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Summary 
 

Peatlands contain massive stores of organic carbon (OC), which are vulnerable to loss following 

drainage and aerobic decomposition. To protect these sensitive C stores in a warming world, research 

has been increasingly invested in strategies for peatland restoration. While restoration projects can have 

many aims (re-establishment of biodiversity, biogeochemical function, etc.), baseline measurements and 

monitoring targets are greatly needed – particularly for rewetting projects seeking to restore peatland C 

sequestration services (i.e., an excess of net primary productivity relative to decomposition in the 

ecosystem).  

 

The main objectives of this thesis were to investigate changes in peatland decomposition status through 

the use of different biogeochemical analysis tools. This objective was achieved through the identification 

of differences in peat organic matter (OM) chemical composition with changing hydrological status and 

depth – primarily using pyrolysis gas chromatography mass spectrometry (Py-GC/MS) chemical 

characterization techniques. This research thus describes the use of high-resolution Py-GC/MS 

“fingerprinting,” as an indicator for degradative conditions.  

 

Before the experimental objectives were approached, the versatility and utility of the method were 

investigated. As no comprehensive compilation of Py-GC/MS studies on peat had previously been done, 

an extensive review was conducted of previous work using the method for peat OM chemical 

characterization. The review investigated peatland plant and microbial biomarkers analyzable by Py-

GC/MS, as well as the chemical environment where typical OM components and proxies might occur 

within the ecosystem – with a focus on natural vs drained peat. It was noted that while plant biomarkers 

were well represented in the literature, microbial biomarkers were more limited.   

 

Further, to confirm whether Py-GC/MS OM characterizations are a useful proxy for overall peat 

composition, peat samples were first investigated exclusively by pyrolysis to determine to what degree 

the volatilized OM entering the analysis instrument (GC/MS) was representative of the original sample. 

This study found that percent OM volatilized (pyrolysis efficiency) by Py-GC/MS was highly 

reproducible, and relatively insensitive to changing parameters such as instruments, settings, sample 

mass or composition (from an organic carbon standpoint). Moreover, a reference baseline for successful 

pyrolysis efficiency (in terms of percent OM volatilized successfully onto the analytical instrument) was 

established for researchers using the method for peat.  

 

For the primary experimental objective, two peatland research sites were selected, each with contrasting 

hydrological management occurring in the same ecosystem (Lakkasuo drained and undrained; Degerö 

Stormyr undrained and rewetted). OM composition was investigated using Py-GC/MS pyrolysis 
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products in both a broader exploration of its composition (through the relative abundance of OM 

chemical classes such as phenols, polysaccharides, lipids, N compounds, etc), and by a more targeted 

biomarker approach (e.g., lignin pyrolysis products and the Sphagnum biomarker p-isopropenylphenol). 

Principal component analysis separated the complex dataset into different environmental influences on 

peat OM chemistry.   

 

In Lakkasuo, peat drainage for forestry in 1961 resulted in significant differences in peat OM chemical 

composition in the drainage-affected cores. Decreased relative abundance in phenols and 

polysaccharides were reflective of the aerobic decomposition of OM originating from previously 

deposited Sphagnum, and increased abundance of guaiacyl-derived lignin, N compounds, C-29 

triterpenoid sterols, and sesquiterpenes were reflective of the Pinus silvestris onsite. In the Degerö 

rewetted site, the high phenol abundance in the surface peat corresponded well with the established 

Sphagnum riparium onsite, indicating that phenols are an early sensitive indicator for rewetted 

conditions in Sphagnum peatlands. However, altered chemical composition remained visible in the 

rewetted site both in surface samples (continued increased abundance in lignin, N compounds, benzenes, 

lipids, and polyaromatic hydrocarbons (PAHs) – despite the shift in vegetation composition), and in the 

formerly drained parts of the profile. Peat OM recovery after rewetting may therefore continue to be 

subject to residual impacts originating from the (permanently) degraded OM below – underscoring the 

importance of protecting this vulnerable OM from further decomposition.  

 

Overall, this work demonstrates not only that peat OM chemical composition is an effective tool to 

assess degradative status (and is thus a good proxy for its estimation), but also that hydrology serves as 

a strong driver for changes in peat chemical composition. The sensitivity of the Py-GC/MS method 

permits meaningful changes to be detected in OM compounds that are both reflective of changes in 

environmental influences and also present in very low abundance - allowing for improved source 

identification and discernment of dominant degradation mechanisms. It is expected that these findings 

will be particularly useful to those seeking to identify indicators in ecosystems most likely to benefit 

from rewetting mitigation practices.  
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Part A: Chapter 1 - Synopsis 
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Introduction 
 

Climate change, peatlands, and carbon storage 
 

Anthropogenic release of greenhouse gases has resulted in average global temperatures exceeding 1.1 

°C above pre-industrial global average levels, and the effects of this warming have already tangibly 

altered ecological processes (IPCC, 2021). Warming-induced sea level rise (Storlazzi, Elias, & 

Berkowitz, 2015), extreme weather events (Ummenhofer & Meehl, 2017), biodiversity loss (Bond & 

Grasby, 2017), and infectious disease transmission (Altizer, Ostfeld, Johnson, Kutz, & Harvell, 2013) 

are predicted to increase in global influence - with harmful consequences to human populations. For 

example, without mitigation to limit the current warming trends to less than 1.5°C, there is evidence that 

equatorial regions may become uninhabitable in the approaching decades (Sherwood & Huber, 2010; 

Y. Zhang, Held, & Fueglistaler, 2021).   

 

As the most widespread wetland type in the world, peatlands cover ca. 3% of global terrestrial area, and 

play a vital role in the global carbon (C) cycle currently driving warming global temperatures (Xu, 

Morris, Liu, & Holden, 2018). Due to their slow organic matter (OM) mineralization rates relative to 

net primary productivity (NPP), peatlands store roughly 600 gigatonnes (Gt) of C (Yu et al., 2011; Yu, 

Loisel, Brosseau, Beilman, & Hunt, 2010). In addition to this large C storage capacity, intact peatlands 

provide ecosystem benefits that range from recreation opportunities, preservation of unique biodiversity 

and fragile palaeo-environmental archives, and water purification and flooding control (Bonn et al., 

2014; Kimmel & Mander, 2010). 

 

The massive C stores contained within peatlands are vulnerable due to their sensitivity to changes in 

temperature, moisture, nutrient input and litter quality - particularly at higher latitudes (>45°) (Loisel et 

al., 2014; McGuire et al., 2009). As peatlands degrade, OM stored within them is exposed to increasingly 

oxic conditions. This, in turn, leads to increased aerobic decomposition, and shifts C storage functions 

of impacted peatland ecosystems from C sink to source. Anthropogenic drainage of peatland ecosystems 

has been fairly commonplace since at least the Middle Ages (Van Dam, 2001). Currently, degradation 

for agriculture and forestry have led to the loss of as much as 50% of natural peatlands in Europe 

(Joosten, 2009). At present, peatland degradation has resulted in the current estimated global release of 

almost two Gt CO2-eq. annually (Leifeld & Menichetti, 2018). As the peatland C balance is projected 

to shift globally from C sink to source within the next hundred years (Loisel et al., 2021), understanding 

the contribution of peatlands to global C storage has never been more vital. 
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Peatland restoration 
 

To ensure that these vital ecosystem services continue to function in the future, international efforts are 

underway to develop comprehensive strategies for the promotion of peatland restoration and 

preservation. Examples of targets include biodiversity and habitat (e.g., reintroduction of native species 

or removal of invasive species or correction of habitat fragmentation), biogeochemical parameters (e.g., 

restoration of previous pH, addressing eutrophication issues), and hydrological function restoration 

(canal or ditch blocking/infilling, or re-establishment of open water features (Andersen et al., 2017; 

Dohong, Aziz, & Dargusch, 2018; Lamers et al., 2015; Rochefort, Quinty, Campeau, Johnson, & 

Malterer, 2003; Verhoeven, 2014). The success or failure of these measures largely depend on the type 

of peatland ecosystem – for instance, tropical ecosystems require specific restoration methods tailored 

to the needs of these regions (Dohong et al., 2018). Moreover, depending on the intended restoration 

goal, the effects of different restoration measures are not necessarily additive; for instance, maximizing 

peatland C sequestration may also result in lower overall botanical biodiversity in the ecosystem 

(Lamers et al., 2015).  

 

While research has been increasingly invested in peatland restoration, in many cases, projects lack clear 

restoration goals, baseline measurements, and monitoring targets (Andersen et al., 2017). In example, 

to restore peatland C sequestration ecological services, systems should return to an excess of NPP 

relative to decomposition (Andersen, Grasset, Thormann, Rochefort, & Francez, 2010) – a goal 

generally targeted through rewetting. However, the results of restoration projects with this aim have 

been somewhat inconsistent (Moreno-Mateos, Power, Comín, & Yockteng, 2012). Studies focusing on 

peatland rewetting activities (and effects of water table manipulation on OM) generally reflect 

ecosystem changes from the last 100-200 years, making short vs long-term shifts in ecosystem C budgets 

difficult to interpret, as peat accumulation generally occurs over millennia (Laiho, 2006). Further, while 

degraded (oxidized, heavily decomposed) and un-degraded (intact vegetation, undecomposed) parts of 

a restored peatland can sometimes be distinguished macroscopically, it is not always possible to clearly 

distinguish changing ecosystem conditions on a purely visual basis, as plant macrofossils are often 

insufficiently preserved in the profile. The degree to which OM stability (and thus C stability) is regained 

in rewetted peatlands is an area urgently requiring further study: degraded peat under oxic conditions 

has been found to contain less stable OM than natural undrained peat (Heller & Zeitz, 2012). 

 

The importance of OM chemistry in peatlands 
 

In order to argue the effectiveness of peatland restoration programs (particularly with regards to 

stakeholders) (Glenk & Martin-Ortega, 2018), a diverse analytical toolkit is needed to assess peatland 

degradation status and the subsequent impacts on C sequestration. While from a C sequestration 
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perspective, the most important metric is net peat growth (Lucchese et al., 2010), this proxy cannot be 

considered in isolation, as similar quantities of OM can store differing quantities of OC – depending on 

its composition. Moreover, while many of the current tools available to assess net peat growth 

(micrometeorological tools, etc.) are highly effective, they often require expensive long-term 

infrastructure and permanent onsite staff in remote locations. Molecular characterizations are 

complementary to the measurements derived from such tools (e.g., flux measurements for CO2, CH4, 

N2O), as the information obtained from these characterizations can better constrain the relationship 

between OM most vulnerable to decomposition and subsequent greenhouse gas emissions. In particular, 

the ability to compare the degradation status of a peatland through time, such as through profile cores, 

is especially useful in helping to determine whether a peatland is growing (accumulating C), stable, or 

degrading (losing C). As most peat greenhouse gas emissions originate from aerobic microbial 

mineralization of stored OM, and the rates of mineralization are constrained not only by hydrologic 

factors, but also the composition of the OM itself, it is essential to understand the chemical factors and 

degradative interactions influencing the chemical composition of peat.  

 

As a characteristic example, it has been previously suggested that one enzyme, phenol oxidase, was able 

to degrade otherwise highly recalcitrant plant-derived phenolic compounds common in peat ecosystems 

(Freeman, Ostle, & Kang, 2001). However, the mechanisms of action for phenol oxidase require 

molecular oxygen (O2), despite the enzyme’s persistence in anaerobic conditions. It was proposed that 

the depressed O2 content in intact peatlands results in depressed enzymatic activity of phenol oxidase, 

allowing for subsequent accumulation of phenolic compounds and further depressed activity of other 

anaerobic biodegradative enzymes (Freeman, Ostle, Fenner, & Kang, 2004; Freeman et al., 2001). A 

logical consequence of this process is that where aerobic conditions have taken hold, the reverse process 

may occur; allowing for decomposition to become more active both in the oxic layers, but also 

potentially in the anoxic layers. Furthermore, the possibility thereby arises to screen for a shift from 

predominant anaerobic to aerobic decomposition processes (or vice versa) through changing relative 

abundance of phenolic compounds. 

 

Overview of general organic chemistry in northern peatlands 
 

To understand the origin of chemical changes occurring in peat, a general overview of a typical peatland 

ecosystem, including contributing species (and their dominant chemical contributions to deposited OM) 

is useful (Figure 1). Peat formation occurs where water-saturated conditions lead to anoxic conditions 

in deposited OM (whether vegetation, animal, or microbial-derived), permitting the rate of OM 

accumulation to exceed the rate of loss from decomposition processes (Clymo, 1987). Localized 

hydrology influences the predominant botanical community, whose depositional accumulation 

contributes to an overall molecular “signature” (e.g., Sphagnum moss, or deeper rooting vascular plants), 
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that can be used to reconstruct previous environmental conditions (McClymont et al., 2011; Schellekens, 

Bradley, et al., 2015; Schellekens, Buurman, Fraga, & Martínez-Cortizas, 2011). Interactions between 

deposited vegetative OM and the water table also influence decomposition dynamics, which change 

with depth in accordance with the dominant microbial community (aerobic vs anaerobic), and serve as 

a driver for changes in OM chemistry in the peatland profile. These interactions are further controlled 

by temperature, whether the overall system is rainwater or groundwater fed (ombrotrophic vs 

minerotrophic), and other biogeochemical influences (pH, nutrient deposition).  

 

Decomposition in peatlands is generally considered to be a non-linear process (Clymo, 1984), where the 

degree of decomposition activity is largely dependent on the location within the profile. The highest 

rates of decomposition occur in the acrotelm – the aerated upper horizons of the profile where recently 

deposited litter is rapidly degraded by the aerobic microbial community (Clymo, 1984). With depth and 

increased water saturation, decomposition processes slow as conditions shift from the aerobic horizons 

to the anaerobic catotelm (Belyea & Clymo, 2001). Between these two horizons lies the mesotelm, 

where the greatest water table fluctuation generally occurs, and obligate and facultative microbial 

communities generally display higher biodiversity (Groß-Schmölders et al., 2020).  

 

Figure 1. Schematic of typical observable community structure and example associated proxy 
biomarkers amenable to Py-GC/MS in boreal peatlands, with drained (left) and natural (right) 
ecosystems depicted. From (Klein, Gross-Schmölders, Alewell, & Leifeld, 2021). 
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Peatland chemistry is also highly localized - both spatially (laterally, e.g., through hummock and hollow 

complexes) and temporally (with depth and progressive decomposition). As the primary focus of the 

OM chemical characterization conducted for this research was on boreal ecosystems dominated by 

Sphagnum, their general ecological characteristics are highlighted here, with a focus on differentiation 

between natural and degraded (and rewetted) ecosystems. In the case of peatlands in other ecological 

regions (e.g., tropical ecosystems), peatland chemistry may vary according to the dominant plant species 

(Ronkainen, McClymont, Väliranta, & Tuittila, 2013). 

 

“Natural” peatlands (undrained) 
 

As “pristine” undrained peatlands generally feature water-saturated conditions, vegetation must be 

adapted to this environment. Depending on the primary hydrological source (rainwater, groundwater), 

plant species may also need to be adapted to nutrient-poor or nutrient-limited conditions. Aerobic 

decomposition occurs in the uppermost horizons of undrained peat; thereafter, decomposition processes 

are primarily anaerobic and occur at a substantially reduced rate (Clymo, 1984, 1987). In higher latitudes 

(>45°N), dominant cover with Sphagnum moss is common (Gunnarsson, 2005). Sphagnum is 

particularly important in the development and structure of the overall ecosystem, because its 

morphology and biochemical properties actively contribute to peat formation (Joosten & Clarke, 2002; 

Rochefort, 2000). As a result, Sphagnum serve as “ecosystem engineers” in peat; driving both the 

formation and chemical composition of accumulating OM in boreal ecosystems (Palozzi & Lindo, 

2017).  

 

This influence can be observed in the chemical composition of Sphagnum-dominated OM. Sphagnum 

moss generally demonstrate high phenol content (Zeh et al., 2020), which then accumulates in peatland 

OM with water-logged anaerobic conditions (Freeman et al., 2001). The Sphagnum biomarker p-

isopropenylphenol is highly organism-specific and undergoes rapid degradation in aerobic peatland 

conditions, making it a generally reliable indicator for hydrological changes (McClymont et al., 2011; 

Schellekens, Bindler, et al., 2015). Further, Sphagnum produce an abundance of structural hemicellulose 

polysaccharides known as Sphagnan (Hájek, Ballance, Limpens, Zijlstra, & Verhoeven, 2011). 

Polysaccharides are comparatively labile and undergo rapid microbial degradation; thus, in intact bogs, 

abundant and diverse polysaccharides generally derive from “fresh” plant material (Schellekens & 

Buurman, 2011). While polysaccharides are preferentially degraded over phenols in aerobic conditions 

in Sphagnum bogs, anaerobic conditions inhibit further microbial degradation of either compound class, 

allowing both phenols and polysaccharides to achieve somewhat stable abundances in the deeper water-

saturated catotelm depths.  
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Degraded peatlands (drained) 
 

In contrast to undrained systems, the aerobic horizon of drained peatlands extends much deeper into the 

profile. This permits increased growth of vascular plants, which typically require drained conditions for 

effective growth. On the one hand, drainage can allow the establishment of deep-rooting, long-lived 

vegetation (shrubs, trees), which can also result in increased OM C/N ratios (Beaulne, Garneau, Magnan, 

& Boucher, 2021; Minkkinen & Laine, 1998; Minkkinen, Vasander, Jauhiainen, Karsisto, & Laine, 

1999). However, the longevity and overall OC stability (and subsequent C emissions) of this increased 

C stock is still poorly understood (Schimmel, Braun, Subke, Amelung, & Bol, 2021), due to the faster 

decomposition of lignin in aerobic environments (Dungait, Hopkins, Gregory, & Whitmore, 2012).  

 

Due to the difference in habitat suitability between Sphagnum bryophytes and vascular plants in peat, 

an increase in establishment and dominance of vascular plants in the peatland ecosystem can be used as 

an indicator for drained conditions. It is important to note that in addition to species that occupy upper 

margin habitats of hummock/hollow ecosystems, some vascular species are also adapted to intact 

peatlands, and grow alongside Sphagnum moss in water-saturated conditions, (Vaccinium spp., 

Ericaceae spp., Scheuchzeria palustris). However, the phreatophytic root systems of most non-wetland-

adapted vascular plants generally necessitate drained conditions; therefore, they are useful as biomarkers 

for this purpose. Lignin-derived phenols derive a near exclusive origin from terrestrial vascular plants 

(Martin, Saiz-Jimenez, & Gonzalez-Vila, 1979), and arise from the polymerization of three primary 

phenylpropane alcohol precursors: trans-coniferyl (guaiacyl-derived lignin), trans-sinapyl (syringyl-

derived lignin), and trans-p-coumaryl (4-vinylphenol). The proportion of these precursors varies by taxa 

(e.g., gymnosperms typically display a lower syringyl/guaiacyl ratio than angiosperms), which can be 

further used to identify the primary contributing vascular plant source (Hedges & Mann, 1979). Lignin 

is more slowly degraded than polysaccharides or Sphagnum-derived phenols; allowing for its relative 

accumulation with depth in intact peat (Schellekens, Buurman, et al., 2015). However, it is vulnerable 

to decomposition in aerobic environments (Feng, Simpson, Wilson, Williams, & Simpson, 2008; Z. 

