amino acids. Yields of the bacterial biomarker DAPA typically 

vary between 50-150 nmol mg N
-1

, a range similar to the yields in bacteria. This confirms 

that microbes and their remains constitute a significant portion of the peat N. However, 

microbes appear to use salvage pathways and resynthesize amino acids to conserve N, so 

the %N as amino acids remains relatively constant in peats during microbial 

decomposition. 

 The composition of amino acids also provides clues about the cycling of peat N. 

The PCA indicates the abundances of Hyp and other amino acids enriched in Hyp-rich 

glycoproteins (HRGPs) tended to covary, suggesting the selective preservation of HRGP 

molecules. Assuming each Hyp residue is associated with an intact HRGP molecule, the 

contribution of plant-derived HRGPs to peat amino acids (AA) can be calculated using 

the equation: 

 









HRGP

HRGP

Mol%Hyp

Mol%AA
Hyp/C

THAA/C

1
100HRGP asAA  %

 (3.2) 

where THAA/C and Hyp/C are the yields of amino acids and Hyp in nmol mg C
-1

, 

Mol%AAHRGP is the mol% of each individual amino acid in a typical HRGP, and 

Mol%HypHRGP is the mean mol% Hyp of a typical HRGP (Chapter 1). This calculation 

indicates HRGPs can account for 1% to 20% of the total amino acids in the peat cores. 
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Selective preservation of HRGPs appears to be an important driver of the peat amino acid 

composition. 

Carbon-normalized Hyp yields are also useful proxies for C loss from plant 

tissues (Chapter 1). Evidence of the selective preservation of Hyp and HRGPs in the 

northern cores indicates these peats are extensively decomposed.  Furthermore, the extent 

of diagenetic alteration of peat in the northern cores is greater than that in the southern 

cores, as indicated by the higher Hyp yields in the northern cores. A conservative 

estimate of C loss from the peat can be calculated using a starting Hyp yield of 9.3 nmol 

mgC
-1

 (the average yield measured in fresh vegetation) and assuming that Hyp is 

conserved according to the equation: 

Peat

Vegetation

Hyp

Hyp
100100loss %C 

 (3.3) 

where %C loss is the percentage of the original C that has been removed and HypVegetation 

and HypPeat are the C-normalized Hyp yields of fresh vegetation and the peat. This 

calculation indicates that C loss was >70% in G-137 (approximately 30 nmol Hyp mgC
-1

) 

and >85% in E-113 (up to 64 nmol Hyp mgC
-1

). These are conservative estimates of C 

loss because Hyp is lost during the decomposition of plant detritus (Chapter 1).  

Acid/aldehyde (Ad/Al) ratios of lignin phenols support the conclusion that the 

northern cores are more extensively decomposed than the southern cores. Lignin phenols 

are specific to vascular plants [Hedges and Mann, 1979] and Ad/Al ratios increase with 

microbial decomposition of vascular plant material [Hedges et al., 1988; Opsahl and 

Benner, 1995]. Lignin phenol Ad/Al ratios increase with depth in mineral soil profiles, 

reflecting increasing microbial decomposition of lignin [Feng and Simpson, 2007]. 

Increasing Ad/Al ratios of vanillyl and syringyl phenols with depth in the northern cores 
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indicate the extent of vascular plant decomposition increases with depth, but this 

evidence is lacking in the southern cores.  

The lignin phenol Ad/Al ratios indicate the extent of vascular plant 

decomposition, whereas Hyp yields are indicative of C losses from all sources of 

vegetation in peatlands, including Sphagnum. The strong correlation between Ad/Al 

ratios of vanillyl and syringyl phenols indicates gymnosperm and angiosperm remains 

have experienced a similar extent of decomposition. In addition, the correlation between 

lignin phenol Ad/Al ratios and Hyp yields indicates the extent of decomposition of 

vascular plant tissue is generally representative of the extent of decomposition of bulk 

peat carbon. It appears the extent of decomposition of all plant types is controlled by 

similar environmental factors over timescales of centuries to millennia.  

 Hyp yields and lignin phenol Ad/Al ratios do not necessarily indicate that the 

southern cores are not significantly decomposed, only that they are less decomposed than 

the northern cores. The Ad/Al ratios of vanillyl phenols are consistently elevated above 

values in plants in the southern cores. Hyp is a minor component of fresh plant tissue and 

is concentrated with the loss of associated OM. The yields of recalcitrant biochemicals 

such as Hyp increase exponentially with decomposition, which is not apparent until an 

advanced stage of decomposition [Hedges and Prahl, 1993; Chapter 1].  

Hyp yields, lignin phenol Ad/Al ratios, and C:N ratios all indicate cores SIB04 and E-113 

are the least- and most-extensively decomposed, respectively. However, C:N ratios 

indicate SIB06 and G-137 have a similar extent of decomposition while Hyp and lignin 

phenol Ad/Al ratios indicate G-137 is more decomposed. The disparity is likely due to 

factors other than decomposition that can affect the C:N ratio, as discussed above. This 
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demonstrates the value of using multiple independent indicators to reveal differences in 

extent of decomposition. 

3.4.2 Controls on the extent of peat decomposition  

 The integrative nature of the biochemical degradation indices used herein enables 

the testing of competing hypotheses regarding the key factors governing the extent of 

peat decomposition. Experimental evidence suggests that temperature, vegetation type, 

and oxygen availability can all have a significant influence on rates of peat 

decomposition. We evaluate the importance of each below in light of our findings that the 

northern cores were more extensively decomposed than the southern cores. 

 Temperature is hypothesized to be a major control on peat decomposition due to 

stimulation of microbial activity [Lafleur et al., 2005; Dorrepaal et al., 2009]. This is 

supported by laboratory and field experiments that show increased mass loss of peat and 

respiration at elevated temperatures [Clymo, 1965; Updegraff et al., 2001; Lafleur et al., 

2005]. However, this study shows that temperature is not the dominant variable in 

determining the extent of peat decomposition. The mean annual air temperature at the 

southern sites is 4-7°C warmer than those at the northern sites, yet the northern cores 

were more extensively decomposed than the southern cores despite being of similar age. 

This is the opposite pattern from that expected if temperature was the dominant control 

on the extent of peat decomposition.  

 Changes in the composition of the plant community can also affect decomposition 

of the peats. Sphagnum is consistently more resistant to decomposition than vascular 

plants when incubated under equivalent conditions [Hobbie, 1996; Scheffer et al., 2001; 

Moore et al., 2007], suggesting that vascular plant-dominated peat should be more 
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extensively decomposed than Sphagnum-dominated peat. This does not appear to be the 

case in the peat cores analyzed here. Vegetation in cores SIB04 and SIB06 was generally 

Sphagnum-dominated, but periodic shifts to vascular plant dominance were evident 

(Chapter 2). Vascular plants accounted for over half of the peat C during these periods, 

but the Hyp yields and lignin phenol Ad/Al ratios indicated they were not more 

decomposed than Sphagnum-dominated peat layers. Sphagnum remains generally 

accounted for >50% of the C in the northern cores, yet they were more extensively 

decomposed than any vascular plant-dominated layers in the southern cores. This 

indicates that despite differences between the rates of decomposition of mosses and 

vascular plant litter, vegetation composition is not the primary control on the extent of 

decomposition of these peats. 