Zhang et al., 2019). 

 

Other chemical changes indicative of increased aerobic decomposition processes are also visible in 

drained peat ecosystems. While not source specific, low molecular weight benzene compounds such as 

toluene and styrene are associated with degraded OM in Py-GC/MS studies (Carr, Boom, Chase, 

Roberts, & Roberts, 2010; Schellekens, Buurman, & Pontevedra-Pombal, 2009), and are in generally 

higher abundance in drained or degraded peat. Moreover, a higher abundance of N-containing 

compounds can also be associated with increased decomposition in peatlands. With the exception of 

indole, which has been associated with un-decomposed plant material (Buurman, Nierop, Pontevedra-

Pombal, & Martínez Cortizas, 2006; Vancampenhout et al., 2012), N pyrolysates can be sourced 
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primarily to amide N, likely from proteinaceous material (Knicker, 2004). Plant-derived proteins are 

rapidly degraded upon introduction to OM, thus the majority of this proteinaceous material can be 

assumed to be of microbial origin, and thus in greater abundance in ecosystems undergoing higher rates 

of microbial mineralization. (Kögel-Knabner & Amelung, 2014). Further, lipids (fats and waxes 

including but not limited to n-alkanes, n-alkenes, methylketones, terpenoids) are typically more 

abundant in vascular plants (Naafs et al., 2019).  

 

Molecular tools for the characterization of peat OM 
 

While broader chemical classes display general differences in abundance in natural vs drained/degraded 

peat, individual compounds may have specific sources and divergent behavior from other compounds 

in the same class (catechol phenols, for instance). Molecular biomarkers are effective proxies precisely 

for this reason; as they are source-specific and informative about the environmental conditions present 

during deposition (McClymont et al., 2011; Pancost, Baas, van Geel, & Damsté, 2002; Schellekens, 

Bradley, et al., 2015). As multiple processes occur simultaneously on the same OM (increased 

dominance of vascular plants in the ecosystem results in increased deposition of lignin-derived OM and 

decreased deposition of Sphagnum phenols and polysaccharides, all of which is then subjected to aerobic 

decomposition processes), sensitive analytical tools with the capacity to disentangle concurrent effects 

on OM chemistry are especially useful. 

 

Multiple biogeochemical tools currently exist for assessing peatland chemistry. Due to challenges 

associated with obtaining an informative overview of peat OM molecular composition and risks of data 

over-interpretation, it is also increasingly common to employ a multi-proxy approach (Biester, Knorr, 

Schellekens, Basler, & Hermanns, 2014; Krüger, Alewell, Minkkinen, Szidat, & Leifeld, 2016). In 

example, bulk elemental analysis provides a rapid estimate of organic stoichiometric composition in 

OM (C, H, N, O), and can be used to determine C/N atomic ratios and molar ratios (O:C, H:C, N:C) as 

a general measure of degradation (Leifeld, Klein, & Wüst-Galley, 2020; Moore, Large, Talbot, Wang, 

& Riley, 2018). Further, preferential microbial respiration of lighter 12C and 14N in peat leads to 

enrichment of 13C and 15N stable isotopes in the remaining OM, making increased enrichment of heavier 

isotopes (δ13C, δ15N) a useful indicator for degradation (Alewell, Giesler, Klaminder, Leifeld, & Rollog, 

2011; Krüger, Leifeld, Glatzel, Szidat, & Alewell, 2015). As older C stored in deeper parts of the profile 

is also depleted in 14C (as this radioisotope is taken up only by living organisms), radiocarbon (F14C) 

abundance can be used to obtain calibrated peat age assessments (Trumbore, 2000; Wang et al., 2021). 

In studies where obtaining peat age estimates is not the primary goal, these measurements are also useful 

in raw form to validate depth-based comparisons of different OM profiles potentially impacted by 

subsidence (Klein et al., in review, 2021). 
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Pyrolysis gas chromatography-mass spectrometry (Py-GC/MS) has already been extensively utilized for 

description of peat chemical composition and decomposition processes (Biester et al., 2014; Buurman 

et al., 2006; González et al., 2003; Huang et al., 1998; Kaal et al., 2007; Kuder, Kruge, Shearer, & 

Miller, 1998; Kuder & Kruge, 1998; McClymont et al., 2011; Schellekens, Barberá, & Buurman, 2013; 

Schellekens, Bindler, et al., 2015; Schellekens, Bradley, et al., 2015; Schellekens & Buurman, 2011; 

Schellekens et al., 2011; Schellekens, Buurman, & Kuyper, 2012; Schellekens, Buurman, et al., 2015; 

Schellekens et al., 2009; Schellekens, Horák-Terra, Buurman, Silva, & Vidal-Torrado, 2014; Van 

Smeerdijk & Boon, 1987; Zeh et al., 2020; Z. Zhang et al., 2019). Py-GC/MS enhances sensitive analysis 

capabilities offered by GC/MS techniques through prior thermal degradation of high molecular weight 

organic compounds into characteristic smaller fragments (pyrolysis products) prior to introduction to 

the analysis instrument - thus permitting volatilization of insoluble biomacromolecules (>600 Daltons) 

that would otherwise be too large for effective GC/MS characterization (White, Garland, Beyer, & 

Yoshikawa, 2004). Pyrolysis parameters (i.e., temperature, heating rate) can be tightly controlled, 

allowing for reproducible analyses. Further, chemical pretreatments are generally not necessary for peat 

samples, though they are sometimes employed when improved extractions of specific target compounds 

are desired (Blokker, Yeloff, Boelen, Broekman, & Rozema, 2005; Hoyos-Santillan et al., 2016). This 

technique can obtain a broader snapshot of compound classes typically found in peat (phenols, 

polysaccharides, lignin, N-containing compounds, lipids), while also offering high-resolution structural 

detail of individual pyrolysis products. Due to these advantages, Py-GC/MS-derived pyrolysis products, 

such as lignin-derived products or biomarker compounds such as p-isopropenylphenol (Sphagnum), 

have been proposed as screening tools for overall bulk peat composition (McClymont et al., 2011). 

Beyond peat, Py-GC/MS analytical applications are wide-ranging, from investigation of shipwreck 

wood preservation (Traoré, Kaal, & Cortizas, 2017), to the search for organic compounds on Mars 

(Williams et al., 2020).  

Objectives 
 

The main aims of this thesis are to evaluate changes in peatland degradation status (or peatland 

restoration) using different biogeochemical tools through identification of chemical differences in peat 

OM composition. This work is divided into the following main research themes as presented in 

Chapters 2-5: i. a review of peat plant and microbial biomarkers analyzable via Py-GC/MS (Chapter 

2), ii. an investigation of the overall representativeness of pyrolyzed sample of the original OM 

(Chapter 3), iii. high-resolution comparisons of chemical differences in peatlands undergoing 

contrasting hydrological management; between natural and drained peat (Chapter 4), and natural and 

rewetted peat (Chapter 5).  
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Chapter 2 focuses on a broad-spectrum review of the current molecular proxies available for peat using 

Py-GC/MS techniques. At the time of this research, no reviews had yet been conducted on the topic, so 

a comprehensive compilation of Py-GC/MS-derived studies characterizing molecular composition of 

peat was needed. This chapter investigated the chemical environment present in peatland OM as a 

function of changes in the ecosystem (e.g., chemical differences with increased drainage and aerobic 

decomposition) (Figure 1), reviewed plant and microbial biomarkers analyzable via Py-GC/MS for peat 

ecosystems, associated challenges, and future applications of the technique.  

 

As a systematic method approach, Chapter 3 investigated to what degree pyrolyzed samples were 

representative of the original sample OM. One notable issue for all Py-GC/MS studies is that the 

pyrolysis process is not 100 percent efficient, as a carbonaceous residue of unknown composition is left 

behind as char (Uden, 1993). Moreover, a baseline for “successful” pyrolysis efficiency (in terms of 

reproducibility and representativeness of the original sample matrix) had not yet been established for 

peat. To investigate the representativeness of pyrolyzed peat OM of the original sample matrix, OM 

volatilization (%) (defined as “pyrolysis efficiency” or PyE) of ten diverse peat samples (Table 1) were 

compared across different pyrolysis temperatures, heating rates, sample masses, and original OC and N 

content (measured by bulk elemental analysis) using a 10-part mineral dilution study. Volatilization was 

monitored through the determination of sample mass loss primarily using a thermogravimetric (TG) 

pyrolysis instrument, where the heating rate was strictly controlled and changes in physical properties 

of the OM were traced as a function of temperature through percent mass loss over time. However, a 

“flash” instrument was also investigated, where samples were “dropped” into a pre-heated helium-

flushed furnace.  

 

The remaining chapters focus on a high-resolution Py-GC/MS analysis of pyrolysis products for selected 

boreal peatland ecosystems (Figure 2). In Chapter 4, peatland OM was compared in natural and 

drained parts of the same Finnish boreal mire (Lakkasuo) to investigate ecosystem-driven differences in 

chemical composition with drainage and depth. Natural and drained peatlands have been compared by 

Py-GC/MS methods previously (Kuder et al., 1998; Z. Zhang et al., 2019), as well as other chemical 

characterization techniques such as FTIR (Harris, Moore, Roulet, & Pinsonneault, 2020; Heller, 

Ellerbrock, Roßkopf, Klingenfuß, & Zeitz, 2015). However, Py-GC/MS chemical characterization had 

not yet been conducted from natural and drained sites from the same ecosystem, and thus similar 

temporal and spatial scales. This study provided a detailed “fingerprint” of peat OM chemical 

composition with depth at each site, both via sample resolution (3 core replicates per site, 4 cm resolution 

per core depth profile), and by analyses conducted (108 pyrolysis quantified per sample). Results from 

the Py-GC/MS study were also compared with molar ratios determined from bulk elemental analysis 

(N:C, O:C) and F14C. Principal component analysis (PCA) was used to separate the environmental 

influences on peatland chemistry with drainage and depth, which resulted in the identification of four 
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primary environmental “processes” reflecting botanical contribution (Sphagnum vs vascular plants), 

aerobic and anaerobic decomposition processes, and origin of vascular contribution (Pine vs 

Eriophorum).  

 

Chapter 5 applied the high-resolution methodological approach developed in Chapter 4 to a 

minerotrophic boreal mire (Degerö, Sweden) –where one of the two sites had been recently rewetted. 

To determine initial changes in chemical composition that could serve as possible chemical indicators 

for rewetting, 105 pyrolysis products representing seven different chemical classes were investigated 

with depth in the natural and rewetted sites (3 core replicates per site, 2-4 cm resolution), and compared 

with bulk elemental composition (C/N ratios, H:C/O:C atomic van Krevelen ratios). PCA differentiated 

the influences on the chemical composition in the natural and rewetted sites both by site, and by the 

present vs the historical drainage period – the effects of which were visible in the entire profile.  

Materials and Methods 
 

Peat Py-GC/MS reference materials (Chapter 2, 4-5) 
 

To compile the existing knowledge available for Py-GC/MS analysis of peat, Chapter 2 employed an 

extensive literature review of previously published studies. For pyrolysis product identification and 

integration (Chapter 4-5), chromatography analysis was performed using Agilent ChemStation 

software. Pyrolysis product mass spectra were compared with data reported in the National Institute of 

Standards and Technology (NIST 2014) mass spectral library. 

 

Peat vegetation reference materials 
 

To evaluate the most current ecological conditions in the research site, a plant species assessment was 

conducted onsite for both Lakkasuo and Degerö Stormyr at the time of the June 2017 sampling event 

(Pascal von Sengbusch). This included an assessment of the current hydrological conditions, dominant 

botanical species, and the identification of species that served as indicators for the current ecosystem 

conditions (e.g., facultative vs obligate wetland vegetation, species reflecting ombrotrophic vs 

minerotrophic conditions). A macrofossil analysis was also conducted on two cores (ON1, OD2) from 

Lakkasuo (Chapter 4), and used to investigate the relationship between Py-GC/MS findings and present 

vs historical vegetation. 
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Field samples (Chapter 3-5) 
 

The PyE study (Chapter 3) required a selection of different peatland OM samples to determine whether 

original OM chemistry influenced the pyrolysis process (Table 1). The ten peat samples chosen for PyE 

investigation were selected both because of their diverse origins, and the availability of data from the 

same samples in a prior analysis using other biogeochemical techniques for comparison (bulk chemical 

composition from EA and 13C NMR) (Leifeld et al., 2018). Samples representative of various depths 

and degradation status were investigated, rather than analysis of whole cores. 

 

For the Lakkasuo and Degerö Stormyr sites (Chapter 4-5), six peat cores (three replicates from each of 

the paired sites), were collected to 1 m depth using a Russian peat corer in a June 2017 sampling event. 

Peat cores were stored at 2°C prior to processing, cut into 2 cm sections, oven-dried at 40 °C for 72 

hours, and homogenized using a mixer mill for three minutes at 25 Hz. Samples from each site were 

denoted by their site source (using nomenclature from previous and parallel studies for consistency) 

(Groß-Schmölders et al., 2020; J. P. Krüger, 2016). Lakkasuo sites were distinguished by (natural=ON, 

drained=OD), and Degerö sites distinguished by (natural=NM, drained/rewetted=DC). Site names were 

followed by core number (1-3), and profile section depth in cm.  

 

Analytical instruments 
 

For the PyE study (Chapter 3), an “offline” Netzsch Simultaneous Thermal Analyzer STA 449 

equipped with TG-DSC sample carrier (Type S) was used, as well as a double shot pyrolyzer (Frontier 

laboratories 2020i) operating in single shot mode – both in an inert helium atmosphere. To compare 

original and post pyrolysis C and N content, an elemental analyzer (EuroEA 3000, Hekatech) was used 

in dry combustion mode. 

 

A high-resolution Py-GC/MS method was applied as the primary methodological framework of the two 

ecosystem-driven peatland pairwise comparison studies (Chapter 4-5). Both studies utilized the same 

instrumental programming and setup: the double shot pyrolyzer (Frontier laboratories 2020i) was 

connected to an Agilent GC/MS system (GC 7890, MSD 5977B). Before Py-GC/MS analysis, samples 

were dried in 2 cm sections and homogenized in a mixer mill (Retsch MM 400) for 3 minutes (25 hz). 

Samples from both studies were also measured for C, H, N, and O content using an elemental analyzer 

(EuroEA 3000).  

 

Three depths in each of the six Lakkasuo cores (8-10, 48-50, 80-82 cm) were measured for fraction 14C 

(F14C) abundances via accelerator mass spectrometry (Oeschger Centre for Climate Change Research, 

Department of Chemistry and Biochemistry, University of Bern).  



 

15 
 

Bulk stable δ13C, δ15N isotope measurements 
 

For validation of the findings obtained by Py-GC/MS, bulk stable isotope abundances (δ13C, δ15N) 

measured on the same peat cores in parallel research conducted at the University of Basel were 

correlated to PCA sample pyrolysis product scores in the Lakkasuo and Degerö studies (Chapters 4-5) 

(Groß-Schmölders et al., 2020). 

 

Statistics 
 

Statistical analysis for Chapter 3 was conducted using Microsoft Excel statistics software. Data analysis 

for Chapters 4-5 was conducted using Python (version 3.8.2), with collaborative plots made using 

Statistica software. Statistical significance for all studies was set at p<0.05.  

 

Generally, simpler statistical procedures such as independent t-tests, ANOVA, regression analysis, and 

coefficients of variation (Pearson) were effective at describing the data in Chapter 3. However, the 

multi-dimensional dataset generated by the large number of pyrolysis products analyzed for Chapters 

4-5 required multivariate statistical tools. To disentangle the shared variation of all pyrolysis products 

and determine the effect of ecosystem-driven processes on pyrolysis products, PCA was used 

(Schellekens, Buurman, et al., 2015). Pyrolysis product PCA loadings reflected all shared variation of 

the investigated pyrolysis products, and loadings on each PC were used to interpret the environmental 

“processes” (PCs) influencing peat OM chemistry. PCA scores were projected onto individual core 

depth profiles and reflected the relative influence of each PC in the samples.  

 

Investigated methods not included in this thesis 
 

Compound specific Py-GC/MS (Py-CSIA) is an emerging analytical tool permitting the measurement 

of isotopic ratios directly to individual pyrolysis products (González‐Pérez, Jiménez‐Morillo, de la Rosa, 

Almendros, & González‐Vila, 2016; Jiménez-Morillo, Cabrita, Dias, González-Vila, & González-Pérez, 

2020; Jiménez Morillo, Rosa Arranz, González-Vila, & González-Pérez, 2015), and its application as 

an additional methodology was explored. Pyrolysis products from a small subset of the Lakkasuo core 

samples were measured using Py-CSIA for δ13C abundance at the stable isotopes laboratory at the 

Instituto de Recursos Naturales y Agrobiología de Sevilla (IRNAS-CSIC) in Seville, Spain in October 

2019.  
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Study sites 
 

Samples from twelve different peatland sites were used for analysis. Ten of these sites were used as 

representative samples in the PyE study (Chapter 3), where the focus was on pyrolysis-induced 

volatilization rather than a detailed chemical characterization (Table 1). The remaining two peatland 

sites (Lakkasuo, Degerö Stormyr) were the focus of the high-resolution chemical characterizations 

(Chapter 4-5) serving as the primary objective of this thesis. Both peatlands are examples of vulnerable 

boreal ecosystems, and incorporate long-running research sites where studies incorporating a variety of 

methods and goals have previously been conducted (Jaatinen, Fritze, Laine, & Laiho, 2007; Krüger et 

al., 2016; Minkkinen et al., 1999; Nilsson et al., 2008). Due to their central role in this work, a brief 

overview of these two sites and their general characteristics is provided.   

 

 

Lakkasuo mire covers an extensive area, and its overall ecology has previously been thoroughly 

surveyed (Laine et al., 2004). While the larger mire also contains a minerotrophic part, only samples 

from the southern ombrotrophic part of the mire were investigated (Figure 2, c-d). Both parts of the 

mire have sections that were drained for forestry, and sections that remained undrained and intact. 

Samples were collected from the margins of the ombrotrophic part of Lakkasuo (61°48’N, 24°19’E), 

which is Sphagnum-dominated, and has been accumulating peat for approximately the last 3-5K years. 

Ditches were installed in Lakkasuo for forestry purposes in 1961 (depth 70 cm, spacing 40-60 m). The 

ditch installation and subsequent drainage affected approximately 50% of the mire. Due to hydrologic 

separation between the ditches (Murphy, Laiho, & Moore, 2009), it was possible for the undrained and 

drained sites to be sampled in relatively close proximity to each other (15 m), permitting a pairwise 

comparison of natural and drained cores (Chapter 4) from the same ecosystem. 

 

Degerö Stormyr (Northern Sweden 64°11’N, 19°33’E) is an acidic mire with minerotrophic conditions 

(poor fen) that has been accumulating peat for roughly the last 8K years (Figure 2, a-b). Degerö 

Table 1. Overview of sampling sites, peatland type, current land use, sample depths, original OC and 
N content, pH, and degradation status (Chapter 2). From (Klein, Gross-Schmölders, De la Rosa, 
Alewell, & Leifeld, 2020).  
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underwent historical drainage activities, where ditches were installed sometime in the early 20th century 

(Malmström, 1923). The research site of Degerö contains three different sampling areas: an undrained 

“natural” part (NM) towards the center of the mire, and two drier sites – one near a glacial ridge, and 

the other near the historic drainage channel (DC). The DC site demonstrated evidence of rewetting 

through water-saturated conditions during the site visit in 2017, changes in botanical composition 

(established Sphagnum riparium - a strong indicator for wet minerotrophic conditions), and a subsequent 

tree ring analysis that reflected a sharp decrease in growth as early as the 1970s. To investigate the 

influence of rewetting, core replicates were sampled for pairwise comparison (Chapter 5) from the area 

near the drainage channel (DC), and from the natural site (NM). 

Figure 2. Overview of the boreal peatland ecosystems selected for Py-GC/MS analysis, with photos from 
the 2017 sampling event depicting core sites. For Degerö-Stormyr in Northern Sweden, three cores each 
were sampled from the undrained natural mire (NM, a) and a site near the drainage channel (DC, b). 
For Lakkasuo in Finland, three cores each were sampled from the undrained (ON, c) and drained (OD, 
d) areas of the ombrotrophic part of the mire. Photos courtesy of Pascal von Sengbusch. Sampling sites 
are discussed in further detail in their corresponding chapters; for Lakkasuo (Chapter 4), and for 
Degerö-Stormyr (Chapter 5). 

a. 

b. 

c. 

d. 
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Results and Discussion 
 

Compilation of Py-GC/MS research 
 

As a comprehensive compilation of peat OM chemical components (including biomarkers) amenable to 

Py-GC/MS had not yet been conducted, Chapter 2 sought to provide a “state of the science” for peatland 

studies incorporating the method. While plant-based studies were well represented, it was noted that 

fewer organism-specific microbial biomarkers have been identified. Further, several key areas of 

emerging questions were described in peatland OM research where a detailed chemical characterization 

could be informative. These key areas included: improved characterization of OM associated with 

palaeo-fire identification in the peatland profile; incorporation of Py-CSIA techniques to determine 

primary molecular sources of shifting isotope signals; improved latitudinal OM comparisons to identify 

whether differences in tropical peat OM renders them more (or less) susceptible to C loss; and potential 

applications to C cycling models.   

 

Optimization of pyrolysis parameters (PyE) 
 

Chapter 3 sought to explore the reliability of Py-GC/MS results by focusing first on the 

representativeness of the pyrolyzed material before it entered the analysis instrument (GC/MS). This 

strategic investigation of the method offers new quality control mechanisms for Py-GC/MS studies by 

providing an overall estimate for the representativeness of pyrolyzed peat. C PyE (45.1-51.6% 

volatilization across all samples) was relatively insensitive to instrumental parameters, and not 

significantly influenced by increase in temperature, sample mass, or by the instrument used (though a 

significant increase in C PyE was observed when the heating rate was increased from the lowest heating 

rate settings (10 K/min) to higher heating rate settings (20-50K/min). This finding was in agreement 

with the results generally reported in biochar studies, which have the opposite goal (maximizing char), 

and require lower settings to improve yield (Gheorghe, Marculescu, Badea, Dinca, & Apostol, 2009; 

Zhao et al., 2018).  

 

Despite the much lower initial sample concentrations, N PyE (56.7-75.8% volatilization across all 

samples) was significantly higher than C PyE (p<0.05), and more heavily influenced by instrumental 

parameters, including temperature and heating rate. Moreover, a strong logarithmic relationship was 

observed between N PyE and original sample N content (r=0.83, p<0.01) – where N PyE sharply 

decreased with low original N concentration, suggesting that N can be expected undergo preferential 

volatilization in higher temperatures. For acceptable pyrolysis of representative N compounds (>65%), 

original sample N content >0.5% would be required. Because N serves an outsized role in nutrient-
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limited ombrotrophic peatlands (Larmola et al., 2013), this potential for stoichiometric selectivity in Py-

GC/MS studies is important to consider – especially for those seeking to characterize the molecular 

composition of N-containing peat OM.  

 

While C PyE across the different instrumental parameters demonstrated overall robustness and 

reproducibility of the method, Chapter 3’s findings illustrated the influence of original sample chemical 

composition on the pyrolysis process via greater sensitivity to N-containing compounds. The PyE range 

provided by the study may provide an estimated range for pyrolysis efficiency (and thus, 

representativeness of the analyzed sample of the original OM matrix) of peat samples measured by Py-

GC/MS. For studies focused on the investigation of OC, different pyrolysis parameters – whether 

temperatures, instrument type (“flash” or ramped), sample mass, or original chemical composition - can 

be reasonably expected not to have a substantial inhibitory effect on volatilization (as long as 

exceptionally slow heating rates are not used). However, while C PyE was relatively insensitive to 

instrumental parameters, N PyE was more likely to be volatilized at very high temperatures and heating 

rates than might be otherwise appropriate for OC. These results suggest that for those interested in N 

characterization, original sample N content is required to be >0.5% to achieve sufficient successful 

volatilization of representative compounds.   

 

Py-GC/MS chemical fingerprinting and peat degradation status 
 

In Lakkasuo, aerobic conditions in the 

drained site demonstrated a strong influence 

on OM peat chemistry through significant 

reductions in phenols and polysaccharides 

(indicative of “fresh” Sphagnum), 

accompanied by the relative accumulation 

of higher molecular weight, “recalcitrant” 

polysaccharides such as levoglucosan and 

1,6-anhydro-β-D-glucofuranose. Increased 

abundance in guaiacyl-derived lignin, 

benzenes, C-29 triterpenoids, and 

sesquiterpenes were consistent with the 

increased presence of Pinus sylvestris 

onsite established for forestry purposes. Notably, these results suggested that short-term, “moderate” 

changes in peat hydrology (<60 years, and <30 cm historical decrease in the drained water table) strongly 

influenced peat chemical composition. 

 

Figure 3. Total ion current (TIC) for natural core ON1 
0-2 (green, top) and drained core OD1 0-2 (brown 
bottom). 
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In Degerö Stormyr, rewetting resulted in rapid initial changes in OM composition reflecting the changes 

in vegetation in the surface peat (even after >80 years of drainage). Phenol compounds increased rapidly 

in abundance in the rewetted surface samples – suggesting that phenol abundance is a sensitive indicator 

for transitioning rewetted conditions in Sphagnum peat. However, the formerly drained peat also 

continued to display altered chemical characteristics from the natural site that remained visible both in 

surface samples (continued higher abundance in lignin, N compounds, benzenes, lipids and PAHs – 

despite the mature growth of Sphagnum riparium), and as a “fingerprint” through the entire depth 

profile. These findings suggested that recovery of accumulating peat OM after rewetting may occur at 

a time scale beyond a few decades, due to residual impacts originating from the “permanently” altered 

OM in the underlying drained peat.  

 

Generally, the interpretation of the pyrolysis products between the two peatland sites showed good 

agreement when similar ecological conditions were present (intact vs drained/historically drained). The 

chemistry observed in the Lakkasuo site, due to its known history and relatively short length of time 

since drainage (since 1961), was considered to behave almost in a “textbook” example of chemical 

differences in response to drainage (higher phenols in natural site, higher lignin, N compounds, 

benzenes, lipids in drained site) (Figure 3). However, unlike Lakkasuo, most peats worldwide were 

drained in the more distant past. Chemical effects are therefore more likely to be convoluted by 

simultaneous influences of multiple processes on the same OM over time (periodic changes in 

climate/precipitation patterns, aerobic processes, anaerobic processes, etc).  

 

Degerö, which is an older peatland with a longer history of drainage, serves as a characteristic example 

of this. Chemical behavior of the depth profiles generally displayed higher variability in Degerö than in 

Lakkasuo– particularly in the rewetted site. Moreover, some of the depth trends of specific pyrolysis 

products in Lakkasuo were not observed as clearly for Degerö. For example, PCA strongly separated 

the influence of guaiacyl- and syringyl-derived lignin in Lakkasuo, whereas this distinction was less 

prevalent in Degerö. This could be due to differences in the vegetative composition (as Degerö was not 

known to be extensively utilized for forestry like Lakkasuo, and thus lignin dominance in Lakkasuo may 

have been a clearer indicator for drained conditions), or also overall differences in chemistry driven by 

groundwater source. However, the higher abundance of pyrolysis products associated with vascular 

plants (lignin, N compounds, benzenes, lipids, PAHs) in the rewetted surface samples, despite the visible 

renewed growth of Sphagnum (and corresponding response in the phenol compound class) may also 

suggest a permanent “fingerprint” of the historical drained conditions, or residual impacts on the more 

recently deposited OM originating from the older peat below (Stewart, Moturi, Follett, & Halvorson, 

2015). These findings suggest that while rewetting is clearly beneficial in altering the course of C loss 

through the recovery of peat building vegetation (Sphagnum), residual effects on the previously drained 
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OM remain in the deeper peat, thus highlighting the importance of protecting this vulnerable OM from 

further degradation.  

 

In Lakkasuo, correlation of the Py-GC/MS data with similar data using other proxies on the same 

samples (O:C, N:C molar ratios, δ13C, δ15N stable isotopes) supported the differences observed in peat 

chemical composition with drainage. Plant biomarkers (p-isopropenylphenol, guaiacyl- and syringyl-

derived lignin) in the depth profile conformed to general expectations set forth by the plant macrofossil 

assessment provided for two of the Lakkasuo cores, indicating that the molecular fingerprinting 

assessment holds true not only with differences in drainage/degradation, but also with increased time 

since original peat deposition. In Degerö, C/N ratios remained significantly higher in the natural site 

than the rewetted site in surface samples (0-10 cm, p<0.05), lending further support to the argument that 

the OM in the rewetted surface peat, while transitioning towards recovery, has not yet had sufficient 

time to chemically respond to the rewetting.  

Conclusions 
 

This thesis provides high-resolution chemical comparison of peat OM, demonstrating differences in OM 

content between natural, drained, and rewetted peatlands. Findings outlined here could be applied in the 

future to the establishment of chemical “metrics” used to improve descriptions of peatland degradation 

status – with important implications to those communicating with stakeholders about rewetting 

restoration projects. 

 

The pyrolysis process is robust and reproducible, and can reasonably be expected to volatilize a 

representative portion of the sample OM onto the analysis instrument. Moreover, this work provides an 

estimated range (C PyE 45.1-51.6%, N PyE 56.7-75.8%) for sample volatilization that can be used as a 

reference by those working with the method for peat. The chemical “fingerprints” generated by Py-

GC/MS are good proxy for overall peat composition, and are informative about changes not only in 

vegetation, but also predominating decomposition processes (i.e., aerobic/anaerobic) with depth. 

However, while plant-derived components are well characterized in contributing molecular sources to 

peat OM, more research is needed to identify chemical components contributed by microbial organisms.  

 

Overall, this work demonstrates that peat degradation status can be effectively traced in the depth profile 

through the investigation of OM. Even short-term and moderate hydrological changes strongly influence 

the chemical composition of peat OM, and thus are an effective tool to assess degradative status. 

Interpretation of the chromatograms generated by Py-GC/MS analysis can be somewhat complex; 

however, the method is well-suited for an equally complex OM matrix, and is highly sensitive to even 

small changes in chemical composition. Multivariate analyses such as PCA provide a useful means to 
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separate simultaneous influences, so that the primary origin of individual pyrolysis products can be 

disentangled and interpreted. Meaningful changes can be detected in compounds present in very low 

abundance (lignin, individual polysaccharide pyrolysis products), and can be tied to environmental 

changes in the overall ecosystem at the time the OM was deposited. Py-GC/MS peat depth profiles 

studies such as those presented in this thesis are likely to be a useful tool across peat ecology disciplines 

– both for studies focused on palaeo-environmental applications and those focused on the relationship 

between OM decomposition and greenhouse gas emissions.  

Outlook 
 

The application and comparison of multiple biogeochemical proxies (Py-GC/MS derived chemical 

classes and molecular biomarkers, bulk elemental analysis-derived stoichiometric ratios, F14C depth 

comparisons) has permitted a high-resolution analysis of the chemical behavior of peat with drainage, 

depth, and rewetting. This thesis has provided new insights about the behavior of both chemical classes 

and individual compounds affected by peat degradation processes. In the future, these insights could be 

applied to rewetting ecosystems undergoing restoration activities to confirm successful responses to 

mitigation practices. 

 

The findings presented in this work are not representative of all types of peat (fen, bog, boreal, temperate, 

tropical). Peat OM composition can be quite heterogeneous. An important goal of this research has also 

been to pinpoint composition aspects that could be used in future studies to assess degradation status 

across a diverse selection of different peatland types. Further, in order to improve our understanding of 

how changing peatland OM chemistry impacts greenhouse gas emissions, a logical consequence of this 

research is to connect such degradative peat indicators as outlined as part of this work to flux 

measurements (CO2, N20, CH4) (Alm et al., 2007), to investigate the correlation between OM 

composition and greenhouse gas emissions.  

 

It is also anticipated that relevant findings from this thesis could also be used to improve models 

currently used to simulate greenhouse gas emissions. For example, model C and N stoichiometry could 

be improved by more precise peatland OM chemical composition - particularly to better constrain 

comparisons of simulated C pools to experimental measurements of OC.  Improved estimates of the peat 

OC stock composition will also help to better constrain feedback mechanisms occurring between 

peatlands, the OC they contain, and climate.   
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Abstract 
 

Intact peatlands serve as a globally important carbon sink. However, impacts from climate 

change, extraction, and drainage increase aerobic decomposition in these ecosystems– shifting 

their carbon flux from sink to source. A variety of projects are ongoing to restore peatlands to 

their natural or near-natural states; however, for carbon sequestration, net accumulation of peat 

relative to decomposition is of primary importance. Molecular analysis techniques provide 

information on peat growth and degradation trends dating from centuries to millennia. Pyrolysis 

coupled to gas chromatography mass spectrometry (Py-GC/MS) has been proposed for the rapid 

characterization of molecular biomarkers in organic matter. This paper reviews plant and 

microbial biomarkers analyzable via Py-GC/MS for peatland ecosystems, associated 

challenges, and future applications of the technique. It is noted that far fewer organism-specific 

biomarkers have been identified via Py-GC/MS for microbial communities in comparison to 

plant-based studies, and as a topic remains an area greatly needing additional research. In the 

future, through improved Py-GC/MS-derived fingerprinting of peatland molecular components, 

periods of degradation and growth could be more precisely distinguished and described, even 

in profiles where changes in contributing source material are not macroscopically visible. 
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2.1 Introduction 
 

Despite covering a relatively small percentage (3%) of the earth’s surface, peatlands store 

around 600 gigatonnes (Gt) of organic carbon globally (Yu et al., 2010), and contribute as much 

as 20-25% of the total soil organic carbon stock (Scharlemann et al., 2014, Leifeld and 

Menichetti, 2018) or, correspondingly, the equivalent of almost two thirds current levels of 

atmospheric carbon (Clymo et al., 1998, IPCC, 2014). Due to slow rates of decomposition, net 

primary productivity generally exceeds organic matter (OM) decay in peatlands, leading to 

continuous OM accumulation in these ecosystems over millennia (Clymo, 1984). In addition to 

their important role in carbon cycling, peatland archives and changes in peat stratigraphy can 

provide information about previous palaeoclimatic events and their influence on regional 

palaeoecology and palaeohydrology (Blackford, 2000).  

 

Impacts from climate change, extraction, and drainage for forestry and agriculture have affected 

approximately 10% of peatlands globally (Joosten, 2009), causing increased aerobic 

decomposition of large stores of OM. With a few noted exceptions (Lohila et al., 2011), this 

observed increase in aerobic decomposition causes the C flux in peat ecosystems to shift from 

sink to source, primarily through the loss pathways of carbon dioxide (CO2), methane, and 

leaching of dissolved organic carbon (DOC) (IPCC, 2014). Global CO2 emissions from 

degraded peat have been estimated at almost two Gt CO2-eq annually, as well as substantial 

amounts of other greenhouse gases, such as nitrous oxide (Leifeld and Menichetti, 2018). 

Moreover, temperature sensitivity of peat OM stored at depth is not well understood (Davidson 

and Janssens, 2006). Temperature-induced peatland degradation could initiate positive 

warming feedback loops, where the loss of deeply sequestered OM generates an increase in 

global CO2 emissions, further contributing to warming temperatures and the loss of more OM 

(Dorrepaal et al., 2009).  

 

A variety of projects are ongoing to restore these ecosystems to natural or near-natural states. 

Restoration projects usually involve a multi-faceted approach targeting, for instance, the re-

establishment of previous hydrology through rewetting, or the reintroduction of species 

biodiversity with high peat growth rates, such as Sphagnum cuspidatum or S. magellanicum 

(Schumann and Joosten, 2008). From a carbon sequestration perspective, net accumulation of 

peat relative to decomposition is of primary importance for successful rewetting, where growth 

of peat-producing vegetation must be substantially greater than OM decomposition (Glatzel et 
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al., 2004, Andersen et al., 2010). Accumulation can sometimes be seen visually in the profile 

as lighter-colored undecomposed material, whereas degraded peat typically appears darker and 

more oxidized, with less recognizable original plant material. However, changes in degradation 

status in peat profiles are not always easily visually delineated, and the continuum of changes 

in decomposition cannot always be observed macroscopically.  

 

Analytical methods are needed that enable researchers to determine the degradative or 

restoration state of a peatland. Without effective tools that clearly correlate restoration efforts 

with net peat growth, it can be difficult to argue the effectiveness of a restoration program. In 

addition to the challenges of macroscopic assessments noted previously, other tools used to 

assess net peat growth generally involve long-term monitoring efforts, which often require 

expensive micrometeorological instruments, remote infrastructure, and extensive time 

commitments from staff. In particular, tools are needed to assess whether a peatland is growing 

(sequestering C), stable (with a net C budget of 0), or degrading (losing C).  