 We developed the oxygen exposure time hypothesis as a third explanation for the 

observed trends in peat decomposition. The free energy yield of organic matter oxidation 

is greatest when oxygen is used as the terminal electron acceptor. Other oxidized ions 

that can be used as terminal electron acceptors (e.g. NO
3-

, Fe
3+

, SO4
2-

) have limited 

availability in peatlands, so the thermodynamic favorability of C remineralization 

declines rapidly below the water table [Shotyk, 1988]. Consequently, the rate of peat 

decomposition is an order of magnitude higher under aerobic conditions [Belyea, 1996; 

Clymo, 1965]. Lowering of the water table and expansion of the acrotelm consistently 

results in higher rates of C loss, at least in the short term [Laiho, 2006]. Therefore, some 

models recognize acrotelm residence time as an important control on peat accumulation 

[Clymo, 1984; Belyea and Clymo, 2001; Belyea and Malmer, 2004]. 
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Many factors that influence decomposition vary between the acrotelm and 

catotelm. Peat bulk density increases and hydrological conductivity decreases in the 

catotelm. Lack of water transport can result in the accumulation of CO2 and CH4 in 

catotelm porewaters, further reducing the energy yield of C remineralization [Beer and 

Blodau, 2007; Beer et al., 2008]. Higher water and solute mobility in the acrotelm could 

also enhance microbial nutrient availability in the acrotelm. In addition, oscillating redox 

conditions like those found in the acrotelm can result in more rapid decomposition than 

aerobic conditions alone [Aller, 1994; Hulthe et al., 1998]. These factors contribute to the 

observed differences in C remineralization rates between the acrotelm and catotelm, but 

the large difference in energy yield between aerobic C oxidation and methanogenesis is 

likely the primary driver. 

We therefore propose oxygen exposure time as the primary control of organic 

matter decomposition in peatlands. This concept is similar to acrotelm residence time, but 

has a direct mechanistic link to decomposition. In addition, oxygen availability is not 

restricted to the acrotelm because vascular plants transport oxygen to their roots, which 

can extend into the catotelm [Anderson and Beckett, 1987]. Oxygen exposure time 

therefore avoids the inflexibility of the acrotelm/catotelm model, which indicates a 

discrete boundary (the drought water table level) separates zones of fast and slow 

decomposition [Morris et al., 2011]. Oxygen exposure time is also proposed to control 

the extent of decomposition of marine sedimentary organic matter [Hartnett et al., 1998; 

Hedges et al., 1999]. Oxygen exposure time could have a greater influence on 

decomposition in peatlands than in marine sediments due to the more limited availability 

of alternative terminal electron acceptors in peats. 
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Oxygen exposure time is primarily controlled by the depth of the water table and 

rate of peat accumulation. More rapid accumulation results in faster burial beneath the 

water table, where oxygen availability is lower. Oxygen exposure time is likely higher in 

vascular plant-dominated peats due to oxygen transport in roots below the water table. 

Peats with lower accumulation rates and lower water tables are expected to be more 

extensively decomposed due to longer oxygen exposure times (Fig. 3.7). 

The observed differences in decomposition between the northern and southern 

cores support the oxygen exposure time hypothesis. The vertical growth rate is several 

times higher in the southern cores, so peat is more rapidly buried and entrained into the 

catotelm at these sites. In addition, the northern cores are affected by permafrost [Smith et 

al., 2012], which causes cryogenic heaving and uplift of the soil relative to the water 

table [Robinson and Moore, 2000]. This further increases oxygen exposure time by 

causing a deeper water table than in the non-permafrost southern cores. Accordingly, the 

water content of northern cores is lower than in the southern cores [Smith et al., 2012]. 

The northern cores had higher hydroxyproline yields and lignin phenol acid:aldehyde 

ratios than the southern cores, indicating more extensive decomposition and supporting 

the oxygen exposure time hypothesis. Oxygen exposure time was therefore a better 

predictor of the extent of decomposition than temperature or plant composition, which 

have received considerable attention in assessing the future of carbon storage in 

peatlands. 

Oxygen exposure time is changing as a function of plant growth and hydrology, 

which will influence future trends in peat C loss or accumulation. Warmer temperatures 

will likely lead to higher plant production. Other things being equal, this will reduce 
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oxygen exposure time by accelerating burial below the water table, and will ultimately 

increase peatland C sequestration. However, if peat accumulation outpaces water storage, 

the water table will decline, promoting decomposition. Changes in water storage will 

likely vary regionally due to changing patterns of precipitation and evaporation. This 

interaction between plant growth and hydrology will ultimately determine the future of 

peatland C storage and its feedback on climate change.
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Table 3.1 Locations, mean annual air temperatures, and accumulation rates of the four peat cores. 

Core Latitude Longitude Mean annual air Vertical growth C-accumulation N-accumulation 

      temperature (°C)
a
 rate (mm yr

-1
)

b
 rate (gC m

-2
 yr

-1
)

b,c
 rate (gN m

-2
 yr

-1
)

b
 

SIB4 56°48'14"N 78°44'13"E -1.8 1.36 44 0.41 

SIB6 58°26'09"N 83°26'03"E -1.1 0.92 28 0.31 

G137 63°45'01"N 75°45'58"E -5.3 0.15 10 0.13 

E113 66°26'59"N 79°19'24"E -8.0 0.28 15 0.37 
 

a
Average 1930-2000; Matsuura and Willmott, data set, 2004; available at http://climate.geog.udel.edu/ 

~climate/html_pages/archive.html 
b
Since 2000 years bp 

c
Beilman et al., 2009
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Table 3.2 C:N ratio and amino acid and biomarker yields in peat-forming vegetation, 

bacteria, and fungi. 

 

Sample n C:N THAA THAA Hyp DAPA 

    (molar) %C %N (nmol/mgC) (nmol/mgC) 

Mosses
a
 

      Sphagnum fuscum 6 110 2.5 69 8.8 nd 

Spagnum magellanicum 4 170 1.8 71 7.2 nd 

Sphagnum angustifolium 2 79 2.8 54 6.1 nd 

Vascular Plants 

      Carex leaves 1 61 3.5 50 7.8 nd 

Eriophorum leaves 1 32 7.7 57 10.1 nd 

Ledum leaves 1 50 5.3 61 11.3 nd 

Abies balsamea needle 

litter 3 55 5.2 66 8.3 nd 

Abies balsamea roots 3 48 3.4 40 14.6 nd 

Bacteria 

      Gram negative  

      Pseudomonus 

fluorescens 1 4.1 48 47 nd 39 

Azobacter vinelandii 1 3.8 64 58 nd 19 

Aerobacter sp. 1 3.7 56 49 nd 37 

Gram positive 

      Bacillus subtilis 1 4.5 57 61 nd 193 

Micrococcus sp. 1 4.7 57 67 nd nd 

Fungi 

      Cortinarius armillatus 

stems 1 21 7.3 36 nd nd 

Cortinarius armillatus 

caps 1 14 19 63 nd nd 

Albatrellus ovinus 

(whole) 1 21 8.8 43 nd nd 

Clitocybe sp. (whole) 1 12 17 48 nd nd 

Russula paludosa stem 1 24 9.5 53 nd nd 

Russula paludosa cap 1 11 14.0 38 nd nd 

a
Fields samples with capitula removed 

   

  

nd, not detected 
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Figure 3.1 Peat C:N ratios in the four cores. 
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Figure 3.2 Percentage of total peat N accounted for by total hydrolysable amino acids in 

the four cores. 
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Figure 3.3 Loadings of amino acids on PC1 and PC2. Circled amino acids are enriched in 

hydroxyproline-rich glycoproteins (HRGPs) compared to bulk amino acids (Chapter 1). 
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Figure 3.4 Hydroxyproline (Hyp) yields in the four cores. The shaded area represents the 

range of Hyp yields in fresh vegetation (6.1–14.6 nmol mg C
-1

). 
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Figure 3.5 Profile of acid/aldehyde ratios of vanillyl (V) phenols (solid red symbols) and 

syringyl (S) phenols (open blue symbols) in the four cores. The red and blue shaded areas 

represent the range of Ad/Al ratios of vanillyl and syringyl phenols, respectively, in fresh 

vegetation (average ± 1 standard deviation). 
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Figure 3.6 Correlation between C-normalized hydroxyproline yields and acid/aldehyde 

ratios of (a) vanillyl phenols and (b) syringyl phenols.
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CHAPTER 4 