 

2.2 Techniques for OM analysis  
 

Molecular analysis methods offer an approach permitting one-time sampling events that can 

provide information on peatland development dating from years to millennia. The molecular 

components of a peat profile can be better understood with the use of molecular biomarkers: 

source-specific organic compounds that can be used as indicators for groups of organisms – or, 

in some cases - assigned to specific metabolism, genera or species. As an analytical tool coupled 

with other methods, biomarkers provide a useful way to link organic matter to paleo-

environmental processes.  

 

A variety of different biomarkers have been used to elucidate the impacts of environmental 

change on peatland ecosystems, including palaeo-environmental reconstruction (Chambers et 

al., 2012, Lopez-Dias et al., 2013), anthropogenic impacts (Dubois and Jacob, 2016), fire 

occurrence (Kaal et al., 2008b, Schellekens et al., 2009, Leifeld et al., 2018), changes in water 

table regime (Blackford, 2000, Laiho, 2006, Jaatinen et al., 2008), and as evidence for 

restoration of disturbed sites (Andersen et al., 2010). Further, organism-specific biomarkers 

(where “organism-specific” is loosely defined in this paper as a biomarker capable of 

distinguishing certain taxa and/or dominant metabolic pathways) can distinguish plant taxa 

present at the time of deposition, enabling researchers to identify changes in plant species 
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abundance as indicators of shifts in climate or hydrological conditions. Molecular biomarkers 

can also be used to distinguish contributing sources of microbial material. In the future, 

biomarkers could open the possibility of delineating periods of degradation and growth using 

ratios of microbial matter to undecomposed plant material, even in profiles where shifts in 

contributing source material cannot be visually assessed.  

 

Examples of analytical techniques for characterization of peat OM include bulk (elemental 

analysis (Worrall et al., 2013)), spectroscopic (Fourier Transform Infrared spectroscopy (Artz 

et al., 2008, Chapman et al., 2001), solid-state 13C nuclear magnetic resonance (NMR) 

spectroscopy (Preston et al., 1994, Baldock et al., 1997)), isotopic (isotope ratio mass 

spectrometry (IRMS) (Alewell et al., 2011, Krull and Retallack, 2000)), molecular 

(phospholipid fatty acid analysis (Frostegård and Bååth, 1996, Frostegård et al., 1993)), or 

compositional genomic studies (Wilmes and Bond, 2006, Tveit et al., 2013). Depending on the 

analytical goal, results obtained from these techniques range from a broad compositional 

overview (bulk EA) to a highly specific (molecular and genomic analyses) assessment of OM 

content. However, while precise and informative, many highly specific techniques often also 

involve time-consuming sample preparation and analysis times. Methods such as bulk stable 

isotopes and EA involve simpler analysis techniques but provide less specific information. 

More detailed techniques are needed to characterize the composition of SOM to obtain a better 

understanding of decomposition processes.  

 

Pyrolysis coupled to gas chromatography mass spectrometry (Py-GC/MS) offers an alternative 

for the detailed characterization of molecular biomarkers in OM samples (Parsi and Górecki, 

2006, Tolu et al., 2015, Summons, 2014). Py-GC/MS analysis combines a capacity to sample 

from a large window of different OM compound classes with a detailed analysis of their specific 

molecular composition. Through the thermal degradation of large complex organic compounds 

into smaller, more easily analyzable fragments, Py-GC/MS offers the specificity in chemical 

characterization that GC/MS analysis provides, while also permitting analysis of a larger range 

of high molecular weight compounds than traditional GC/MS techniques alone. In addition to 

its specificity and sensitivity, Py-GC/MS is a fairly rapid method of analysis, and generally 

does not require extensive pre-preparation beyond sample drying and homogenization. Further, 

emerging pyrolysis-driven compound specific isotopic analyses now offer an opportunity to 

apply isotopic ratio measurements directly to individual compounds obtained via this technique 

(Section 2.8.1). Despite these advantages, comparatively few studies incorporate Py-GC/MS 
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as a method of analysis in complex SOM systems such as peat, possibly due to limitations in 

data quantification or expertise required for the characterization of identified compounds 

(Derenne and Quénéa, 2015). However, for OM analysis where the relative rather than absolute 

abundance of compounds will be compared, Py-GC/MS is a fast and effective tool for assessing 

OM chemical composition.  

 

For complex OM characterization in organic soils such as peat, a comprehensive compilation 

of Py/GC/MS-derived studies using the approach to identify biomarkers useful for 

characterizing the molecular composition of peat is needed. This paper provides a review of 

biomarkers analyzable through Py-GC/MS using an approach encompassing peatland 

community ecology (contributing plants and microbial organisms and their relationships to one 

another) and other important ecological influences (such as fire). In addition, information that 

can be obtained from this type of analysis is discussed, primarily with the larger goal of 

understanding peat OM formation and degradation and its relationship to climate processes 

(though in certain cases, other Py-GC/MS biomarker data sets are used in this review, where 

OM characterization studies with a peatland-focused aim are lacking). Furthermore, challenges 

associated with the technique and future applications of the science where research is 

particularly needed are presented.  

 

2.3 The peatland ecosystem 
 

Peatland OM has long been used as a proxy indicator for previous climatic and environmental 

conditions by providing a relatively continuous record of its growth and developmental history. 

The following section presents a broad “snapshot” of peatland communities (accumulation of 

botanical species, degradation by microbes, internal and external factors influencing the 

system), with the goal to clarify for readers the types of representative OM and ecological 

information sought via Py-GC/MS amenable molecular biomarkers (Sections 2.4 and 2.5).  

 

Conditions suitable for peat formation can be found around the globe. The location of peatland 

ecosystems, hydrological characteristics, as well as mire type (e.g., fen, bog) (Lindsay, 2018) 

influence local botanical composition, leading to a variety of different peat “types.” Regardless 

of peat type, water-saturated conditions in accumulating OM lead to increasingly anoxic 

conditions with depth. Decomposition dynamics are primarily driven by the interaction between 
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the water table and the dominant peat-forming plant serving as ecosystem engineer (Palozzi 

and Lindo, 2017).  

 

Predominant peat-forming plants vary between ecosystems (blanket mires, raised bogs, tundra 

and palsa mires, tropical peat swamp forests, etc.), but include Juncus spp. (Yeloff et al., 2008), 

Carex spp. (Schellekens et al., 2012, Schellekens et al., 2015c), Phragmites spp. (Hughes and 

Dumayne‐Peaty, 2002, Chapman, 1964), and Sphagnum spp. (McClymont et al., 2008, 

Schellekens et al., 2015a). Non-Sphagnum moss species (ex. Ptilium spp.), shrubs (ex. 

Ericaceae spp.), and a selection of tree species (Pinus spp., particularly in drier locations) can 

also be found geographically distributed across many higher-latitude mire ecosystems and serve 

as somewhat representative members of the boreal peatland community. Sphagnum spp. are 

especially important in the formation and accumulation of boreal peat, as abundant phenolic 

components in Sphagnum moss litter inhibit decomposition (Turetsky et al., 2008, Freeman et 

al., 2001). Similar to other moss species, Sphagnum spp. have a high cation exchange capacity 

that allow them to exchange hydrogen ions for nutrients in bog water, causing rapid 

acidification (Joosten and Clarke, 2002). Sphagnum-dominated bogs are unique in terms of 

their C storage capacity, which is increased due to the above-described conditions (Verhoeven 

and Liefveld, 1997, Hájek et al., 2011). Sphagnum spp. biomass growth in peatlands ranges 

from 19-1656 g m-2 yr-1 (Turetsky, 2003).  

 

Regardless of the primary peat-forming plant, predominating vegetation creates a molecular 

signature in OM that can be used as a proxy for previous environmental conditions (McClymont 

et al., 2011). It is noted that while extensive reviews of peat-forming plant species and their 

ecology are available for temperate and boreal systems (Joosten and Clarke, 2002, Clymo, 

1987), less information exists describing the vegetation in tropical peatland ecosystems, where 

considerable diversity in conditions for peat formation results in botanical biodiversity and 

zoned plant communities (Page and Baird, 2016, Page et al., 1999). Similar to the role of 

Sphagnum in boreal ecosystems, there may be botanical species characteristic of certain tropical 

peatland ecosystems that can identified in OM profiles using still undiscovered organism-

specific molecular markers. 

 

Micro-habitats within the landscape also play an important role in mire ecology, such as those 

formed in response to fluctuations in the water table. Peat generally consists of two hydrologic 

layers, the aerobic acrotelm, with higher rates of decomposition and hydraulic conductivity, 
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and the anaerobic catotelm, where decay processes are much slower (Belyea and Clymo, 2001). 

Dividing these two layers is the mesotelm, which occurs at the approximate depth of the 

minimum water table during the warm summer months (Joosten and Clarke, 2002). A diverse 

range of aerobic and anaerobic microbial communities populate these various regions, and their 

proportional role in decomposition varies with changes in water table levels (Figure 1). 

Changes in abundance of these different microbial communities have the potential to alter 

carbon dynamics and nutrient cycling. 

 

Microbiota process the turnover of organic carbon and are instrumental for the mineralization 

of nutrients in peat (Andersen et al., 2013). A relationship has been demonstrated between 

microbial community composition and SOM formation at the molecular level in multiple 

studies (Snyder et al., 2004, Greenwood et al., 2006, Kallenbach et al., 2016) through the 

transformation of a wide range of plant-derived compounds into microbial biomass (Kögel-

Knabner, 2002). Moreover, microbial communities can be linked to functional processes in 

these ecosystems. Specialized organisms tend to appear within peat as ecosystem mosaics in 

response to vegetation, physio-chemical and hydrological characteristics (Andersen et al., 2013, 

Figure 1. Schematic of typical observable community structure and example associated proxy 
biomarkers amenable to Py-GC/MS in boreal peatlands, with drained (left) and natural (right) 
ecosystems depicted. 
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Dedysh et al., 2006). The presence of fungal or bacterial residues in the profile can provide 

information about previous climate, above-ground plant communities, or hydrological 

conditions (Andersen et al., 2013, Peltoniemi et al., 2012, Gałka et al., 2018). For example, 

fungi play a primary functional role in decomposition in oxic upper layers (Andersen et al., 

2013, Thormann et al., 2003). As conditions shift with depth from aerobic to anaerobic, 

microbial communities also change in composition, with bacterial communities increasing in 

abundance through the mesotelm and catotelm. Due to anoxic conditions and decreased 

availability of substrate, the role of bacteria in decomposition is thought to be less substantial 

compared to degradation initiated by fungi in the upper strata.  

 

Changes in peat quality or composition also lead to changes in hydraulic conductivity, which 

can impact water table levels (Joosten and Clarke, 2002, Rezanezhad et al., 2016). This leads 

to shifts in the above-ground plant community, which creates further changes in the quality and 

composition of the peat (Wassen and Joosten, 1996), setting up a feedback mechanism that, 

depending on the direction of the vegetative shift, either encourages or discourages peatland 

degradation. Further, peatland ecosystems are also strongly influenced by natural and 

anthropogenic fires (Section 2.6). Boreal peat fires affect both soil formation processes and the 

future stability of C pools stored within, via the formation of pyrogenic carbon (Preston and 

Schmidt, 2006).  

 

When peatlands are drained, a general succession pattern occurs from floating, submerged 

plants (Sphagnum), to emergent facultative aquatics (sedges), and an eventual transition 

towards that of forested habitats (Laiho et al., 2004, Strack et al., 2006, Neuhäusl, 1992). When 

restored, a reverse successional process can also occur (Klinger, 1996). These vegetation 

pattern shifts, whether due to climate variation (periods of drought) or drainage for agriculture, 

may be visible on the molecular level as shifts in OM chemical composition. Due to the 

importance of the predominating plant species as the driver in peatland community structure, 

shifts in the abundance of contributing plant material alone can communicate changes in paleo-

environmental or climate conditions in a peat bog (Schellekens and Buurman, 2011). However, 

a more complete understanding of these ecosystem-wide changes can be obtained through 

systematic incorporation of microbial community data into existing plant community molecular 

analyses.  
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2.4 Plant biomarkers 
 

For plant biomarkers, an important desired analytical distinction is the relative contribution of 

vascular plants (higher plants), and non-vascular plants, which are predominately represented 

in peat ecosystems as bryophyte mosses. Generally, in boreal ecosystems, increased cover of 

Sphagnum moss is an indicator for inundated conditions, whereas vascular plants (Ericoid spp., 

Eriophorum spp., Pinus spp.) tend to require drained conditions for roots to establish. 

 

Table 1 provides a list of identified plant biomarkers amenable to analytical Py-GC/MS serving 

as useful plant indicators in peatland ecosystems, as well as typical observed pyrolysis products 

when applicable (categorized by compound class). Lipids are operationally defined in these 

classifications and are treated as a compound class in both plant and microbial biomarker tables 

in this review. A discussion follows of the most widely used biomarkers identifying plant 

components in current Py-GC/MS studies, as well as research areas requiring further attention 

in the field. 

 

This survey is considered to be a broad overview of the available literature on the topic and 

may not include biomarker studies for lesser-known endemic plant species, or highly specific 

biomarkers for unique ecosystems. It is important to note that, depending on the predominant 

vegetation at the surface (ie., moss vs graminoid-dominated vegetation), markers may also 

demonstrate different decomposition kinetics throughout the depth of the profile. In addition, 

while an important part of the ecosystem, phreatophytic vascular plants have the potential to 

penetrate deeper peat layers via their root structures, changing decomposition dynamics and 

generating artificially “young” signals in otherwise older parts of the profile. If not removed 

prior to analysis (which is not always possible in highly degraded systems), the effect of these 

roots must be considered in the overall molecular analysis of the profile, particularly with 

regards to associated 14C dating studies (Section 2.8.2). 
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Table 1. Example plant biomarkers obtainable by Py-GC/MS. Bold denotes peat studies.  

 Compound class Selected Example Biomarkers Contributing 
organisms Remarks Relevant Py-

GC/MS Studies 

Lignin 
Guaiacol and 
related guaiacyl 
derivatives 

2-methoxy-Phenol (Guaiacol), p-
methylguaiacol (Creosol), 4-ethyl-2-
methoxy-Phenol (p-ethylguaiacol), 2-
Methoxy-4-vinylphenol (p-
vinylguaiacol), 2-methoxy-4-(2-
propenyl)-Phenol (Eugenol), 2-
methoxy-4-(1-propenyl)-Phenol 
(isoeugenol), 4-Hydroxy-3-
methoxybenzaldehyde (vanillin), 3-
hydroxy-4-methoxy-benzaldehyde 
(isovanillin) 

Gymnosperms 

 Guaiacyl 
derivatives 
without presence 
of syringyl or p-
hydroxyphenyl 
derivatives 
suggests 
coniferous species 

(Saiz-Jimenez and 
De Leeuw, 1986, 
Martin et al., 1979)  

 
Syringol and 
related syringyl 
derivatives 

2,6-dimethoxyphenol (Syringol), 
1,2,3-Trimethoxybenzene 
(Methylsyringol) 

Angiosperms 

Syringyl 
derivatives in 
equal amounts to 
guaiacyl 
derivatives 
(absence of p-
hydroxyphenyl) 
suggests 
angiosperms 

(Schellekens et al., 
2009, Huang et al., 
1998, Saiz-
Jimenez and De 
Leeuw, 1986) 

 p-hydroxyphenyl 
derivatives 4-vinylphenol Non-specific lignin 

indicator 

Suggests grass 
(herbaceous non-
woody) lignin 
when present in 
equal amounts to 
guaiacyl & 
syringyl  

(Kaal et al., 2017, 
Saiz-Jimenez and 
De Leeuw, 1986) 
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Table 1. Example plant biomarkers obtainable by Py-GC/MS. Bold denotes peat studies.  

 Compound class Selected Example Biomarkers Contributing 
organisms Remarks Relevant Py-

GC/MS Studies 

  

Acids, Aldehydes, 
ketones of vanillyl, 
syringyl, and 
cinnamyl structures 
(Kögel-Knabner & 
Amelung, 2014) 

4-hydroxy-3-methoxy-Benzoic acid 
(Vanillic acid), 1-(4-hydroxy-3-
methoxyphenyl)-2-propanone 
(Vanillyl methyl ketone), 3-phenyl-2-
Propenoic acid, (Cinnamic acid), 3-
phenyl-2-Propenal, (Cinnamaldehyde) 

Various vascular 
plant materials 

Acid to Aldehyde 
ratio (Ac/Al) 
relative index for 
decomposition 
(Jex et al., 2014; 
Thevenot et al., 
2010) 

 (Kisand et al., 
2013) 

Other 
polyphenols   4-isopropenylphenol Sphagnum spp 

Highly specific 
biomarker 
sensitive to 
changes in peat 
water table 

(Stankiewicz et 
al., 1997, Van der 
Heijden et al., 
1997, McClymont 
et al., 2011, 
Schellekens et al., 
2015a, Schellekens 
et al., 2009) 

Polysaccharide
s 

Sum of 
polysaccharides 

Pyrans, furans (examples: Furfural, 5-
methyl-2-Furancarboxaldehyde, 4-
Cyclopentene-1,3-dione, Ethanone, 1-
(2-furanyl)-, 5-hydroxy-2-methyl-4H-
Pyran-4-one, 5-
hydroxymethylfurfural, 1,6-anhydro-
β-D-glucopyranose, (levoglucosan)) 

Moss vegetation 

In peat, may 
indicate high 
moss contribution 
& intact OM. Not 
valid in aerobic 
systems 

(Schellekens and 
Buurman, 2011, 
Schellekens et al., 
2009) 

  Pentoses (arabinose 
and xylose) Levoglucosan Cellulose from fresh 

plant tissue    (Fabbri and 
Helleur, 1999) 

Lipids/waxes Aliphatic 
biopolymers 

"Free" alkanes (C23-33) with no 
corresponding alkene 

Leaf waxes of higher 
plants 

Typically odd C 
predominance 

(Schellekens and 
Buurman, 2011) 

 Aliphatic 
biopolymers n-C23-25 alkanes Non-vascular plants 

(bryophytes)   (Buurman et al., 
2006, Schellekens 
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Table 1. Example plant biomarkers obtainable by Py-GC/MS. Bold denotes peat studies.  