TEMPERATURE AND OXYGEN CONTROLS ON DECOMPOSITION IN A JAMES BAY 

PEATLAND
4
 

4.1. Introduction 

Boreal peatlands are important sinks for atmospheric carbon dioxide and currently 

contain ~550 Pg C due to an imbalance between net primary production and organic 

matter decomposition [Yu et al., 2010]. Organic matter storage in peatlands is several 

times higher than in other ecosystems despite lower rates of primary production, 

indicating net accumulation is primarily due to limited decomposition [Schlesinger and 

Bernhardt, 2013; Thormann et al., 1999]. Decomposition is likely incomplete due to a 

variety of factors including low temperatures [Lafleur et al., 2005], restricted oxygen 

exposure [Chapter 3; Belyea and Clymo, 2001], and the poor litter quality of Sphagnum, 

the dominant moss in many peatland plant communities [Hobbie, 1996; Moore et al., 

2007]. However, the relative importance of these factors remains poorly understood. The 

lack of a mechanistic understanding of peat decomposition reduces our ability to predict 

the responses of peatland carbon reservoirs to future changes in temperature, growing 

season, and precipitation. 

  The duration of peat exposure to oxygen (oxygen exposure time) has been 

proposed as an important control on the extent of peat decomposition (Chapter 3).

                                                           
4
 Philben, M., Holmquist, J., MacDonald, G., Duan, D., Kaiser, K., and Benner, R. 

(submitted), Temperature and oxygen controls on decomposition in a James Bay 

peatland, Global Biogeochemical Cycles. 
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Decomposition is rapid in the oxic surface layer and peat decomposition models indicate 

litter loses 80-90% of its initial mass before burial beneath the water table [Clymo, 1992]. 

Oxygen is rapidly depleted below the water table by heterotrophic respiration. The 

remineralization of organic carbon to carbon dioxide is much less thermodynamically 

favorable in the absence of oxygen, and decomposition is slower under anaerobic 

conditions by an order of magnitude or more [Belyea, 1996; Benner et al., 1984; Clymo, 

1965]. Oxygen exposure time is mainly a function of water table depth and peat 

accumulation rate, as drier conditions and lower accumulation rates result in slower 

burial beneath the oxic layer.    

 A recent study comparing the extent of peat decomposition along a latitudinal 

transect in the West Siberian Lowland (WSL), Russia found that differences in oxygen 

exposure time were more important in determining the extent of decomposition than 

temperature or vegetation change (Chapter 3). Peat cores collected from the northern 

WSL were formed under cooler conditions, with mean annual temperatures as much as 

7°C lower than in the south. In contrast, oxygen exposure time was longer in the north, as 

peat was buried beneath the water table less rapidly. The northern cores were more 

extensively decomposed, indicating oxygen exposure time was more important than 

temperature in determining the extent of decomposition. 

 However, the variability of environmental conditions between the northern and 

southern WSL cores was likely greater than those driven by climatic change. 

Accumulation rates were as much as five-fold higher in the south, presumably resulting 

in similar differences in oxygen exposure time. Climate-driven changes in the water table 

depth will likely be significant but less dramatic. The temperature difference of 7°C 
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between the sites is similar to the upper extreme of the 3-7°C estimate for warming in the 

subarctic region by 2100 [IPCC, 2013]. It is possible that temperature is more important 

to peat decomposition over naturally occurring ranges of environmental conditions. 

 The goal of this study is to test the oxygen exposure time hypothesis by 

examining temporal variability in the extent of peat decomposition in a core from James 

Bay, Canada. The core represents over 7000 years of peat accumulation [Holmquist et al., 

2014], providing an opportunity to evaluate peatland responses to natural climate change. 

. Elevated summer insolation associated with the Holocene Thermal Maximum (HTM) 

increased temperatures across the western Arctic by an average of 1-2 above the 20
th

 

century average between about 10000 and 5000 yr B.P [Kaufman et al., 2004]. 120 of 

140 sites analyzed showed qualitative evidence of increased temperature during this 

period, although the few records collected from the vicinity of James Bay Lowlands have 

been equivocal [Bunbury et al., 2012; O’Reilly et al., 2014]. In addition, the Medieval 

Climate Anomaly produced a temperature anomaly of about 2°C across northern Canada 

between 1000 and 700 yr B.P., including the James Bay Lowland [Viau and Gajewski, 

2009; Bunbury et al., 2012]. The ~2°C temperature anomalies experienced during both of 

these events is analogous to the projected warming over the next 20 years [IPCC, 2013]. 

This enables the estimation of the temperature sensitivity of peat decomposition in a 

natural system without experimental manipulation.  

 The historical variability of oxygen exposure time can be estimated using the 

testate amoebae record. Each species of amoebae inhabits a characteristic range of 

moisture conditions [Charman and Warner, 1992]. The testate amoebae community can 

therefore yield a reconstruction of the water table level at the site during peat formation 
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[Booth, 2002; Woodland et al., 1998]. Calibration with modern analogues has resulted in 

a quantitative transfer function specific to eastern North America and a better 

understanding of the uncertainty associated with this approach [Booth, 2008]. Oxygen is 

rapidly depleted below the water table, making the water table reconstruction a useful 

proxy for past changes in oxygen exposure time.  

 We used the biochemical composition of peat as an integrative indicator of its 

extent of decomposition. The major classes of biological macromolecules are degraded at 

varying rates, and their carbon-normalized yields can reveal the extent of organic matter 

decomposition. Hydrolysable neutral sugars are initially abundant in plant litter, primarily 

in cellulose and hemicellulose, but are among its most labile components and are 

removed rapidly [Opsahl and Benner, 1999]. Hydrolysable amino acids, in contrast, are 

enriched in microbes compared to plant litter, and their yields generally increase with 

decomposition [Hobara et al., 2014; Tremblay and Benner, 2006]. Hydroxyproline, an 

amino acid found in all plants but not in microbes, is generally less reactive than bulk 

plant carbon and its yield tends to increase with decomposition (Chapter 1). The ratio of 

the acid and aldehyde monomers of vanillyl and syringyl phenols is also low in plant 

material but increases with decomposition [Hedges et al., 1988; Opsahl and Benner, 

1995]. While these indicators are often effective over various stages of decomposition, 

using multiple independent diagenetic indicators can increase confidence and improve 

understanding of the mechanics of individual indicators. We hypothesize that these 

indicators will show more extensive decomposition in the sections of the core with longer 

oxygen exposure time. 
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4.2. Materials and methods 

4.2.1 Study site and collection 

 This study uses a peat core selected from a network of eight cores collected in 

2008 along a latitudinal transect in the Ontario James Bay Lowland, Canada [Holmquist 

and MacDonald, 2014; Holmquist et al., 2014]. The JBL7 core (54°23'43"N, 

89°31'20"W) was collected from an ombrotrophic, permafrost-free Sphagnum bog using 

a Russian auger. The core was covered in plastic wrap and aluminum foil and frozen 

upon return to the laboratory. Subsamples (1 cm) were collected using a bandsaw 

[Holmquist et al., 2014]. An age-depth model for the core was constructed using 
14

C 

dating and the Bayesian “Bacon” model [Blaauw and Christen, 2011]. JBL7 had a basal 

age of 7731 cal yr B.P. and had an apparent long-term carbon accumulation rate of 16.7 g 

C m
-2

 yr
-1

 [Holmquist et al., 2014]. Subsamples were dried in a Savant Speedvac vacuum 

centrifuge and ground in a Wiley mill for chemical analysis. 