 Compound class Selected Example Biomarkers Contributing 
organisms Remarks Relevant Py-

GC/MS Studies 
and Buurman, 
2011) 

 Aliphatic 
biopolymers n-C27-33 alkanes Vascular plants   

(Schellekens and 
Buurman, 2011, 
Buurman et al., 
2006) 

 Aliphatic 
biopolymers mid-chain n-alkanes Cutans & suberans 

(plant tissue)   
(Schellekens and 
Buurman, 2011, 
Nierop, 1998) 

 n-alkanols n-C20, C22, C24 linear alcohols Suberin in bark and 
roots   (Buurman et al., 

2006) 

 Ester-bound 
aliphatics Suberin/cutin Bark, rootlets   

(Nip et al., 1986, 
Van Smeerdijk and 
Boon, 1987) 

Terpenoids  Diterpenoids Prist-1-ene/Prist-2-ene (from phytol) 

Plant chlorophyll-a 
cleavage during 
pyrolysis (Ishiwatari 
et al., 1991) 

  
(Ishiwatari et al., 
1991, Carr et al., 
2010) 

 Triterpenoids Taraxerol, taraxerone Major constituent of 
cork in woody plants    

(Van Smeerdijk 
and Boon, 1987, 
Killops and 
Frewin, 1994)  

  Diterpenoid acids Abietanoic acids, pimaric acid Pine species   (Schellekens et al., 
2013) 
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2.4.1 Non-vascular plants (Sphagnum mosses) 

When using Py-GC/MS to screen for an overall contribution of non-vascular plants in peat, 

bryophytes can be identified through the presence of non-hydrolyzable aliphatic biopolymers 

in the C23-25 length range. However, for bogs dominated by Sphagnum spp., 4-

isopropenylphenol is a well-tested and highly specific biomarker for the presence of Sphagnum 

moss and is highly amenable to Py-GC/MS analysis. (McClymont et al., 2011, Schellekens et 

al., 2009, Van der Heijden et al., 1997, Stankiewicz et al., 1997). This marker is useful not only 

due to its specificity to Sphagnum spp., but also because of the compound’s apparent sensitivity 

to changes in the water table (Schellekens et al., 2015a), enabling its abundance to be used as 

an indicator of changes in hydrological regime and degradation status. (Schellekens et al., 

2015a) measured 4-isopropenylphenol in Sphagnum-dominated peatlands, (with primary 

contributions from S. centrale and S. subsecundum and minor contributions from S. palustre 

and S. magellanicum). Due to the historical dominance of Sphagnum moss in the peat profile 

core, they concluded that observed variations (0.21-2.85% of the total ion current) in the 

biomarker abundance were unlikely to be caused by changes in the contribution of moss to the 

peat, but rather from variations in aerobic decomposition. As a result of their findings, these 

authors also concluded that inhibition of decomposition in Sphagnum-dominated ecosystems 

might not be due to the contribution of Sphagnum-contributed phenolics (such as 4-

isopropenylphenol), as had been previously thought; but rather, that abundant presence of these 

phenolics suggested that water-logged conditions and anaerobic decomposition were already 

present in the peat profile.  

 

In addition to climate/hydrological-derived shifts, 4-isopropenylphenol has also been used as a 

biomarker to reflect the influence of regional ecosystem events. 4-isopropenylphenol was used 

to confirm data demonstrating that airborne nutrient-depositing mineral dust corresponded with 

a seven-fold increase in net accumulation in Store Mosse (the “Great Bog”), a nutrient-limited 

ombrotrophic bog in southern Sweden (Kylander et al., 2018).  

 

2.4.2 Vascular plants 

2.4.2.1 Aliphatic biopolymers 

In Py-GC/MS studies, non-hydrolyzable aliphatic biopolymers can be useful biomarkers for the 

differentiation of plant and microbial material. These biopolymers can include n-

alkane/alkenes, alkanols, and alkanoic acid classes (Buurman et al., 2006). Long chain fatty 

acids are associated with higher plant leaf waxes (C27-33), whereas short chain fatty acids tend 
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to be associated with algal or microbial material (Buurman et al., 2006). Linear alcohols (C20, 

C22, C24) are also generally abundant and derived from cutan and suberan compounds in bark 

and root structures of higher plants (Buurman et al., 2006, Kögel-Knabner, 2002, Nierop, 1998, 

Nip et al., 1986, Van Smeerdijk and Boon, 1987).  

 

N-alkane abundances can also be expressed in the form of lipid ratios. As examples, average 

chain length provides a reference index for higher plants (De la Rosa et al., 2012), whereas 

carbon preference index compares the abundance of odd (plant-derived) and even (microbial-

derived) C-numbered n-alkanes to determine the degree of transformation of plant-based 

material (Zhou et al., 2005, Chambers et al., 2012, Schellekens and Buurman, 2011). Another 

widely applied proxy compares C23 alkanes, where high abundances have been shown to be 

dominant in Sphagnum spp.; to C29, C31, and C33 alkanes, which are dominant in vascular plants 

(Schellekens et al., 2009, Baas et al., 2000). When the distribution of these n-alkanes is 

compared as a “Sphagnum/vascular” ratio, they provide an indicator for surface moisture 

(Nichols et al., 2006).  

 

Anaerobic conditions generally inhibit vascular plant growth, and lower plants (such as 

bryophytes) favor short or medium-chain n-alkane production. However, n-alkane chain length 

reduction has also been reported in aerobic decomposition of peat (Schellekens et al., 2009, 

Buurman et al., 2006), which can lead to confusing interpretations of the original vegetation 

source. N-alkane analysis may also present difficulties on certain instrumental Py-GC/MS 

configurations. Precise molecular interpretation of n-alkane signals via Py-GC/MS can be 

challenging. Low intensity molecular ion peaks (ions of the original neutral molecule used to 

determine molecular weight and probable elemental composition) are characteristic of straight 

and branched chain aliphatic mass spectra and can be difficult to distinguish from background 

noise (Sparkman et al., 2011). In addition, in the case of instrument configurations prone to 

cold spots or working in tandem with temperature-limited transfer lines, medium to long-chain 

aliphatics can be lost to analysis. Moreover, while n-alkane abundances between plant species 

may differ widely, they are not species-specific compounds (Schellekens and Buurman, 2011). 

For this reason, while aliphatic distributions remain a useful tool for correlating vegetation type, 

they may not always be the most reliable biomarkers for peat OM characterization where shifts 

in decomposition mechanisms have the potential to interfere with their chemistry. 
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2.4.2.2 Lignin-derived phenols 

For the identification of vascular plants in peatland profiles, perhaps some of the most 

descriptive and informative biomarkers obtainable via Py-GC/MS are lignin-derived phenols 

(Martin et al., 1979). Lignin is formed almost exclusively in terrestrial vascular plants, where 

it forms the structural support material in cell walls and provides chemical resistance to 

biodegradation. It contributes a major OM component to plant litter, and is one of the most 

abundant known organic polymers in aboveground terrestrial ecosystems, second only in 

abundance to cellulose. Lignin is a class of highly complex organic polymers composed of 

aromatic subunits that are highly heterogeneous in structure. These polymers are derived chiefly 

from three main methoxylated alcohol monomers: coumaryl alcohol, coniferyl alcohol, and 

sinapyl alcohol, which are precursors to p-hydroxyphenyl (of lignin and non-lignin origin), 

guaiacyl (vanillyl) and syringyl phenylpropanoid subunits that are incorporated into the larger 

lignin polymer (Boerjan et al., 2003).  

 

The amount and composition of each of these subunits varies by plant taxa and tissue origin, 

and can be used to classify contributing source material (Hedges and Mann, 1979, Kögel-

Knabner and Amelung, 2014). For example, gymnosperms contain mostly guaiacol subunits; 

whereas angiosperms contain equal parts of guaiacol and syringol subunits (Saiz-Jimenez and 

De Leeuw, 1986). The sum of the relative abundance of all lignin subunits can be used to 

calculate the total vascular plant contribution (total lignin phenols). Alternatively, relative 

contribution of each of the three subunits can be determined, and can serve as a predictable 

method for distinguishing different contributing plant taxa in SOM. Lignin subunits such as 

syringyl (S), vanillyl (V), and cinnamyl (C) groups can be represented as ratios, which can be 

used to distinguish between gymnosperms (S/V=0) and angiosperms (S/V>0), or as an indicator 

for the degree of oxidative decomposition in soil, such as lignin-derived acid-aldehyde ratios 

(Thevenot et al., 2010, Jex et al., 2014, Kisand et al., 2013).  

 

Py-GC/MS studies incorporating lignin analysis are ubiquitous in biogeochemistry literature 

and incorporate a variety of methods to investigate degradative changes in SOM. Molecular 

changes are dependent not only on the dominant contributing lignin source, but also the primary 

degradation mechanisms (aerobic vs anaerobic). For example, in a 23-year Calluna vulgaris 

peat study, (Huang et al., 1998) used Py-GC/MS to characterize changes in the molecular 

composition of decomposing plant litter with degradation. Consistent with other literature, (Jex 

et al., 2014), these authors found that syringyl subunit decomposition tended to be favored over 
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guaiacyl subunits, and that with increasing decomposition, lignin alcohol moieties oxidized to 

their corresponding aldehydes or ketones. In contrast, Schellekens and others used lignin 

biomarkers to explore the source and transformation of contributing vascular plants in 

graminoid-dominated peatland ecosystems (Carex spp., Agrostis spp. etc.), and conditions 

affecting their abundance (Schellekens et al., 2012, Schellekens et al., 2015c). They found 

preferred decomposition of guaiacyl over syringyl subunits through multiple stages of 

decomposition, and suggested that lignin decomposition mechanisms may be heavily dependent 

on plant-derived source chemistry. 

 

Historically, lignin has been considered to be one of the most important proxies for vascular 

plant litter input. Guaiacyl lignin-derived pyrolysis products have been identified in Pliocene 

and Pleistocene aquifer sediments (Hartog et al., 2004). Unlike mineral soils, where organo-

mineral associations and other stabilization mechanisms play an important role, chemical 

recalcitrance is a major factor for C stabilization in organic soils, where the slow process of 

anaerobic degradation and enzymatic inhibition are primary mechanisms for lignin preservation 

(Freeman et al., 2001).  

 

While anaerobic conditions and enzymatic inhibition can result in the accumulation of lignin-

derived compounds with depth in intact peatlands (Freeman et al., 2004), degraded peatlands 

undergoing increased aerobic decomposition can also be identified through their decreasing 

lignin content. For example, a decrease in the total lignin signal occurring with a corresponding 

increase in signals suggestive of fungi (such as chitin-derived biomarkers, see Section 2.5.1), 

could be considered a strong indicator for processes favoring aerobic decomposition. (Zhang et 

al., 2019) investigated shifts in the relative abundance of lignin and other compound classes to 

assess the impacts of changes in land use on OM chemistry in the Florida Everglades, 

demonstrating a substantial reduction of lignin fractions in the profile when peatlands were 

converted to agricultural use. This reduction in lignin content was considered evidence of SOC 

destabilization as soil microbial communities shifted in response to changing environmental 

conditions caused by ecosystem drainage and tilling (Ye et al., 2009). As field management 

activities introduced aerated conditions to the marshlands, they concluded that changes in the 

dominant microbiota led to increasing SOC mineralization and accelerated decomposition of 

otherwise “stable” lignin fractions, in agreement with the earlier findings of (Feng et al., 2008).  
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Frequently-used sample preparation techniques in SOM studies have been shown to release 

chemically similar organic phenols which might otherwise be attributed to lignin (such as 

tannins or suberins), thus potentially overestimating lignin’s contribution (Jex et al., 2014). 

Ongoing research should work to further constrain lignin decomposition kinetics so that carbon 

modelling uncertainty can be improved (Wieder et al., 2018). 

 

2.4.3 Other areas of peat plant biomarker research 

5-n-alkylresorcinols are a useful biomarker for graminoids, and GC/MS studies have been 

conducted for this purpose (Avsejs et al., 2002, José et al., 2013, Żarnowski et al., 2002). 

However, with a few noted exceptions (Derenne et al., 1992), while cited as a specific 

biomarker for sedges in pyrolysis studies (McClymont et al., 2011, Buurman et al., 2006), other 

studies were not found using Py-GC/MS methodology to identify pyrolysates confirming the 

presence of this biomarker in peat OM at the time of this review. Future correlation of n-

alkylresorcinol abundance with the presence of graminoids in peat is needed to determine its 

usefulness as a Py-GC/MS-amenable biomarker.  

 

While not in the plant family per se, lichens are an important part of peatland ecosystems, and 

may be a strong indicator for limitations on peat growth, due to their occurrence in dry 

conditions in peatlands (Harris et al., 2018). In a study assessing the use of potential biomarkers 

identified via Py-GC/MS analysis, (Schellekens et al., 2015b) found that the phenolic 

compound 3-methoxy-5-methylphenol occurred exclusively in lichen species, though it was not 

ubiquitously present in every species tested. Continued Py-GC/MS work confirming the 

association of this compound with lichen species in peat could help to elucidate previous dry 

conditions in palaeo-ecological analysis, especially in cases where lichens are not visible in 

macroscopic analysis.  

 

2.5 Microbial biomarkers  
 

In comparison to plant biomarkers, far fewer studies directly explore the relative contribution 

of microbes and microbial residues in peatland profiles, particularly with respect to their role 

in decomposition and nutrient recycling (Andersen et al., 2013). Numerous studies have 

demonstrated the potential for biomarkers to distinguish pockets of microbial communities in 

the peatland profile, and to use this information to correlate changes in community composition 

with changes in the surrounding environment. Using different techniques, microbial biomarkers 
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have been used to estimate biomass (Wallander et al., 2013), track microbial community 

response to regional changes in hydrology or climate (Inglis et al., 2015, Jaatinen et al., 2008, 

Lopez-Dias et al., 2013, Pancost et al., 2007), and follow relationships between microbial 

communities and dominant peat-forming vegetation (Kip et al., 2010). The search is also 

underway for organism and process-specific biomarkers (Eglinton and Eglinton, 2008), which 

could be used to elucidate microbial functional roles in the palaeo-ecological profile.  

 

Table 2 provides a list of identified microbial biomarkers (differentiated by specificity for fungi 

and bacteria) amenable to analytical Py-GC/MS, as well as typical observed pyrolysis products. 

While not necessarily specific to fungi or bacteria, some hexoses (galactose, mannose, fucose, 

rhamnose) are primarily produced by microbial organisms, and useful in general biomarker 

analyses seeking to estimate overall microbial contribution (Nierop et al., 2005, Huang et al., 

1998). Similar to lipids, nitrogen (N)-containing compounds are considered to be operationally 

defined and are treated as a compound class. A discussion of the most widely used biomarkers 

denoting fungi and bacteria in current Py-GC/MS studies follows, as well as areas requiring 

further research. It is important to note that while Py-GC/MS studies exist assessing the 

molecular fingerprint of microbial organisms and analyzing the relative contribution of 

different chemical classes (Eudy et al., 1985), far fewer organism-specific biomarkers have 

been identified via Py-GC/MS for microbial communities in comparison to plant-based studies. 

This topic remains an unexplored area needing additional research. Areas where new Py-

GC/MS amenable biomarkers will be particularly useful in assisting OM molecular 

characterization of important peatland microbial taxa are further discussed in Section 2.5.3. 
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Table 2. Example microbial biomarkers obtainable by Py-GC/MS. Bold denotes peat studies.  

 Compound class Selected Example 
Biomarkers Contributing organisms Remarks Relevant Py-

GC/MS Studies 
Fungi 

N-containing 
Compounds 

 (N-
acetylglucosamine) 

Acetamide, 
acetylpyridones, 
acetamidofuran, 3-
acetamideo-5-methylfuran, 
3-acetamido-(2 and 4)-
pyrones from chitin 

Fungal biomass (living and non-
living) 

Can also derive 
from gram 
positive bacterial 
cell walls during 
pyrolysis (see 
discussion) 

(Arthur 
Stankiewicz et 
al., 1996, Kaal et 
al., 2017) 

Lipids Sterols Ergosterol Living fungal biomass  (Parsi and 
Górecki, 2006) 

Bacteria 

N-containing 
compounds 

Amino sugars 
(Muramic acid, 
Galactosasmine) 

2-pyridinecarboxamide Gram positive bacteria  (Dworzanski et 
al., 2005) 

Polysaccarides Lipopolysaccharides 3-hydroxymyristic acid Gram-negative bacteria From cell wall 
structures 

(Snyder et al., 
2004, 
Dworzanski et al., 
2005) 

Lipids Aliphatic 
biopolymers 

Short chain n-alkanes (C14-
C20) Bacteria/algae From cell wall 

compounds 
(Buurman et al., 
2006) 

Terpenoids Triterpenoids 
Hopanes/Hopanoids 
(Pentacyclic triterpenoids) 
 

Bacteria (gram-negative, 
methanotrophs, cyanobacteria, 
acetic acid bacteria, N-fixing, 
purple non-sulfur spp) 

 

(Sugden et al., 
2005, Greenwood 
et al., 2006, Carr 
et al., 2010) 
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2.5.1 Fungi 

In fungi, chitin and ergosterol are two of the more commonly analyzed chemical markers in Py-

GC/MS analysis. Chitin is generally considered a stable parameter for biomarker assessment of 

total fungal contribution to microbial tissue in soil (Kaal et al., 2017). Acetamide is a well-

established pyrolysis product of chitin, and can be used as an indicator in Py-GC/MS analysis 

(Arthur Stankiewicz et al., 1996). However, it is noted that (Eudy et al., 1985) also identified 

acetamide as a pyrolysis product of glucosamine in bacterial cell walls in a comparative Py-

GC/MS study of gram positive and gram negative bacteria. Both fungi and gram positive 

bacteria contain glucosamine; where fungi incorporate glucosamine in the form of chitin, and 

gram positive bacteria do so in the form of peptidoglycan. However, as fungal cell walls contain 

substantially larger amounts of glucosamine in the form of chitin than bacteria, they are 

considered to be the major contributor of this soil component.  

 

Ergosterol, the primary sterol in fungal cell membranes, has also been described as a useful 

chemical biomarker for fungi (Madonna et al., 2001, West et al., 1987). Produced almost 

exclusively by fungal organisms, ergosterol becomes oxidized shortly after cell death and has 

been suggested as a proxy to estimate living fungal biomass in environmental samples (Stahl 

and Parkin, 1996). Ergosterol is a high molecular weight compound that may be prone to 

compound discrimination in Py-GC/MS instrument set-ups with cold spots or temperature-

limited transfer lines. However, (Parsi and Górecki, 2006) used non-discriminating flash Py-

GC/MS to detect the presence of ergosterol in different samples (including baker’s yeast, indoor 

dust, and a leaf infected with a powdery mildew), and found that the compound was detectable 

in a variety of matrices with no sample pre-treatment. While ergosterol is currently one of the 

most useful known biomarkers for estimating living fungal biomass, inter- and intra-species 

specific variation in fungal ergosterol content has been reported (Joergensen and Wichern, 

2018, Olsson et al., 2003). In addition to other methods for estimation of fungal biomass in 

environmental systems, (Wallander et al., 2013) has provided a thorough review of the 

advantages and limitations of the use of ergosterol and other microbial biomarkers. 