 Samples of surface vegetation were collected from James Bay and were 

supplemented by samples from Toolik Lake, Alaska, and Codroy Valley, NL, Canada. 

These samples were analyzed to identify the chemical signatures of fresh plant inputs to 

the peat. Their chemical compositions are reported elsewhere (Chapters 2 and 3) and 

summarized herein (Table 4.1). 

4.2.2 Chemical analyses 

 Carbon and nitrogen content were determined using a Costech ECS 4010 

elemental analyzer after combustion at 980°C. The mean % deviation was ±0.7% for 

carbon and ±3% for nitrogen. Hydrolysable neutral sugars were analyzed according to 

Skoog and Benner [1997] with some modifications. Samples (~5 mg dry weight) were 
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placed in 2 mL glass ampules and immersed in 12 mol L
-1

 sulfuric acid for two hours at 

room temperature. Ampules were then flame-sealed after the addition of 1.8 mL 

deionized water and immersed in a water bath at 100°C for 3 hours. The hydrolysis was 

terminated in an ice bath. Ampules were cracked open and deoxyribose was added as an 

internal standard. About 400 μL of hydrolysate were neutralized with 2 mL self-absorbed 

ion retardation resin (Biorad AG11 A8) [Kaiser and Benner, 2000]. The sample was then 

deionized using a mixture of cation and anion exchange resins (Biorad AG50 and AG2). 

 Neutral sugars were separated isocratically using 25 mmol L
-1

 NaOH on a PA1 

column in a Dionex 500 system with a pulsed amperiometric detector. Detector settings 

were based on Skoog and Benner [1997]. The seven neutral sugars measured were 

fucose, rhamnose, arabinose, galactose, glucose, mannose, and xylose. The analytical 

precision of duplicate analyses performed on different days was ±2% for glucose and 

±4% for other sugars. 

 Samples for hydrolysable amino acid analysis were added to glass ampules with 1 

mL of 6 mol L
-1

 hydrochloric acid. The ampules were flame sealed and heated to 110°C 

for 20 hours. The ampules were opened after hydrolysis and aliquots were dried under a 

stream of N2 gas. Samples were redissolved in deionized water and norvaline was added 

as an internal standard. 

Amino acids were purified by solid phase extraction and derivatized with propyl 

chloroformate using the commercially available EZ:Faast kit for amino acid profiling 

(Phenomenex, USA). Derivatized samples were separated and quantified using gas 

chromatography (Phenomenex ZB-AAA column; 110–320°C at 30° min
-1

) with flame 

ionization detection. The 16 quantified amino acids were alanine, glycine, valine, leucine, 
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isoleucine, threonine, serine, proline, aspartic acid, hydroxyproline, glutamic acid, 

phenylalanine, lysine, histidine, tyrosine, and diaminopimelic acid. 

 Lignin phenols were analyzed by gas chromatography/mass spectrometry 

following CuO oxidation [Kaiser and Benner, 2012]. Samples (8-10 mg) were mixed 

with 330 mg CuO, 106 mg of Fe(NH4)2(SO4)2 · 6H2O, and 2.5mL of 2 mol L
-1

 NaOH in 

Monel reaction vessels. Vessels were kept in argon-filled containers to exclude molecular 

oxygen. A mixture of transcinnamic acid and ethyl-vanillin was added as internal 

standards after oxidation. Samples were purified by solid-phase extraction using Oasis 

HLB cartridges and were dried under a stream of argon. Samples were then redissolved 

in 200 µL dry pyridine and stored frozen until analysis. 

 Phenols were quantified using an Agilent 7890 gas chromatography system with 

an Agilent 5975C triple axis mass detector with electron impact ionization. Samples were 

derivatized with BSTFA/TMCS reagent at 75°C for 15 minutes prior to analysis. Mass 

spectrometer settings are described in detail by Kaiser and Benner [2012]. Analyzed 

phenols included p-hydroxy (P) phenols (p-hydroxybenzaldehyde, p-

hydroxyacetophenone, and p-hydroxybenzoic acid), vanillyl (V) phenols (vanillin, 

acetovanillone, and vanillic acid), syringyl (S) phenols (syringaldehyde, acetosyringone, 

and syringic acid), cinnamyl (C) phenols (coumaric acid and ferulic acid), and 3,5-

dihydroxy-benzoic acid. The analytical precision of duplicate analysis was ±4%. 

4.2.3 Vegetation reconstruction 

 The plant community at JBL7 was reconstructed using the carbohydrate 

composition and the lignin phenol yield of the peat. The carbohydrate approach exploited 
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differences in carbohydrate composition between vascular plants and Sphagnum to 

calculate a carbohydrate Sphagnum index using the molar ratio of sugars: 

 

Carbohydrate 𝑆𝑝ℎ𝑎𝑔𝑛𝑢𝑚 index =
Rhamnose

Mannose+Xylose
 (4.1) 

 

This index was converted to a quantitative estimate of the Sphagnum contribution to total 

peat carbon using the equation: 

 

fSphagnum= 2.6998(SICarb)
3 

-4.5889(SICarb)
2
 + 4.3775(SICarb)-0.2161 (4.2) 

 

where SICarb is the carbohydrate Sphagnum index and fSphagnum is the fractional 

contribution of Sphagnum to the peat carbon (Chapter 2). The vascular plant contribution 

was calculated by difference. 

 Lignin phenols were used as an independent estimate of the paleovegetation 

according to the equation: 

 

𝑓Vascular =
VPIPhenol

220
 (4.3) 

 

where fVascular is the fraction of carbon from vascular plants, VPIPhenol is the phenol 

vascular plant index (nmol V+S phenols mg C
-1

) and 220 is the average VPIPhenol in fresh 

vascular plants (Chapter 2). The Sphagnum contribution was calculated by difference. 
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4.2.4 Water table reconstruction 

 The water table was reconstructed by testate amoebae analysis using a method 

modified from Charman [2001] and Booth [2008]. Peat samples were boiled gently and 

spiked with a known number of exotic Lycopodium spores to aid quantification.  Testate 

amoebae were separated from the peat by filtering through a 250 um filter and reverse-

filtering through a 7 um filter. Samples were centrifuged and mixed with Saffron dye and 

glycerol as a preservative. Tests were counted under a compound microscope with 400x 

magnification and identified according to Charman [2000] as modified by Booth [2008]. 

At least 150 tests were counted for samples with >6000 tests cm
-3

 and 50 tests were 

counted for other samples [Payne and Mitchell, 2009]. Water table depth was calculated, 

omitting the problematic taxa Difflugia pristis type, and using weighted-average transfer 

function developed from 776 North American surface samples [Booth, 2008; Markel et 

al. 2010]. Stratigraphic plots, additional methodological data, and a list of taxa recorded 

are available in Holmquist [2013]. 

4.3. Results 

4.3.1. Chemical composition of peat-forming vegetation 

 Approximately 40% of the total carbon in fresh vegetation was characterized as 

hydrolysable neutral sugars, amino acids, and lignin phenols (±2% for Sphagnum and 

±11% for vascular plants). Vascular plants had slightly higher carbon (C) content 

(45.9±4.8 standard deviation wt. %C) and substantially higher nitrogen (N) content 

(1.15±0.35 wt. %N) than Sphagnum mosses (40.5±1.4 and 0.43±0.15 wt. %, respectively; 

Table 4.1). Sphagnum therefore had a much higher C:N ratio than vascular plants 

(119±43 vs. 50±13). The N content of all vegetation was strongly correlated with the 
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amino acid yield (r
2
=0.99), so the percentage of C as amino acids in vascular plants 

(5.43±1.7 %C as amino acids) was also approximately double that of Sphagnum 

(2.37±0.51 %C as amino acids). Hydroxyproline yields were slightly higher on average 

in vascular plants than in Sphagnum (9.4±1.6 vs. 7.3±1.4 nmol Hyp mg C
-1

). Neutral 

sugar yields were similar in both plant types, but were more variable in vascular plants 

(31.2±9.4 %C as neutral sugars) than in Sphagnum (35.6±2.1 %C as neutral sugars). 

4.3.2 Environmental history of JBL7 

 The paleovegetation reconstruction based on lignin phenols consistently indicated 

a greater contribution of vascular plant material than the reconstruction based on 

carbohydrates. The carbohydrate method indicated a larger vascular plant contribution in 

only five of the 70 peat samples analyzed. Although the two methods indicated differing 

magnitudes of vegetation change, they showed consistent patterns. From the surface to 

150 cm depth, both methods indicated the plant community was >50% Sphagnum, except 

at 31 cm and 84-86 cm depths, where the phenol method indicated greater vascular plant 

inputs (Fig. 4.1). Both methods indicated a sustained shift to vascular plant dominance 

between 150 and 250 cm depth, where the phenol method indicated 16 of the 21 samples 

were >50% vascular plant C. The carbohydrate method indicated a smaller vascular plant 

contribution in this zone but a distinct transition was still apparent, as 15 of the 21 

samples had >20% vascular plant C, compared to a baseline of about 0-10% above 150 

cm. This period of vascular plant dominance lasted approximately 2140 years (4730-2590 

cal. yr. B.P.) according to the calibrated radiocarbon age model [Holmquist et al., 2014]. 

The plant community was more variable below 250 cm and appeared to be mostly 

Sphagnum except for vascular plant invasions at 259, 303, 315, and 327 cm. 
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 The testate amoebae-derived water table record indicated conditions were 

relatively wet (water table close to the peat surface) above 150 cm depth (Fig. 4.2), 

although a trend toward drier conditions over the last two centuries was also visible. The 

water table was generally lower below 150 cm, indicating drier conditions during peat 

formation, including the driest conditions in the core at 172 cm depth (36±8 cm water 

table depth). The average water table depth below 150 cm was 17 cm, compared to 13 cm 

above 150 cm. Like the vegetation record, the water table reconstruction indicated rapid 

change near 150 cm depth. However, the generally drier conditions persisted to the base 

of the core, unlike the vascular plant vegetation which was mostly confined to the 150-

250 cm interval. 

4.3.3. Chemical composition of JBL7 peat 

 The C content of the peat varied between 39 and 51 wt. % C through most of the 

core. The deepest samples had lower C content (as little as 32%), likely due to dilution by 

the underlying mineral soil during the initial establishment of the peatland on the mineral 

surface. The N content was much more variable than the C content, with a nearly seven-

fold difference between the highest and lowest N concentrations (2.0 and 0.3 wt. % N, 

respectively; Fig. 4.3). The N content was highest in the vascular plant-dominated zone 

between 150 and 250 cm depth. Samples at 183 and 215-227 cm were particularly 

enriched in N (>1.5 Wt. %N). N content decreased beneath this zone and was <1.1 

between 250 cm and the bottom of the core. The C:N ratio primarily reflected changes in 

N because the C content was relatively constant. The C:N ratio was highest in the upper 

50 cm (>90) and generally declined with depth. The lowest values were found between 

150-250 cm, with C:N ratios as low as 28 (Fig. 4.3).  



 

121 

 The analyzed biochemicals accounted for 29±6% of the peat C in the core. The 

percentage of C accounted for by neutral sugars (%C as NS) was highest in the upper 50 

cm, where the yield in the peat was within the range of yields found in fresh plant 

material (Fig. 4.4). The sugar yield declined with depth but was lowest in the zone 150-

250 cm (16±4 %C as NS). The yield was higher below 250 cm (22±3 %C as NS), but 

was still lower than in fresh plant material. 

Differences in botanical composition could influence the sugar yield independent 

of decomposition because vascular plants had a lower average and wider range of neutral 

sugar yields (Table 4.1). An “expected” range of neutral sugar yields was calculated for 

each sample based on its reconstructed plant composition to correct for variable neutral 

sugar yields in vegetation. The expected sugar yield was calculated using the formula: 

 

Expected yield = (
%Vascular

100
) (%C as NS)Vascular + (

%Sphagnum

100
) (%C as NS)Sphagnum (4.4) 

 

where “%Vascular” and %Sphagnum” are the vascular plant and Sphagnum contents, 

respectively, based on an average of the carbohydrate and phenol reconstructions. (%C as 

NS)Sphagnum and (%C as NS)Vascular refer to the neutral sugar yields of fresh Sphagnum and 

vascular plant tissues, respectively. A range of expected yields was generated by 

performing the calculation with the highest and lowest sugar yield found in each plant 

type. 

 The “Sugar degradation index” was calculated as the ratio of the expected sugar 

yield to the observed yield. The index was calculated using the minimum and maximum 

expected yields to generate a range of depletion factors for each sample, and the average 
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of these two values was reported. The sugar degradation index was <1.2 in the upper 50 

cm of the core, indicating the peat had similar neutral sugar yields compared to fresh 

vegetation (Fig. 4.4). The index was highest between 150-250 cm (on average 2.2±0.5), 

reaching a maximum value of 3.1 at 183 cm, the sample which also had the lowest C:N 

ratio. The index was lower below 250 cm (<2.0) but remained above 1. The sugar 

degradation index was strongly correlated with the N:C ratio (n=70; r
2
=0.71, p<0.001; 

Fig.4.5), as samples between 150 and 250 cm generally had higher N:C ratios and 

degradation indices than samples above or below. 

 The amino acid yield (%C as amino acids) followed a trend similar to the N 

content and the sugar degradation index (Fig. 4.6). The yield was lowest near the surface 

(1.9-2.3 in the upper 50 cm) and was highest between 150 and 250 cm (3.8±1.0 %C as 

amino acids). Like the other indicators, the amino acid yield was highest at 183 and 219 

cm, with values of 5.4 and 5.8 %C as amino acids, respectively. However, the amino acid 

yield was also relatively high at 64 cm (5.2 % C as amino acids) unlike the N content or 

the sugar degradation index. Overall, the amino acid yield was strongly correlated with 

the total nitrogen content (n=70; r
2
=0.82; p<0.001; Fig. 7). The slope of the best-fit line 

(0.34) indicated that on average, amino acids accounted for 34% of the total nitrogen and 

the strong correlation indicates this ratio was relatively constant throughout the core. 

 Yields of hydroxyproline (Hyp) generally followed the patterns of the other 

indicators, with some differences. Yields in the upper 50 cm were low and within the 

range of fresh vegetation, while yields were highest between 150 and 250 cm (Fig. 4.7). 

The highest yield in the core was 49 nmol Hyp mg C
-1

, more than double the highest 

yield found in fresh plant material. However, the pattern of peaks in the Hyp yield was 
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somewhat different than peaks in the other indicators. The local maximum at 183 cm co-

occurred with maxima in the sugar degradation index and nitrogen content, but the peak 

in Hyp yield at 155 cm was not reflected in the other indicators. The peak at 64 cm was 

also found in the N content but not the sugar degradation index. In addition, Hyp yields 

below 250 cm were generally in the same range as fresh plant material and similar to peat 

near the surface, while the N content and sugar degradation index were elevated 

compared to the surface.  