 

2.5.2 Bacteria 

All eubacterial cell walls contain peptidoglycan, a polymer consisting of alternating peptide 

and carbohydrate units. As much as 75% of bacterial biomass can be attributed to this 

compound, which has been used as a classic biomarker for microbial activity, particularly for 

gram positive species (Joergensen and Wichern, 2008, Killops and Killops, 2013, Schleifer and 
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Kandler, 1972). Attention has also been given to the glycan moiety of peptidoglycan, muramic 

acid, as a potential biomarker (Zhang and Amelung, 1996, Joergensen and Wichern, 2008). 2-

furanmethanol (furfuryl alcohol) has been suggested as a specific pyrolysate biomarker 

attributable to the evolution of peptidoglycan (Eudy et al., 1985). However, as a chemical 

compound, 2-furanmethanol is fairly ubiquitous, and could be contributed to other sources 

(Morgan et al., 1990), including cellulose (Hassan et al., 2009).  

 

Bacterial cell walls are also surrounded by lipid-based compounds, such as lipoproteins, 

lipopolysaccharides (LPS), and phospholipids. As a characteristic example of a bacterial LPS, 

Lipid A is present exclusively in gram-negative bacteria. At the time of this review, insufficient 

data exist to indicate the presence of organism-specific LPS biomarkers determined via Py-

GC/MS analysis. While certain bacterial components such as 3-hydroxymystric acid contain 

large quantities of LPS, in a mixed matrix such as peat, these components can originate from 

multiple sources. LPS biomarkers may be useful for screening for the presence of gram positive 

or gram negative bacteria in a single-source matrix, but in complex organic matrices, their 

distinguishing power remains questionable.  

 

Hopanoids are relatively stable lipids (Kip et al., 2010) generally attributed to aerobic bacteria 

(Lopez-Dias et al., 2013, Talbot et al., 2003). These compounds tend to be favored in acidic 

environments, and have been used as both a general marker for microbial biomass (Sugden et 

al., 2005), as well as for the more specific identification of methanotrophic bacteria across a 

variety of different analysis techniques (Greenwood et al., 2006, Pancost et al., 2007, Inglis et 

al., 2015). For anaerobic archaea, archaeol, sn-2-hydroxyarchaeol, and crenarchaeol have been 

used to provide a record for fossil biomass of methanogens in ombrotrophic bogs (Pancost et 

al., 2011, Lim et al., 2012, Eglinton and Eglinton, 2008), and are further discussed below.  

 

2.5.3 Potential areas of peat microbial biomarker research 

Organism-specific biomarkers amenable to Py-GC/MS are particularly needed to identify and 

distinguish aerobic and anaerobic microbiota, as these organisms serve different functional 

roles in global C cycling. In addition, biomarkers that clearly denote past microbial 

communities deeper in the profile are lacking (Pancost et al., 2011).  

 

Obligate anaerobes in peatland communities can provide evidence for the current location of 

the catotelm, as well as an indication of former water table levels in the peat profile. Changes 
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in water table levels, such as re-inundating drained areas, could result in an initial increase in 

substrate for anaerobic organisms, and rewetting of drained peatlands can generate an increase 

in methane production via increased activity of anaerobic organisms (Section 2.7.4). 

Understanding the relationship between microbial communities and methane production in 

peatlands is crucial in order to assess methane’s long-term atmospheric budget and its 

relationship to warming mitigation strategies, particularly as methanogens are highly 

temperature sensitive (Christensen et al., 2003, Høj et al., 2008). The glycerol dialkyl diether 

tetraether (GDGT) lipid archaeol has been suggested as a proxy able to assess and compare 

methanogenic biomass across different systems (Pancost et al., 2011, Lim et al., 2012). 

However, while GDGT lipids are a highly useful class of biomarkers for microbial analysis and 

may also be identifiable using Py-GC/MS techniques, at the time of this review, no studies 

investigating GDGT compounds via Py-GC/MS methods were identified. Characterizing 

pyrolysates of GDGT lipids may produce useful biomarker compounds that could be used in 

future Py-GC/MS studies, with the result of improving applicability and robustness of the Py-

GC/MS method while also serving as an additional way to confirm GDGT lipid analysis results 

obtained via other methods.  

 

2.6 Biomarkers as indicators of fire and pyrogenic carbon stores 
 

Peatland fires have been linked to anthropogenic agro-pastoral activities since the Neolithic 

period (Rius et al., 2009). Peat biomass burns rapidly on both vertical and lateral gradients, and 

fires have long-term effects on OM decomposition in the ecosystem. Drainage activities permit 

ignition of material deeper in the peat profile, increasing the severity of smoldering combustion 

(Hu et al., 2018) and release of greenhouse gases (Rein et al., 2008). Boreal peatland fires 

initially result in a large release of CO2 through the combustion of biomass, and heightened 

rates of OC loss are predicted through higher temperature profiles of burned soils (Allison and 

Treseder, 2011). Tropical peat swamp forests (such as those in Southeast Asia) are especially 

vulnerable to large-scale intense fires, as these ecosystems undergo widespread deforestation 

and drainage during conversion to oil palm and pulp tree plantations (Page et al., 2011, Hooijer 

et al., 2010). 

 

Peatland fires result in the formation of pyrogenic carbon (PyC); C-enriched OM that is highly 

resistant to oxidation and degradation. PyC’s degradation-resistant properties may serve as an 

important sink in the global C cycle (Seiler and Crutzen, 1980, Schmidt and Noack, 2000). PyC 
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conversion varies by contributing fuel components, but recent estimates of typical boreal forest 

fires have found that almost one-third (27.6%) of fire-affected C is converted to PyC (Santín et 

al., 2015). If translated into production for all boreal regions, this results in an annual production 

more than five times PyC production amounts reported previously, suggesting that this under-

estimated C stock may be part of the missing sink in the global C balance (Santín et al., 2015). 

 

Organic soils contain on average between 13-14 percent (PyC) of total SOC (Leifeld et al., 

2018), very similar to average values (13.7 percent) reported for mineral soils (Reisser et al., 

2016). However, due to the greater SOC storage capacity in organic soils, overall pyrogenic 

carbon stocks are much higher (5.8 kg C m-2)(Leifeld et al., 2018), and exceed values reported 

for mineral soils (0.014-0.02 kg C m-2) (Czimczik et al., 2003) by as much as three orders of 

magnitude. Warming global temperatures are likely to result in increased incidence and 

intensity of peatland fires. Research elucidating the long-term response of microbial 

communities and subsequent soil respiration on decomposition of OM after burning events is 

vital to understanding the fire-derived feedback mechanisms most pertinent to climate change 

(Allison and Treseder, 2011).  

 

Macroscopic charcoal analysis has typically been done to determine fire history; however, 

molecular analysis of extractable SOM using Py-GC/MS suggest that visual methods (similar 

to macroscopic analysis of plant remains) underestimate the PyC record (Kaal et al., 2008b). 

Fire biomarkers are needed to better understand the influence of fire occurrence in natural and 

degraded peatland profiles, as well as to better understand the mechanisms behind its 

preservation. Interpretation of PyC biomarkers obtained via Py-GC/MS can be challenging, as 

compounds indicative of combustion can also be produced as artifacts during the pyrolysis 

process. As an example, it has been argued that benzene and toluene are major PyC pyrolysis 

products (Kaal et al., 2008b, Rosa Arranz, 2007). However, benzene can also form as a 

secondary pyrolysis byproduct of components such as lignin, and toluene has been associated 

with pyrolysis of degraded proteins (Fuhrmann et al., 2004), as well as the breakdown of 

Sphagnum-derived phenols during microbial decomposition (Schellekens et al., 2009). As such, 

while a large contribution of these two aromatic compounds is indicative of a PyC origin, they 

should not be used solely as determinants of PyC content. However, if analyzed concurrently 

with the abundance of methoxyphenols or catechols, an inverse relationship is highly suggestive 

of aromatic PyC origin (Kaal et al., 2008b). Methoxyphenols and catechols are direct pyrolysis 

products of lignin, which decreases in abundance after peatland fires as fresh vegetation is 



 

57 
 

replaced by charred OM. Increasing abundance of benzofurans occurring concurrently with a 

decrease in abundance of polysaccharide compounds has also been suggested as a general 

indicator of fire occurrence (Schellekens et al., 2009, Kaal et al., 2008b).  

 

Py-GC/MS amenable biomarkers have been identified that provide relatively confident 

characterization of PyC-derived material. Benzenepolycarboxylic acids (BPCAs) can serve as 

a biomarker for pyrogenic carbon in organic soils (Glaser et al., 1998), and have been 

investigated using Py-GC/MS (Kaal et al., 2008a). Heterocyclic N compounds such as pyrrole 

and indole have been shown to be produced upon heating of peat (Almendros et al., 2003), and 

may be a mechanistic step in the stabilization of pyrogenic carbon (Knicker, 2007). Other Py-

GC/MS amenable compounds that have been reported to be of almost certain PyC origin include 

polyaromatic hydrocarbons (PAHs) (González-Pérez et al., 2014), benzonitrile, and 

isoquinoline (Kaal et al., 2008b). (González-Pérez et al., 2014) examined the reliability of Py-

GC/MS analysis to identify the presence of PAHs in a variety of different environmental 

matrices, and found the method to be highly effective in characterizing not only incidents of 

fire, but also the intensity of the fire, depending on the type of PAH compounds present (for 

example, cata-condensed vs peri-condensed PAH structures).  

 

Peat fires contribute different quality PyC depending on the temperature of the fire. Smoldering 

fires are especially problematic, as these fires can consume the pyrogenic char they produce, 

leading to an invisible fire record in the profile (Zaccone et al., 2014). As such, palaeofire events 

have been confused in previous analyses as atmospheric dust deposition or climate shifts 

(Zaccone et al., 2014). Improved molecular methods of palaeofire identification are needed to 

distinguish these events, and better constrain PyC’s true contribution to the global C stock.  

 

2.7 Challenges in interpreting biomarkers in peat 
 

Palaeo-vegetation analysis operates on the assumption that the abundance of plant remains 

(whether reflected through molecular biomarkers or through macroscopic methods) provides a 

relatively accurate reflection of the surface vegetation at the time of deposition (Blackford, 

2000). Despite the specificity Py-GC/MS analysis offers to determine the molecular 

components of a sample, some questions remain regarding how representative biomarker 

compounds are of the original peatland community. The following section presents an outlook 

on questions and limitations that should be considered when analyzing data obtained via Py-
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GC/MS techniques. In some cases, targeted Py-GC/MS studies could be done to improve the 

knowledge gaps underlying these uncertainties, while in others, an integrated multi-disciplinary 

approach may be needed to better understand the overall system.  

 

2.7.1 Variability in biomarker recalcitrance  

While, like all analytical methods, potential areas of molecular discrimination exist (as 

previously discussed in this review), a major benefit of the Py-GC/MS method is its broad 

capacity to measure a wide range of chemical compounds typically present in complex soil 

organic matter samples. However, it is important to note that selective preservation of 

compounds within the SOM matrix can present challenges to researchers using Py-GC/MS in 

an attempt to, for example, reconstruct palaeo-ecological environmental conditions. Different 

compounds contributing to SOM have highly variable chemical composition, and subsequently, 

considerable variability in inherent chemical reactivity, i.e., recalcitrance, at the molecular level 

in soil systems. In addition to their microbial “palatability,” compound reactivity can be 

influenced by abiotic factors such as temperature or soil chemistry (changes in pH, cation 

exchange capacity, etc.), as well as exposure to other organic compounds such as root exudates, 

and aggregation effects. Chemical interactions and their effect on OM stabilization are not as 

well constrained in organic soils compared to mineral soils. Due to mounting evidence that 

disturbance could result in a release of soil C from “old” OM stores in large stocks such as peat, 

understanding the factors affecting OM preservation is crucial (Moore et al., 2013).  

 

Currently, there is no consistent method for comparing the recalcitrance of the variety of 

different compounds identified in complex OM. However, the recalcitrance of many 

compounds used as biomarkers, assuming identical environmental conditions, may be unequal 

due to basic differences in their molecular structure. When characterizing the chemical 

components of OM, it would be informative to incorporate a method normalizing for 

recalcitrance of identified compounds before comparing their relative abundances to one 

another or considering the external factors influencing their preservation. Indices for measuring 

recalcitrance have been developed and applied to other materials (such as biochar) to assess 

their stability against microbial decomposition (Harvey et al., 2012), but an index-based 

approach has not yet been widely used to compare the wider range of chemical compounds 

detected in peat. Simple indices, such as redox potential or carbon oxidation states, could be 

used as an estimated indicator of compound recalcitrance in organic soils (LaRowe and Van 

Cappellen, 2011). Applying such indices to compounds identified via OM characterization 
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techniques (such as Py-GC/MS), would permit a more appropriate comparison of observed 

biomarker abundance, and potentially assist researchers in gaining a more accurate 

understanding of the factors influencing OM preservation and turnover.  

 

2.7.2 Natural seasonal, topographical, interspecies, and phenotypic variability  

Due to the volatilization part of the pyrolysis process, Py-GC/MS offers an opportunity to assess 

differences in chemical composition of a wide variety OM structural materials with minimal 

preparation. These structural materials must be clearly classified and differentiated prior to 

analysis with respect to different seasons, micro-habitats, plant species, life-stages, 

morphological components (leaves, stems, roots), and natural genetic variations, as all generate 

variability in the relative contribution of vegetative input pathways into OM. For example, 

hummocks (areas typically above the water table) and hollows (areas typically below the water 

table) result in clusters of diverse plant communities in the same peat ecosystem with unique 

adaptations to their individual niches. Net primary productivity differs between these 

microhabitats, resulting in variations in deposition of accumulated plant material (Turetsky et 

al., 2008). In addition, the morphology of plant species adapted to hummocks and those adapted 

to hollows often differs in composition, resulting in variability in molecular components and 

potential differences in decomposition rates (Johnson and Damman, 1991).  

 

Plant structural components (leaves, stems, root structures) also demonstrate both different CN 

content and molecular composition. These components can also exhibit different rates of 

decomposition, even from within the same plant (Machinet et al., 2011). This is particularly an 

issue when comparing above- vs belowground plant inputs, as root-derived OC is retained more 

efficiently than aboveground biomass (Schmidt et al., 2011, Rasse et al., 2005). In the case of 

peat, where preserved aboveground biomass mixes with belowground plant inputs in the profile, 

interpretation of the source of chemical components can be confusing.  

 

Without cautious data interpretation, environmental effects can be confounded by the above-

described natural variability in input of available OM. As not all plants and structural 

components originally present at the surface at the time of vegetative deposition will be equally 

incorporated into the peat mass with depth, biomarker abundance measurements can be skewed 

to reflect the source of certain contributing OM matter more than any climatic changes 

contributing to its presence, when it is not necessarily the intent of the study to do so (Jansen 

and Wiesenberg, 2017). Certain species that for various in situ reasons are more resistant to 
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degradation can generate a misleading “species signal” (Chambers et al., 2012). Thus, while 

Py-GC/MS can generate a robust molecular fingerprint representative of the chemical 

components of many different types of OM samples, it is important that botanical shifts in the 

peatland profile are analyzed in tandem with complementary methods assessing overall 

decomposition to determine whether the variation of a biomarker is due to its relative 

contribution from the source plant to the peat profile, or if its presence could have been 

influenced by other factors (Schellekens et al., 2015b). 

 

2.7.3 Distinguishing living and dead microbial biomass  

As the microbial fraction in a peatland profile consists of both living and dead biomass, some 

uncertainty exists when differentiating whether organisms present are representative of living 

biomass or are part of the palaeo-ecological record. Some biomarkers (such as ergosterol) are 

components of cellular membranes in living organisms and break down quickly after cell death, 

making them useful indicators for living biomass (see Section 2.5.1). However, while 

ergosterol has been shown to be amenable to Py-GC/MS analysis (Parsi and Górecki, 2006), 

studies specifically tracing changes in abundance of ergosterol in peat soils were not identified 

at the time of this review. Moreover, in addition to the challenges described above, the effect 

of changing environmental factors (pH, temperature, growth conditions) on generally 

environmentally labile compounds (such as ergosterol) has also not yet been determined.  

 

Most microbial matter in soil profiles consists of necromass material, and dormant living 

microbial biomass and microbial necromass differ in their long-term turnover (Joergensen, 

2018). To differentiate between the two, a combined biomarker approach using ergosterol and 

chitin has been used to compare living microbial biomass with total microbial matter (Ekblad 

et al., 1998). The ratio of ergosterol:chitin provides a reasonable estimate for active fungal 

decomposition (as opposed to previously deposited microbial necromass). Such an approach is 

expected to be amenable to Py-GC/MS techniques, and has thus far not yet been conducted for 

peat samples. Muramic acid from bacteria also tends to accumulate in SOM, and together these 

compounds constitute a major component of the total soil microbial residue fraction 

(Joergensen and Wichern, 2018, Amelung, 2001). While alternative methods are available to 

estimate overall microbial biomass (Section 2.5), additional Py-GC/MS-amendable biomarkers 

able to distinguish between living microbial organisms and total microbial matter, particularly 

within peatland profiles, will be useful – especially for the purpose of screening soil profiles 

for the presence of these organisms prior to more detailed analyses (Eglinton and Eglinton, 
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2008).  

 

2.7.4 Rewetting and restoration of disturbed sites 

Impacts on microbial decomposition processes are not well understood in rewetted or restored 

peatland ecosystems (Andersen et al., 2010), and these ecosystems can exhibit different effects 

after restoration. For example, for restored peatlands experiencing a transitional increase in 

growth of peat-forming plants and a renewed input of fresh OM, fluctuations in the water table 

regime (or plant growth that outpaces the water table) can result in periods where the aerobic 

layers extend deeper into the profile than would otherwise occur in a stable undisturbed 

ecosystem. As a result, bacterial and fungal activity have been observed to be greater in restored 

peatlands than for natural peatlands (Andersen et al., 2010, Andersen et al., 2013, Glatzel et al., 

2004). On the other hand, restored peatlands in early stages of transition or with fluctuating 

water table levels can also generate a temporary source of methane (Waddington and Day, 

2007). Further, most rewetted peatland ecosystems have been restored within the last 50 years, 

whereas anthropogenic peatland drainage has been occurring for hundreds, if not thousands of 

years (Erkens et al., 2016). Many restored organic soils have not yet stabilized sufficiently to 

establish a clear pattern regarding C flux “equilibrium” and GHG fluxes (Frolking and Roulet, 

2007, Belyea and Baird, 2006, Hilbert et al., 2000). Organism-specific bacterial biomarkers 

(targeting methanogens, for instance) could help to address these uncertainties, as a comparison 

of their relative abundance could identify the dominating source of microbial activity in 

transitioning rewetted peat. However, as previously discussed (Section 2.5.3), Py-GC/MS-

amenable microbial biomarkers specific to anaerobic communities are currently lacking.  