 The C:N ratio, sugar degradation index, and hydroxyproline yield indicated the 

extent of bulk peat decomposition, whereas acid:aldehyde (Ad/Al) ratios of lignin 

phenols were used to assess the degree of oxidation of vascular plant detritus. The Ad/Al 

ratios of both vanillyl and syringyl phenols were low (<0.4) throughout the core. The 

ratio of vanillyl phenols did not match the pattern of the other degradation indices. The 

ratio was higher and more variable near the surface, with the highest ratio found at 38 cm, 

but the total yield of vanillyl phenols was low in this interval due to the Sphagnum-

dominated plant community, so the ratio was likely sensitive to minor variations in plant 

composition. Unlike the other indicators, the Ad/Al ratio of vanillyl phenols was not 

elevated between 150 and 250 cm. The Ad/Al ratio of syringyl phenols was more similar 

to the patterns of other indices. The syringyl phenol Ad/Al ratio was elevated in the 150-

250 cm zone and was higher than values above or below, with the exception of a single 

sample at 31 cm. 
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4.4. Discussion 

4.4.1. Environmental history and oxygen exposure time 

 The lignin phenol method for paleovegetation reconstruction consistently 

indicated a greater contribution of vascular plants to the peat than the carbohydrate 

method. The differences were relatively minor near the peat surface but were greatest in 

the highly decomposed interval between 150 and 250 cm, where the phenol method often 

indicated 100% of the C was from vascular plants compared to <50% using the 

carbohydrate method. The lignin phenol method overestimated the vascular plant 

abundance in this interval, as both Sphagnum and vascular plant macrofossils were 

present [Holmquist and MacDonald, 2014]. This supports the assessment in Chapter 2 

that the lignin phenol method likely overestimates the vascular plant contribution in 

extensively decomposed peats because lignin is more resistant to biodegradation than 

bulk plant C, especially under anaerobic conditions [Benner et al., 1984]. The 

carbohydrate method, in contrast, likely overestimates the Sphagnum contribution due to 

relatively higher microbial production of rhamnose compared to other sugars and 

differences in reactivity between Sphagnum and vascular plant-derived sugars (Chapter 

2). However, it is also possible that differences between the methods are due to biases in 

the vegetation indices given the variability of lignin phenol yields among vascular plants 

and the relatively small sample set. 

The position of the water table is a key factor in determining the duration of peat 

exposure to molecular oxygen, i.e. oxygen exposure time, because the oxygen 

concentration in air is much greater than in water. The average water table level was 

lower in the bottom portion of the core (>150 cm) than in the upper portion, so oxygen 
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exposure time was correspondingly longer. Based on the water table reconstruction and 

the Bacon age-depth model, peat in the 150-250 cm interval was buried below the water 

table after 320 years on average, compared to 230 years for peat above 150 cm. Although 

peat around 200 cm depth formed under relatively wet conditions, the very dry interval at 

172 cm would have re-exposed this peat to oxic conditions. In addition, the abundant 

vascular plant input between 150-250 cm represents an environment that is likely to have 

increased oxygen exposure time in this interval. Wetland plant roots release oxygen into 

the otherwise anoxic rhizosphere [Armstrong and Beckett, 1987]. The magnitude of 

rhizosphere oxidation in peatlands varies by species but is sufficient to have a substantial 

impact on methane oxidation rates [Fritz et al., 2011; Watson et al., 1997]. The vascular 

plant-dominated interval from 150-250 cm likely had a higher oxygen exposure time than 

the deeper (>250 cm) depth interval due to oxygen release by vascular plant roots. 

 The water table was also relatively low in the upper 50 cm of the core. The most 

recently deposited peat formed with a water table depth of 28±8 cm, comparable to or 

drier than most of the samples below 150 cm. However, oxygen exposure time was likely 

lower for recent peat due to higher accumulation rates. The most recent radiocarbon date, 

at 51 cm depth, had a best-fit age of 225 cal. yr B.P., resulting in an average 

accumulation rate of 2.3 mm/yr for the upper 50 cm. This indicates peat in the upper 50 

cm was buried below the water table in about 50 years on average, compared to 320 years 

in the 150-250 cm interval. The higher accumulation rate near the surface means oxygen 

exposure time was likely low during this interval despite relatively dry conditions. 

Therefore, the interval between 150 and 250 cm likely experienced the longest oxygen 

exposure time in the core.  
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4.4.2. Peat decomposition 

 Several independent indicators showed the peat between 150 and 250 cm 

experienced the highest degree of decomposition. The C:N ratio, which was lowest in the 

150-250 cm interval, is often used as a diagenetic indicator in peats based on the 

assumption of conservative N recycling. While organic C is respired to CO2 during 

decomposition, N is retained by microbes and mostly remains within the system [Kuhry 

and Vitt, 1996; Malmer and Holm, 1984; Malmer and Wallen, 2004]. Although the C:N 

ratio can be influenced by changes in atmospheric N deposition and vegetation change 

[Bragazza et al., 2006; Gerdol et al., 2007], it is strongly correlated with independent 

indicators of decomposition, including the syringyl phenol acid:aldehyde ratios and 

hydroxyproline yields used in this study [Chapter 3; Zaccone et al., 2008]. 

 Hydrolysable amino acids provide a molecular perspective of the C:N ratio, as 

they accounted for ~ 46% of total nitrogen in the peat. The amino acid yield was strongly 

correlated with the N:C ratio, showing that this fraction was relatively constant 

throughout the core. Even in the extensively decomposed 150-250 cm interval, which had 

a nitrogen content up to four times higher than the rest of the core, the fraction of 

nitrogen as amino acids varied between 32-51%, similar to peat in surrounding layers. 

Amino acids are preferentially removed during decomposition of marine organic matter 

[Amon et al., 2001; Cowie and Hedges, 1992; 1994] and during the formation of soil 

organic matter [Friedel and Scheller, 2002; Schmidt et al., 2000], resulting in a decline in 

%N as amino acids, but this is not observed in peatlands (this study; Chapter 3). This 

supports the hypothesis that nitrogen is conservatively recycled in peatlands [Malmer and 

Holm, 1984], as substantial losses would likely result in the preferential removal of 
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amino acids and a lower % nitrogen as amino acids in highly decomposed peats. Instead, 

it appears that microbes continuously regenerate amino acids, maintaining them as a 

relatively constant fraction of total nitrogen. 

 Hydrolysable neutral sugars are the most abundant class of biochemicals in peat-

forming plants, accounting for up to 41% of the peat C (Table 4.1). Hydrolysable neutral 

sugars are removed more rapidly than bulk C in decaying plant detritus, so lower sugar 

yields are indicative of more extensive decomposition [Opsahl and Benner, 1999]. This 

can be complicated by vegetation change, but even accounting for the difference in 

neutral sugar yields between Sphagnum and vascular plants by using the sugar 

degradation index, the 150-250 cm interval was more decomposed than the surrounding 

peat. The strong correlation between the sugar degradation index and the N:C ratio 

increases confidence in its use as a diagenetic indicator. 