 

This is important to consider, as warming-induced increases in wetland methane emissions 

could dominate anthropogenic emissions in the 21st century (Zhang et al., 2017). Peatland C 

emissions, whether from carbon dioxide or methane, can be correlated to the contributing 

microbial organisms, such as aerobic fungi or anaerobic bacteria (Yavitt et al., 2000). Increased 

availability and variety in organism-specific microbial biomarkers amenable to Py-GC/MS 

would allow researchers to estimate changes in C flux resulting from changes in dominance of 

these microbial communities. Moreover, using Py-GC/MS biomarkers to measure changes in 

microbial community abundance as rewetted/restored peatlands transition could allow 

researchers to better constrain the amount of time they require to establish equilibrium 

conditions, while still using economical one-time sampling event schedules. This, in turn, could 
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help to better estimate (and eventually parameterize) the changing C balance of 

rewetted/restored peatlands as they transition towards ecosystem equilibrium.  

 

2.8 Applications of pyrolysis biomarker studies in future peat research 
 

Within the SOC cycle, peatlands are considered to be “high value” ecosystems. This review 

provides a summary of information obtainable through molecular fingerprinting of OM 

characteristic of these ecosystems. However, despite a number of studies spanning over the past 

three decades, many questions remain, for the purposes of which Py-GC/MS analysis could be 

usefully applied.  

 

2.8.1 Developments in compound specific 13C isotope analysis 

Bulk stable C isotope analysis is a long-used analytical technique for exploring the dominating 

isotopic fractionation mechanisms in OM profiles (plant vs microbial pathways), and is 

considered to be a highly robust method for the assessment of decomposition changes in peat 

(Alewell et al., 2011). This useful technique provides an assessment of the overall isotopic ratio 

abundance of bulk soils, but cannot supply more specific isotopic information about 

contributing individual OM compounds without the incorporation of additional analytical 

methods. Pyrolysis-compound specific isotopic analysis (CSIA) is an emerging pyrolysis-based 

technique where pyrolysis products are directed onto a IRMS in order to measure the isotopic 

ratio abundance (δ13C, δ15N, δ18O, and δ2H) of specific compounds evolving in the pyrolysate 

(Jiménez Morillo et al., 2015).  

 

CSIA has been successfully applied in studies investigating the isotopic composition of major 

carbohydrate-derived compounds from C3 and C4 plants (González‐Pérez et al., 2016), the 

chemical structure of polyethylene polymers (González-Pérez et al., 2015), and more recently, 

an isotopic investigation of the geographical origin of olive oils (Jiménez-Morillo et al., 2019). 

However, thus far, CSIA-based analysis techniques have yet to be conducted on peat. When 

combined with Py-GC/MS-derived biomarker analyses, the application of this technique to peat 

profiles will be highly beneficial in determining the specific molecular sources of changing bulk 

isotopic signals with depth.  
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2.8.2 Linking molecular biomarker data with radiocarbon dating 

In order to better understand ecological processes occurring over time, the chronologies of these 

processes, (and the rate that they occur), must also be understood. Chronological dating 

methods have the potential to improve this knowledge. A variety of dating methods have been 

developed for applications in quaternary ecology, and include both continuous dating methods 

and stratigraphic methods, such as (Turetsky et al., 2004). To verify the chronology of samples 

originating in palaeo-ecological systems (<50,000 years old), radiocarbon (14C) dating methods 

are often incorporated. When combined with 14C measurements, molecular biomarkers can 

provide more specificity in degraded profiles where DNA extraction is no longer possible. 

Molecular biomarker analysis can now even be combined with compound specific 14C 

measurements, enabling researchers to trace different turnover times of different carbon-based 

molecules (Mendez-Millan et al., 2014).  

 

Complementing molecular biomarker data with the incorporation of 14C measurements is 

particularly useful in peatland OM studies. While variability in recalcitrance of different 

chemical classes of biomarkers can stymie chronology estimates in peatland profiles, 14C dating 

measurements can help to confirm the stratigraphic age of samples, allowing for a more 

accurate assessment of the fate of OM as it undergoes microbial transformation, and the rate 

that this process occurs. In addition to these inherent differences in molecular preservation, 

peatland profiles experiencing varying degrees of degradation are prone to erosion and 

subsidence (Leifeld et al., 2011). This results in peat with disturbed depth-age profiles which 

are themselves an indicator of peatland degradation. Care must be taken to avoid comparing 

corresponding depths in peat profiles if substantial differences in OC age are present (Kaal et 

al., 2008b). Depth-based 14C dating can help to identify profiles with “old” carbon closer to the 

surface, so similar OC ages can be correlated to one another. Especially in drained or rewetted 

ecosystems where substantial subsidence has occurred at some point in the peat’s history, 

correlating biomarker abundance with depth-based 14C dating analysis should considerably 

improve net carbon balance estimates.  

 

In addition to temporal studies, 14C methods are useful in spatial analysis and can elucidate the 

origin of exported OC. In an international DO14C pore water analysis comparison of drained 

and natural peatlands, (Evans et al., 2014) found that exported DOC originated largely from 

recently photosynthesized (post-bomb peak) material in intact peat ecosystems across both 

tropical and high latitude locations. However, drained peatlands experienced an increased 
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export of “old” carbon. Tropical locations appeared most susceptible to DOC loss, in agreement 

with the previous findings of (Moore et al., 2013). (Evans et al., 2014) also looked at the effects 

of rewetting on DOC transport. While the results were not found to be significant, an overall 

trend in the return to recent age of DO14C export was observed, indicating progressive but 

incomplete recovery of drained systems. An improved understanding of not only the age, but 

also the OM source of DOC originating from peatlands would be useful to identify ecosystems 

most susceptible to DOC export via leaching or runoff.  

 

Higher resolution 14C measurements are needed to improve the calibration of existing dating 

models in peatland ecosystems. (Kołaczek et al., 2019) supplemented three age-depth models 

with new 14C AMS dates in order to investigate their robustness. They found that the new dates 

did not conform to the previously published models. While they reported uncertainty regarding 

the explanation for these dating discrepancies, the authors argued that their results were 

evidence for the need for more high-resolution measurements, and suggested that improvements 

in the resolution of 14C measurements could help to identify periods of disturbance (whether 

anthropogenic, atmospheric, or animal derived) in peat profiles. As AMS method sensitivities 

improve and sample cost decreases, Py-GC/MS biomarker data coupled to high resolution 14C 

dated profiles will increase statistical confidence in the description of palaeo-ecological 

processes, similar to the current use of stable isotopes as a complement to OM characterization 

techniques (Alewell et al., 2011). 

 

2.8.3 Latitudinal comparison of OM storage and composition in peatlands 

Tropical peatlands are thought to comprise approximately 15-19 percent of global peat carbon 

pool (Page et al., 2011), though recent high-resolution geospatial work has indicated that 

tropical peatland inventory estimates are likely to be underestimated (Xu et al., 2018). While 

the total known tropical peatland area and volume comprises a smaller global percentage than 

Arctic and boreal peat, peat height accumulation rates in tropical ecosystems have been 

observed to reach 5-10 mm/ year, in comparison to temperate and boreal ecosystems, which 

generally accumulate less than 1 mm/year (Chimner and Ewel, 2005). Tropical peatlands are 

under increasing pressure from deforestation, burning and land use change from agriculture 

(Koh et al., 2009, Page and Hooijer, 2016), and are at greater risk for exploitation due to their 

location in often densely populated coastal regions.  

In comparison to Arctic and boreal peatlands (Loisel et al., 2014), less is known about tropical 

peat SOC cycling, due to access challenges and spatial resolution issues from overlying tree 
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canopy cover. Additionally, impacts of land use changes in peatlands in tropical climates are 

poorly understood (Zhang et al., 2019). Moreover, peat systems in lower latitudinal areas often 

experience periodic drought cycles that could be exacerbated by climate change and drainage, 

leading to changes in OM composition, increased fire incidence, and carbon emissions.  

 

Due to chemical composition differences in the dominating contributing vegetation, tropical 

peatlands may contain substantially different OM from boreal peat and may utilize different 

preservation mechanism pathways when compared to higher latitude locations. (Hodgkins et 

al., 2018) conducted an FTIR-based comparison of OM content in boreal and tropical peatland 

locations and found that lower latitude samples (south of 45N) on average contained lower 

carbohydrate content and higher aromatic content than the higher latitude samples – suggesting 

that tropical peatlands may have inherent inhibitory decomposition mechanisms stemming from 

the higher lignin and phenolic content of the contributing shrub and tree vegetation. However, 

due to the small number of tropical latitude peatland sites sampled in this study, tropical 

peatland OM diversity here may not be wholly represented, and it remains unclear whether 

differences in OM chemical composition will render tropical peat more or less susceptible to 

substantial C loss. Latitudinal comparisons of carbon storage and molecular OM composition 

in peatlands will be useful to understand whether tropical peatlands might be affected to a 

greater (or lesser) degree than currently anticipated. These data could be further improved by 

using more sophisticated molecular analysis methods such as Py-GC/MS that will permit more 

detailed fingerprinting of highly biodiverse tropical sites.  

 

2.8.4 Future Carbon Cycling Models 

Our emerging understanding of soil ecosystem dynamics is used to update information in SOC 

geochemical cycling models (Wieder et al., 2018, Bailey et al., 2018). Environmental modelling 

is used to explore feedbacks between ecosystems and climate, as well as to evaluate potential 

environmental management strategies to mitigate future warming. However, experimental data 

depicting increasing temperature does not always display good correlation with model 

predictions, indicating that environmental parameters may not be well-constrained (Sulman et 

al., 2018). In addition, many of the standard C-cycling vegetation models cannot easily be 

applied to peatland ecosystems, which contain uniquely localized C-cycling dynamics and plant 

functional types (PFTs). For example, peatland simulations coupled with global SOC models 

typically describe C stocks and dynamics as conceptual C “pools,” where each pool has a 

defined turnover rate (Ise et al., 2008). “Equilibrium” is reached in these models over an 
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accelerated time frame, generally a few centuries. This is problematic, as peatlands adapt over 

thousands of years to numerous shifts in climate and hydrology, resulting in the evolving layers 

of vegetation observed in their profiles (Heinemeyer et al., 2010). 

 

Peatland C dynamics are currently summarized by relatively simple models for peat 

accumulation (Yu et al., 2001), most of which are largely based on the work of (Clymo, 1984). 

Peatland-adapted models generally depict peat formation with a distinctly layered stratigraphy 

that changes with long-term climate shifts, where each layer or “cohort” demonstrates different 

PFTs (Frolking et al., 2010, Kurnianto et al., 2015, Bauer, 2004, Heinemeyer et al., 2010). 

Peatland cohort markers could be identified locally or regionally, where shifts in climate (for 

example: using parameters of temperature and precipitation) could be tracked using a 

combination of 14C dating techniques and Py-GC/MS OM characterization to identify re-

occurring PFTs – enabling experimental and modelling data to be better constrained.  

 

Models specific to peatland dynamics offer an opportunity to better understand the processes 

leading to the formation and C stabilization within these fragile ecosystems. Peat model 

parameters would greatly benefit from the inclusion of experimental data permitting a more 

accurate estimation of molecular OC content, as well as overall peat OM stoichiometry. 

Incorporation of molecular information obtained via Py-GC/MS-based OM fingerprinting can 

be used to improve peatland process-based models, which could be then incorporated into 

global models to increase our understanding of larger SOC dynamics (Schmidt et al., 2011). 

For example, this data could greatly improve the molecular stoichiometry used as an input to C 

and N stock measurements (Elser et al., 2010, Tipping et al., 2016). In the future, these 

developments could be further improved with the inclusion of molecular dynamic simulations 

of OM decomposition. Increased understanding of how decomposition dynamics in peatlands 

will affect carbon fluxes globally should improve accuracy and precision of experimental data-

driven model parameters, which will also improve predictions for future carbon dynamics. 
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Abstract 
 

To track changes in organic matter (OM) in peat soils, analytical techniques are needed that 

effectively characterize their chemical components. Pyrolysis-gas chromatography/mass 

spectrometry is a useful method for obtaining a chemical “fingerprint” of OM. To obtain 

representative fingerprints, the pyrolysis process should be highly reproducible and 

representative of the original sample; however, these key indicators for successful volatilization 

are underreported in the literature. We investigated the influence of instrumental parameters 

(temperatures, heating rates, sample mass), original organic C and nitrogen (N) content, and 

instrument type (“slow” vs “flash”), on volatilization of different peat samples by monitoring 

sample mass loss and changes in organic C and N content before and after pyrolysis. Average 

percent C by mass volatilized (“C pyrolysis efficiency”) across all pyrolysis experiments 

conducted (mass, instrument types, and settings) was 47.8±1.8 %. Sample mass was not a major 

driver; however, instrument temperatures, heating rate and original N content had a significant 

influence on pyrolysis efficiency. N pyrolysis efficiency occurred at significantly higher rates 

(56.7 – 75.8 %) than C pyrolysis efficiency (45.1 – 51.6 %). N pyrolysis efficiency was also 

negatively influenced by decreasing concentrations of original sample N, suggesting that N-

containing compounds may undergo preferential volatilization in high pyrolysis temperatures. 

Our data suggest that C pyrolysis efficiency is relatively insensitive to instrumental parameters; 

whereas when seeking to identify N-containing compounds, appropriate temperatures and 

heating rates must be chosen. These results provide an expected range for pyrolysis efficiency 

as a reference for peat samples analyzed with this technique.  
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3.1 Introduction 
  

Soil organic matter (SOM) is a crucial store for terrestrial organic carbon (OC), and is 

considered to be an integral part of greenhouse gas emission mitigation (Paustian et al. 2016). 

Because of their huge OC store, peatlands play a special role in this context (Leifeld, Wüst-

Galley, and Page 2019). Furthermore, peatlands are usually areas of great ecological and 

environmental value and have been used as a record of environmental changes. To this end, 

analysis methods are needed that can accurately identify and characterize organic matter (OM) 

composition, in order to track how these components change with decomposition and 

diagenesis processes. Differentiating changing conditions in peat using macroscopic methods 

presents a challenge, as the continuum of progressively decomposing OM can be difficult to 

distinguish visually. Characterizing the molecular components of an OM profile can distinguish 

periods with prevalence of degradation (decomposition) and growth (accumulation), through 

the use of molecular biomarkers. This, in turn, offers an opportunity to improve flux estimates 

and to potentially assess restoration efforts using ratios of microbial matter to undecomposed 

plant material.  

 

Numerous analysis techniques have been applied for the characterization of OM in peat, such 

as Fourier Transform Infrared spectroscopy (Artz et al. 2008, Chapman et al. 2001), isotope-

ratio mass spectrometry (IR/MS) (Alewell et al. 2011, Krull and Retallack 2000), or solid-state 
13C nuclear magnetic resonance (NMR) spectroscopy (Preston et al. 1994, Baldock et al. 1997). 

Due to the molecular heterogeneity of OM and difficulty in obtaining a representative 

“snapshot” of such complex material, many studies combine multiple complementary analytical 

techniques (De la Rosa et al. 2011, Lu, Hanna, and Johnson 2000, Krüger et al. 2016).  

 

Analytical pyrolysis has been identified as an especially effective tool for the molecular 

characterization of complex OM, eliminating the need for time-consuming wet chemistry 

pretreatment techniques (Parsi et al. 2007, Schellekens, Buurman, and Pontevedra-Pombal 

2009, Derenne and Quénéa 2015). The volatile products released during pyrolysis of peat often 

correspond to well-known components from plant and microbial origin (Boon, Dupont, and De 

Leeuw 1986). In particular, pyrolysis is an analytical tool especially responsive to the presence 

and composition of lignins (Martin, Saiz-Jimenez, and Gonzalez-Vila 1979), n-alkanes, and 

nitrogen (N)-containing compounds (De la Rosa et al. 2012). Much of SOM is composed of 

high molecular weight compounds (>600 Daltons) that are too large to be easily volatilized 
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using standard gas chromatography-mass spectrometry techniques (White et al. 2004). To 

extract this material, chemical separation techniques are often required that can lead to both a 

modification of the original extracted compounds, and a large component of remaining un-

extractable OM material. Through thermal degradation of these large compounds into smaller 

molecular fragments (Saiz-Jimenez 1994), analytical pyrolysis permits the volatilization and 

identification of complex high molecular weight compounds which might not otherwise be 

detectable (White et al. 2004). Moreover, analytical pyrolysis coupled with gas 

chromatography-mass spectrometry (Py-GC/MS) provides enhanced structural detail, and 

when combined as part of a multi-proxy approach with other techniques, contributes high-

resolution molecular data to OM component analysis.  

 

While Py-GC/MS is a useful tool, some uncertainty exists regarding the representativeness of 

the pyrolyzed sample of the original OM. During the pyrolysis process, secondary reactions can 

occur from cleavage of larger macromolecules, resulting in the formation of novel compounds 

and inhibiting fragmentation of others (Saiz-Jimenez 1994). OM can also be modified via 

secondary reactions into compounds that are more thermally stable and resistant to pyrolysis 

than those originally present (Saiz-Jimenez 1994). Different instrument set-ups can create “cold 

spots,” or areas of slower flushing of pyrolysates from the pyrolyzer to the detection system, 

potentially creating an environment for condensation of higher molecular weight compounds 

and preferential representation of smaller compounds in analysis (Parsi et al. 2007, Górecki and 

Poerschmann 2001). 

 

In addition, the pyrolysis process typically leaves behind a carbonaceous residue (char) of 

unknown quantity and composition (Uden 1993). OM content in a sample is not necessarily 

proportionate to the amount of material pyrolyzed, and may be influenced by instrument 

parameters, sample mass, type and origin of OM represented (Preston et al. 1994), or the 

presence of minerals or metal cations in the original sample (Schulten and Leinweber 1996). 

Adjustments in temperature or heating rates may be needed for compounds of varying 

molecular weight and polarity, or to release OM bound to a mineral matrix.  

 

As pyrolysate-derived chromatograms reflect only the material that was readily volatilized and 

transferred onto the GC column, variations in Py-GC/MS total ion intensities (TII) have been 

observed across different analytical techniques (Huang et al. 1998). Moreover, “standard 

approaches” for analytical measurements using pyrolysis-based techniques are lacking. Due to 
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the versatility of pyrolysis-driven methods when used to enhance volatilization of OM, 

researchers employ a variety of different temperatures, heating rates, instrumental 

configurations (offline pyrolysis, Curie-point pyrolysis, pyrolysis methods used in tandem with 

GC/MS or field ionization mass spectrometry (Py-FIMS), etc), OM pre-treatment and/or 

extraction approaches. These differences are driven both by specific needs of labs and the type 

of OM studied. Each configuration and technique results in differences in OM volatilization 

and potential chemical selectivity. Therefore, it can be difficult to compare separation and 

detection studies using pyrolysis to one another, as no two method approaches are exactly the 

same. As a result of this variability in volatilization efficiency and other above-described 

challenges, direct quantitative Py-GC/MS analysis has not been considered feasible to date. For 

estimation purposes, chromatographic peak areas have been related to the quantity contained in 

the original sample to compare the effects of temperature and time on pyrolysis product 

formation (Lu et al. 2011), or by normalizing pyrogram peaks by measuring sample weight 

before and after pyrolysis (Biller and Ross 2014, Sorge et al. 1993). Measurements for pyrolysis 

efficiency as well as changes in carbon (C) and N content have been obtained for mineral soils 

and SOM extractions (Leinweber and Schulten 1995, Schulten, Leinweber, and Theng 1996, 

Sorge et al. 1993). However, studies specifically and systematically addressing pyrolysis 

efficiency have not yet been conducted for peat. 