A number of other diagenetic indicators have been proposed based on the 

composition of neutral sugars, such as the mole % of glucose [Hedges et al., 1994; 

Opsahl and Benner, 1999] or the ratio of plant-derived sugars (arabinose and xylose) to 

microbial-derived sugars (rhamnose, fucose, galactose, and mannose) [Glaser et al., 

2000; Guggenberger et al., 1994]. The mole % glucose profile is consistent with the 

other indicators of decomposition, as it is generally high (55-70%) in the peat but is 

considerably lower (<45%) at 183, 219-227, and 243 cm, zones of extensive 

decomposition according to the other indicators. Unlike the other indicators, however, 

only peat from these five depths was significantly different from the rest of the core and 

the mole % glucose was not typically lower in the 150-250 cm interval. Compositional 

indices related to plant vs. microbial-derived sugars did not correlate with the sugar yield 
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or other indicators of decomposition used in this study. This is likely due to the 

substantial differences in sugar composition between vascular plants and Sphagnum. 

Sphagnum is relatively rich in rhamnose and fucose, whereas vascular plants are enriched 

in arabinose and xylose [Comont et al., 2006; Jia et al., 2008]. Vegetation change can 

therefore cause dramatic changes in the mole % of these sugars. This makes the neutral 

sugar composition very useful for vegetation reconstruction, but complicates its utility in 

assessing decomposition in peatlands.  

Hydroxyproline (Hyp) is of similar or greater resistance to decomposition than 

bulk plant C and its yield commonly increases with decomposition even though it is not 

synthesized by bacteria or fungi (Chapter 1). Yields above the range found in vascular 

plants can therefore be interpreted as another independent indicator of extensive 

decomposition. Hydroxyproline yields, like the C:N ratio and the sugar degradation 

index, indicate the most highly degraded peats between 150 and 250 cm and in particular 

samples at 183 and 219 cm. The yields found in these samples (up to 49 nmol Hyp mg C
-

1
) are similar to those found in highly decomposed peat in West Siberian Lowland, 

Russia (Chapter 3). 

In contrast to the other indicators, the acid:aldehyde (Ad/Al) ratios of lignin 

phenols do not clearly indicate extensive decomposition in the 150-250 cm zone. The 

Ad/Al ratio of syringyl phenols was elevated in this interval, but there was no apparent 

change in the Ad/Al ratio of the vanillyl phenols compared to the baseline of surrounding 

peat. In addition, both Ad/Al ratios were relatively low (<0.4 for V phenols, <0.3 for S 

phenols) compared with those (0.6-1.5) in highly decomposed peat (Chapter 3; [Williams 
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and Yavitt, 2003]), and mineral soils (>1.5; [Feng and Simpson, 2007; Otto and Simpson, 

2006]). 

The apparent disagreement between the Ad/Al ratios and the other independent 

indicators of decomposition (C:N ratios, amino acid yields, Hyp yields, and sugar 

degradation indices) is not unexpected because these indicators have widely varying 

sensitivities and are therefore useful over different time scales. Decomposition models 

indicate peat entering the catotelm has lost approximately 80-90% of its initial mass 

[Clymo, 1992], so the ideal diagenetic indicator would be most sensitive over this range. 

In a four-year decomposition study of three types of vascular plant litter, the neutral sugar 

yield was most sensitive in the early and middle stages of decomposition and declined 

30-80% after 80% mass loss [Opsahl and Benner, 1999]. Hydroxyproline yields doubled 

after 80% mass loss and increased another 40% between 80 and 90% mass loss (Chapter 

1). Lignin phenol Ad/Al ratios, in contrast, increased little up to 90% mass loss but 

increased exponentially with subsequent mass loss [Opsahl and Benner, 1995]. This 

suggests sugar and hydroxyproline yields are more sensitive to differences in 

decomposition between peat samples, while substantial changes to the Ad/Al ratios only 

occur with more extensive decomposition. Differences in sensitivity among the various 

indicators emphasize the utility of using multiple indicators in interpreting the extent of 

decomposition. 

4.4.3. Controls on decomposition 

The pattern of decomposition in the JBL7 core, with extensively decomposed peat 

between 150 and 250 cm and less decomposed peat above and below, provides a unique 

opportunity to examine the controls on peat decomposition. First, it illustrates that the 
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extent of decomposition is not always correlated with peat age. The vegetation succession 

at JBL7 differs from most peat sequences in that it shows a transition from Sphagnum-

dominated after initiation, to vascular plant dominated, and then a shift back to 

Sphagnum dominance. This pattern is consistent with the plant macrofossil record of the 

core [Holmquist and MacDonald, 2014]. Most peatlands begin as minerotrophic fens 

inhabited mainly by sedges and become increasingly ombrotrophic, allowing Sphagnum 

to outcompete vascular plants [van Breemen, 1995]. The unusual pattern in the present 

core provides an opportunity to evaluate the effects of vegetation and associated 

environmental conditions on decomposition. In a common peat profile with a Sphagnum 

layer underlain by a vascular plant-dominated interval, both the age of the peat and the 

contribution of vascular plants increase with depth, making it difficult to separate the 

effects of peat age and litter quality on decomposition. 

 The JBL7 core contains a layer of mostly vascular plant remains in the middle of 

the core, avoiding the covariance of age and vegetation type found in most peat profiles. 

Peat near the base of the core was thousands of years older than peat between 150 and 

250 cm, yet the latter was more extensively decomposed according to several 

independent indicators. This demonstrates that differences in litter quality and 

environmental conditions in the acrotelm can be more significant for the extent of peat 

decomposition than lengthy exposure to decomposition under anaerobic conditions in the 

catotelm. This is remarkable because peat typically spends only tens or hundreds of years 

in the acrotelm compared to thousands of years in the catotelm, but it is consistent with 

theoretical modeling of peat decomposition [Frolking et al., 2001]. 
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The results also indicate temperature was not the primary driver of decomposition 

in this core. The Holocene Thermal Maximum (HTM) lasted from approximately 7000-

4000 years B.P. at sites near James Bay, with temperatures up to 1-2°C warmer than 

present [Kaufman et al., 2004]. This event approximately corresponds to the interval 

between 241-326 cm according to the “Bacon” age-depth model [Holmquist et al., 2014], 

so the bottom ~55 cm of the core likely formed under warmer conditions than the rest of 

the core. However, the extent of decomposition in this layer was similar to the 100-150 

cm interval, where the plant community was also Sphagnum-dominated, and lower than 

in the 150-250 cm interval.  

Samples at 86 and 88 cm were formed during the Medieval Climate Anomaly 

(1000-700 yr B.P.), with temperature about 2°C above the 20
th

 century average [Viau and 

Gajewski, 2009; Bunbury et al., 2012]. Like those formed during the Holocene Thermal 

Maximum, there is no evidence that the warmer temperatures enhanced decomposition, 

as the sugar degradation index, amino acid yield, and hydroxyproline yield remained low 

during this interval. The sample at 84 cm had an elevated sugar degradation index, but 

was formed after the Medieval Climate Anomaly according the “Bacon” model (688 yr 

B.P.). The extent of peat decomposition was low during both the Holocene Thermal 

Maximum and the Medieval Climate Anomaly despite higher temperatures, indicating 

temperature is not the primary control of decomposition. The low apparent temperature 

sensitivity of decomposition is consistent with results from the West Siberian Lowland 

(WSL), where cores from the northern WSL were more decomposed than those from the 

southern WSL despite experiencing mean annual temperatures as much as 7°C cooler 

than those in the south (Chapter 3). 
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 The zone of elevated decomposition in the JBL7 core coincided with a sustained 

transition to vascular plant vegetation and the interval with the longest oxygen exposure 

time. Both factors provide a plausible mechanism explaining elevated decomposition in 

this zone, as vascular plant detritus decays faster than Sphagnum when decomposed 

under aerobic conditions [Moore et al., 2007]. It is difficult to separate the effects of the 

two factors, as they co-occur in the highly decomposed interval, but details of the 

vegetation record and pattern of decomposition provide some insight. The deepest three 

samples in the 150-250 cm interval (235, 239, and 247 cm) were mostly Sphagnum, but 

still appeared to be highly decomposed. The elevated decomposition in these samples 

cannot be explained by differences in litter quality between Sphagnum and vascular 

plants, as these samples contained mainly Sphagnum remains. Instead, it is likely that the 

subsequent transition to vascular plant dominance increased oxygen penetration into 

these layers due to their root systems and the elevated decomposition is due to greater 

oxygen exposure time. 

There were two additional shifts to vascular plant dominance at 259 and 303-307 

cm. Unlike the sustained vegetation shift in the 150-250 cm interval of extensive 

decomposition, these appeared to be transient (100-200 yr) vascular plant invasions and it 

appears they did not experience extensive decomposition. This is consistent with the 

findings of Chapter 3, in which no connection between vegetation type and extent of 

decomposition was observed in cores from the West Siberian Lowland. Together, these 

suggest differences in litter quality between vascular plants and Sphagnum are not 

sufficient to drive major differences in extent of decomposition. In contrast, a brief shift 

to drier conditions at 296 cm did appear to affect decomposition, as the sample directly 
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below (299 cm) exhibited a local maximum in the amino acid yield, hydroxyproline 

yield, and the sugar degradation index. This demonstrates changes in oxygen exposure 

time can have a direct effect on the extent of decomposition. 

Decomposition was substantially greater from 150-250 cm even though 

vegetation type alone does not appear to have an effect on decomposition. Oxygen 

exposure time appears to be more important, but the water table was relatively low from 

150 cm to the bottom of the core. This apparent contradiction is best explained by 

synergistic effects of vascular plant vegetation and oxygen exposure time. Vascular 

plants directly increase oxygen exposure time through the release of oxygen from roots, 

and by influencing the relative decomposition rates of Sphagnum and vascular plant litter. 

The decomposition of vascular plant litter can be several times faster than that of 

Sphagnum under aerobic conditions, but this difference is not apparent under anaerobic 

conditions. Decomposition rates of Carex, Typha, and Chamaedaphne all decreased 

substantially when incubated at 60 cm depth compared to at the surface [Moore et al., 

2007]. The effect of anoxia on Sphagnum decay is muted and its rate of anaerobic decay 

is similar to that of vascular plants [Johnson and Damman, 1991]. This is likely due to 

the absence of lignin in mosses [Verhoeven and Liefveld, 1997; Wilson et al., 1989]. 

Lignin decomposition is much slower in the absence of oxygen and other 

macromolecules are physically shielded from enzymes within the lignocellulosic matrix 

[Benner et al., 1984].  

Our finding that peat decomposition is primarily controlled by oxygen exposure 

time rather than temperature has important implications for future changes in peatland C 

balance. It suggests warmer temperatures in the arctic will have little direct impact on 
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peatland decomposition. In contrast, Sphagnum net primary production is strongly 

correlated with photosynthetically available radiation integrated over the growing season 

(PAR0), which is increasing due to climate change [Loisel et al., 2012]. This is consistent 

with observations that net C accumulation over the last 2000 years is correlated with 

mean annual temperature in the West Siberian Lowland [Beilman et al., 2009] and in the 

James Bay Lowland [Holmquist et al., 2014]. In addition, global peat C accumulation 

rates declined during the transition from the Medieval Climate Anomaly to the Little Ice 

Age, likely due to decreasing temperature [Charman et al., 2013]. This indicates net 

primary production is more sensitive to temperature than decomposition and suggests net 

C accumulation in peatlands could increase with future warming in the arctic and 

subarctic. 



 

 

1
3
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Table 4.1 Elemental and biochemical composition of peat-forming vegetation. 

        C:N
b
 Hyp

b
 THAA

b
 THNS

a
 

Sample n Wt. %N
a
 Wt. %C

a
 (molar) (nmol/mgC) (%C) (%C) 

Sphagnum 

       
Sphagnum fuscum 2 0.42 39.6 109.2 8.8 2.5 33.8 

Sphagnum magellanicum 2 0.29 42.1 170.0 7.2 1.8 37.9 

Sphagnum angustifolium 2 0.59 39.8 78.9 6.1 2.8 35.3 

Vascular Plants 

       
Carex leaves 2 0.76 39.6 61.0 7.8 3.5 40.5 

Eriophorum leaves 2 1.62 44.8 32.0 10.1 7.7 38.1 

Ledum leaves 3 1.16 49.0 50.0 11.3 5.3 23.9 

Abies balsamea needle litter 3 1.07 50.1 55.0 8.3 5.2 22.4 
a
From Chapter 2 

       b
From Chapter 3 
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Figure 4.1 Vegetation reconstruction using the lignin phenol and carbohydrate methods. 

The yellow fill shows the range of values obtained using the two methods. Best fit 

radiocarbon ages are from Holmquist et al. [2014]. The green bar highlights the interval 

from 150-250 cm with vascular plant vegetation and higher oxygen exposure time. 
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Figure 4.2 Water table reconstruction based on the testate amoebae analysis. The line 

represents the mean estimate of water table depth while the shaded area shows the 

maximum and minimum estimates. The green bar highlights the interval from 150-250 

cm with vascular plant vegetation and higher oxygen exposure time. 
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Figure 4.3 Elemental composition and C:N ratio of the peat. The green bar highlights the 

interval from 150-250 cm with vascular plant vegetation and higher oxygen exposure 

time. 
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Figure 4.4 Profile of the percentage carbon as neutral sugars and the sugar degradation 

index in the core. The gray shaded area on the left indicates the “expected” sugar yield 

based on the vegetation reconstruction and neutral sugar yields in fresh vegetation. The 

sugar degradation index is the ratio of the “expected” sugar yield to the observed yield. 

The green bar highlights the interval from 150-250 cm with vascular plant vegetation and 

higher oxygen exposure time. 
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Figure 4.5 Correlation between the sugar degradation index and the N:C ratio. 
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Figure 4.6 Percentage of carbon as total hydrolysable amino acids with depth in the core. 

The green bar highlights the interval from 150-250 cm with vascular plant vegetation and 

higher oxygen exposure time. 
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Figure 4.7 Correlation between total hydrolysable amino acids and nitrogen in the peat 

core, with both variables normalized to 100 mg C. 
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Figure 4.8 Profile of carbon-normalized hydroxyproline (Hyp) yields with depth in the 

core. The gray bar indicates the range of Hyp yields in fresh plant material (Table 4.1) 

and the green bar indicates the interval from 150-250 cm with vascular plant vegetation 

and higher oxygen exposure time. 
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Figure 4.9 Profile of acid:aldehyde (Ad:Al) ratios of vanillyl (left) and syringyl (right) 

phenols in the core. The green bar highlights the interval from 150-250 cm with vascular 

plant vegetation and higher oxygen exposure time. 
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APPENDIX A – SUPPLEMENTARY FIGURES 

 

Figure A.1 Profile of PON yield (SIPhenol) in the 4 peat cores. The average and standard 

deviation of SIPhenol in Sphagnum is shown at the top of the profile
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Figure A.2 Vegetation reconstruction using SIPhenol in the four peat cores. SIPhenol was 

used to calculate the Sphagnum input and % vascular plant was calculated by subtraction. 
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Figure A.3 Correlation of PON-based vegetation reconstruction with neutral sugar- (a) 

and lignin phenol-based reconstructions (b). The solid line indicates a 1:1 relationship. 

Samples containing lichen remains (as indicated by LICarb) were excluded. 
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