 

Pyrolysis-derived sample weight loss and OM volatilization (changes in C and N content before 

and after pyrolysis) are not typically reported currently in analytical Py-GC/MS research as a 

systematic practice, despite the need for improved knowledge regarding expected ranges of 

volatilization across different OM types and pyrolysis instrument set-ups. Moreover, as Py-

GC/MS analysis is becoming a more frequently used tool to investigate the chemical 

composition of peat, a frame of reference of expected volatilization of OM is particularly 

needed for studying organic soils.  

 

3.2 Aims of current study 
 

To explore the physical and chemical mechanisms influencing the reliability of analytical 

pyrolysis techniques for peat soil samples, this study aimed to investigate the effect of 

instrumental parameters and original sample composition (OC and total N) on the amount of 

OM material successfully volatilized (hereby referred to as pyrolysis efficiency). To approach 
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this aim, peat sample masses and OC and N content were monitored before and after pyrolysis 

to investigate pyrolysis-driven changes in OM content. 

 

3.3 Materials and methods 
 

3.3.1 Peat sample preparation 

Ten peat samples were selected representing a range of different peatland types (fen, bog), 

climate (temperate, boreal), land uses, sampling depths, degradation status, and C and N 

content. The selected samples have also been previously analyzed via other instrumental 

techniques and are discussed further by (Leifeld et al. 2018). An overview of the selected 

sampling locations is provided in Table 1. All peat samples were collected in the field using 

peatland corers, stored at 2 °C until sample preparation, then oven-dried and homogenized with 

a mixer mill (Retsch MM 400) for three minutes at 25 Hz. No other pretreatment preparation 

of peat samples was applied prior to analysis. Due to insufficient sample quantity, sample S-7 

was not measured in the Frontier pyrolysis efficiency analysis. All other peat samples used in 

the pyrolysis instrument comparison study were identical. 

 
 

Table 1. Overview of sampling sites, including peatland type, current land use, sample depths, original 
OC and N content, soil pH, and degradation status.  
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3.3.2 Pyrolysis instruments and parameter settings 

Instrumental parameters tested were temperature, heating rate, mass, and instrument set-up. 

Pyrolysis efficiency was monitored for changes by analyzing sample mass loss, as well as C 

and N content before and after pyrolysis.  

 

C and N pyrolysis efficiency were calculated as percent volatilization:  

 

PyE (%)= (Moriginal-Mfinal)/Moriginal*100, 

 

where Moriginal represents the elemental mass of the original pre-pyrolysis sample (mg C or N, 

calculated from percentage C or N obtained from elemental analysis), and Mfinal represents the 

elemental mass of the post-pyrolysis sample (mg C and N contained in char, calculated using 

percentage C or N obtained from post-pyrolysis elemental analysis). 

 

 “Slow” pyrolysis analysis was conducted using an “offline” Netzsch Simultaneous Thermal 

Analyzer STA 449 F3 equipped with a TG-DSC sample carrier (Type S) in inert Helium 

atmosphere. Samples were analyzed at 600, 800, and 990 °C, and at heating rates of 10K/min., 

20K/min., and 50K/min. At 50K/min, the highest temperature measurement was reduced to 950 

°C due to instrumental limitations. To investigate the effect of sample mass on pyrolysis 

efficiency, peat samples were measured in 20 mg, 10 mg, and 5 mg mass ranges. 

Reproducibility of C pyrolysis efficiency was conducted using one peat sample (S-6) measured 

five times under identical conditions and similar approximate mass (20 mg). The relationship 

between OC and N content and pyrolysis efficiency was investigated with a ten-part sample 

dilution study. For the dilution experiments, two pure samples (S2 and S6) were mixed with 

powdered aluminum oxide Al2O3 to achieve 75, 66, 50, 33, 25, 10, 5, 2.5, and 1 percent of the 

original sample OC concentration, then homogenized in a mixer mill for two minutes at 21 Hz. 

Peat samples used to investigate sample mass, original OC and total N (dilution measurements), 

and reproducibility were analyzed at 800 °C and a heating rate of 20K/min. Mass loss was 

calculated via integration of the thermogravimetric curve obtained for each sample.  

 

“Flash” pyrolysis was conducted using a double-shot pyrolyzer (Frontier Laboratories, model 

2020i) operating in single shot mode. Approximately 20 mg of sample was introduced for one 

minute into a preheated (600 °C) micro-furnace with an inert He atmosphere. For “flash” 
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pyrolysis measurements, sample mass loss was calculated through the mass difference of the 

sample capsules before and after pyrolysis. 

 

Bulk OC and N analysis was conducted on all samples using a EuroEA3000 Elemental 

Analyzer by dry combustion.  

 

3.3.3 Statistical analysis 

Analytical pyrolysis instruments and parameter settings were statistically tested for differences 

in pyrolysis efficiency. Pyrolysis efficiency was correlated to sample C/N mass ratios and 

original C and N content via regression analyses. Differences in C and N pyrolysis efficiencies 

for the different instrument parameters including the different instruments were determined 

using a one-way analysis of variance (ANOVA), where factors (mass, heating rate, and 

temperature) were tested. In cases where significant differences were identified, factors were 

tested individually by paired T-test. Differences between overall C and N pyrolysis efficiency 

across all samples was determined by paired T-test. Statistical significance for all tests was set 

as p<0.05. Results are given as mean ± standard deviation of the mean.  

 

3.4 Results  
 

3.4.1 C and N pyrolysis efficiency 

Average C and N pyrolysis efficiency for the different instrumental parameters (temperatures, 

heating rate, and instrument) is provided in Table 2. Average C and N pyrolysis efficiency for 

different sample masses is provided in Table 3. While the “flash” pyrolysis instrument obtained 

a tendency towards higher efficiency measurements overall than those obtained from the “slow” 

pyrolysis instrument, they were not significantly different between the two instruments for C 

or N.  

 

Mean C pyrolysis efficiency across all instrumental parameters (including different masses) 

was 47.8±1.8 %, and ranged from 45.1-51.6%. Analytical error was 1.1 %, and was determined 

from the average C pyrolysis efficiency obtained in the reproducibility study (36.4±0.4 %). C 

pyrolysis efficiency was not significantly influenced by increases in temperature or mass. 

Significant increases in C pyrolysis efficiency were observed for samples pyrolyzed at 600 °C 

when the heating rate was increased from 10K/min to 20K/min (p<0.01), and from 10K/min to 

50K/min (p<0.01), but no differences were observed when the heating rate was increased from 
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20K/min to 50K/min. Significant increases in C pyrolysis efficiency were also observed for 

samples pyrolyzed at the highest temperature (990 °C) when the heating rate was increased 

from 10K/min to 50 K/min (p<0.01) and from 20K/min to 50K/min (p<0.01).  

 

Mean N pyrolysis efficiency across all instrumental parameters was 67.3±6.1 % and ranged 

from 56.7-75.8 %. N pyrolysis efficiency was significantly higher than C pyrolysis efficiency 

in across all samples (p<0.01). This suggests that N-containing compounds are preferentially 

volatilized during pyrolysis. Average reproducibility of N pyrolysis efficiency was determined 

using the same sample as measured for C reproducibility and was 80.1±0.8 %. N pyrolysis 

efficiency was not significantly different for different sample mass. High variability was 

observed for N pyrolysis efficiencies, possibly due to N concentrations of post-pyrolysis 

residues approaching the detection limit for the Elemental Analyzer. 

 

N pyrolysis efficiency was significantly higher for temperatures of 800 °C and 900 °C than for 

600 °C across all heating rates (p<0.01). Significant differences in N pyrolysis efficiency were 

observed between 800 °C and 900 °C for heating rates at 20K/min (p<0.05) and 50K/min 

(p<0.05), but not for 10K/min. All N pyrolysis efficiencies measured from all temperature 

comparisons were statistically significant when the rate was increased from 10k/min to 

50K/min, indicating that heating rate was an important factor for the volatilization of N-

containing compounds (p<0.05). A significant effect was also observed for heating rate at 600 

Table 2. Average ± standard deviation of C and N pyrolysis efficiency for instrumental parameters (in 
units of percent C or N by mass volatilized). “Flash” pyrolysis efficiency measurements were conducted 
using the Frontier pyrolysis instrument. All other parameters were measured on the Netzsch pyrolysis 
instrument.  

Table 3. Average ± standard deviation of C and N 
pyrolysis efficiency using varied original sample 
mass (in units of percent C or N by mass 
volatilized). Measured on Netzsch pyrolysis 
instrument at 800 °C and 20K/min. 
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°C, where N pyrolysis efficiency increased when the heating rate was increased from 20K/min 

to 50K/min (p<0.01). 

 

3.4.2 Original OC and N content and pyrolysis efficiency – sample dilutions 

Dilution measurements showed only a weak correlation between C pyrolysis efficiency and 

original OC content (r=0.25, p>0.05), suggesting that initial concentrations of OC did not 

influence the successful pyrolysis of the material. However, a strong logarithmic relationship 

was observed between N pyrolysis efficiency and original N content (Figure 1, r=0.83, 

p<0.01). At low initial N concentration, pyrolysis efficiency sharply decreased.  

 

3.4.3 Correlation to sample C/N 

Original sample C/N ratios (pre-pyrolysis) were correlated to C pyrolysis efficiency. The C/N 

mass ratio had a strong positive linear correlation with pyrolysis efficiency on the “flash” 

Frontier instrument (r=0.73, p<0.05). However, a correlation was not observed with the “slow” 

Netzsch instrument, even across the highest temperatures and heating rates.  

 

Figure 1. Average N pyrolysis efficiency and original sample N content (percent). The equation of the 
regression line is y = 6.3295ln(x) + 70.585. 
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3.5 Discussion 
 

The lack of significant difference in pyrolysis efficiency for C and N between the two 

instrument set-ups suggests that different pyrolysis instrument configurations can be expected 

to produce similar results, at least in terms of representativeness of the volatilized sample. 

Despite increasing trends with heating rate, the range for C pyrolysis efficiency (45.1-51.6 %) 

was relatively narrow, suggesting that C-derived compounds may be somewhat less sensitive 

to adjustments to the pyrolysis method. The range for N pyrolysis efficiency, however, was 

larger (56.7-75.8 %), suggesting a greater potential to adjust analytical instruments to improve 

N volatilization with increased temperature and heating rates. In addition, the significantly 

higher rates of N pyrolysis efficiency compared to C pyrolysis efficiency indicate that N-

containing compounds may be preferentially volatilized during the pyrolysis process. The 

mechanism behind this stoichiometric preference is unclear, and should be investigated in 

future pyrolytic kinetic studies.  

 

N-containing compounds were more likely to be influenced by decreasing concentrations, 

particularly at very low original concentrations. Our data suggest that if peat samples contain 

original N content of at least 0.5 %, an acceptable efficiency in pyrolyzed N-compounds (above 

65 %) is likely. As N-containing compounds serve an important role in nutrient-limited 

ombrotrophic peatlands (Larmola et al. 2013), it is important to consider this potential for 

stoichiometric selectivity in Py-GC/MS studies seeking to investigate the molecular 

composition of N-containing SOM. Care must be taken to use N-appropriate temperature and 

heating rate parameters (ie., higher temperatures and heating rates than what might otherwise 

be appropriate for C compounds) in studies focused on N. This issue will also be of particular 

importance when characterizing N-containing compounds in OM, as amide and amine-derived 

compounds can be transformed into heterocyclic pyrols and pyridines in pyrolysis conditions 

at lower temperatures (e.g. 350 °C), resulting in more stable compounds that subsequently 

require higher temperatures (greater than 600 °C) for further volatilization (De la Rosa et al. 

2008). Further, it may be advisable to seek out the assistance of different instrument set-ups in 

other labs to improve results.  

 

It is important to note that due to the versatility of the method, variety of approaches used, and 

lack of available pyrolysis efficiency data in the literature, it is difficult to compare different 

pyrolysis-based studies to one another. Nevertheless, a cautious comparison of findings is 
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provided here. The ranges of C and N percent volatilization in this study (45.1-51.6 and 56.7-

75.8, respectively) were slightly less than volatilization rates reported in previous studies on 

soil materials other than peat. While using pyrolysis-field ionization mass spectrometry (Py-

FIMS) to investigate differences in clay-associated surfaces and interlayer OM volatility, 

(Schulten, Leinweber, and Theng 1996) reported that mineral soil samples volatilized 64 % C 

and 76 % N, and 86 % C and 91 % N for the same samples pre-treated with H2O2. It was also 

noted that before Py-GC/MS analysis, samples in that study were additionally pre-treated with 

tetramethylammonium hydroxide (TMAH). Further, (Leinweber and Schulten 1995) found an 

average volatilization of 57 % C and 79 % N from a wide range of OM samples when 

investigating soil-mineral associations in mineral soils of agricultural origin. While their 

findings were slightly higher than our values, we still consider them in agreement with the 

results of this study. (Sorge et al. 1993) used Py-FIMS to investigate method reproducibility 

and to explore the influence of sample organic C concentration on the percentages of volatilized 

matter. After determining the percentage of volatilized matter across a range of bulk soils, litter 

samples, and humic substances, they found that percent residue indicated that an average of 

only 24.6 % of the initial sample was volatilized, with as little as 4.7 % volatilization rate 

reported for whole soils. Volatilization of litter and humic substances in that study were 54.4 

%, similar to the findings of this research (Sorge et al. 1993). It was also noted that, in agreement 

with this study, these authors reported higher N pyrolysis volatilization relative to C 

volatilization.  

 

(Leinweber and Schulten 1995) and (Sorge et al. 1993) also reported a positive correlation of 

the proportion of OM volatilized to the initial sample C concentration, in contrast to the findings 

of this study. However, in addition to the TMAH thermochemolysis used by (Schulten, 

Leinweber, and Theng 1996), each of these previous studies included results that relied on a 

combination of chemical pre-treatments and/or extractions as a part of their analyses, which 

may have the potential to introduce chemical changes to the original sample material(Leinweber 

and Schulten 1995, Sorge et al. 1993). Although chemical pre-treatments and OM extractions 

can be beneficial in assisting in demineralization of OM-poor samples (such as from clayey 

soils), and may improve pyrolytic volatilization of OM, reliable results for molecular 

compounds can also be obtained using untreated samples (Grandy et al. 2009). Moreover, there 

is also compelling evidence that some pre-treatment and extraction methods can result in the 

selective loss of some OM compounds, thus skewing the interpretation of results (Schmidt et 
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al. 2011, Derenne and Quénéa 2015). Thus, it is beneficial to obtain measurements for pyrolysis 

efficiency for untreated samples. 

 

3.6 Conclusions 
 

Analytical pyrolysis is a highly reproducible technique for the volatilization and detection of 

organic constituents of peat samples. Sample heating rate were found to significantly influence 

both C and N pyrolysis efficiency, however the effect was stronger for N. N pyrolysis efficiency 

was also significantly influenced by increasing maximum temperatures, whereas C pyrolysis 

efficiency was not driven by this factor. Sample mass was not a major driver of pyrolysis 

efficiency for either C or N.  

 

Overall pyrolysis efficiency was found to be affected by original N content, suggesting that 

successful OM volatilization may be influenced by original sample OM chemistry. For 

analytical pyrolysis measurements, this also suggests that original OM sample chemistry is 

more influential for complete volatilization than instrumental parameters used (assuming 

minimal combustion). It remains generally unknown whether certain classes of compounds (ie., 

polysaccharides, N-containing compounds) might be over or under-represented in peat Py-

GC/MS studies when using different temperatures, heating rates, or instruments. 

 

The results of this study are of interest for the development of quantitative applications of 

analytical pyrolysis in the near future. As most instrumental analysis methods present the 

potential for some degree of selectivity, combining Py-GC/MS techniques with complementary 

methods is recommended for robust analysis – particularly for the interpretation for complex 

OM. In addition, while analytical pyrolysis instruments are generally unable to achieve total 

sample volatilization, these data provide reasonable prediction for molecular recovery for peat 

OM samples when using pyrolysis analytical techniques. These estimates may also serve as an 

important check on method quality control prior to subsequent chemical characterization 

analysis. 
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Abstract  
 

Aerobic decomposition increases in drained peatlands; releasing stored organic matter (OM) 

and shifting greenhouse gas fluxes from sink to source. This study explored how drainage 

influenced peat OM chemical composition by investigating paired sites from a Sphagnum-

dominated ombrotrophic Finnish bog undergoing contrasting hydrological management 

(natural and drained). Peat OM was investigated in replicate cores using analytical pyrolysis, 

compared with observed vegetation, elemental analysis (O:C, N:C), stable isotopes (δ13C, 

δ15N), and fraction radiocarbon. Principal component analysis of quantified pyrolysis products 

separated four primary components: vascular plants vs Sphagnum, aerobic degradation of fresh 

plant biomass, anaerobic processes in water-saturated depths, and pine vs Eriophorum. The 

largest influence of drainage on peat chemistry was via aerobic decomposition (decreased 

abundance of Sphagnum phenols and simple polysaccharides; accumulation of macromolecular 

polysaccharides) (p<0.05, 0-2 cm). Drainage-induced shifts in vegetation (from Sphagnum to 

Pinus sylvestris (p<0.01, 0-2 cm) were reflected by increased abundance in lignin, N-

compounds, and lipids, and decreased abundance in phenols and polysaccharides. Anaerobic 

processes also differentiated the natural and drained sites and primarily affected 

polysaccharides (p<0.05, 0-2, 8-10 cm). Vegetation shifts and aerobic decomposition similarly 

affected many of the same compounds upon drainage – demonstrating the simultaneous 

influence of different processes on the same OM. Pre-drainage inter-core variation illustrated 

the importance of replicate cores in disentangling anthropogenic changes from natural 

biodiversity. These findings suggest that even short-term and moderate alterations in peatland 

hydrology strongly influence the chemical composition of peat OM, and that its chemistry 

serves as an effective indicator to assess decomposition status.  
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4.1 Introduction 
 

Due to the low rate of decomposition relative to net primary productivity (NPP), organic matter 

(OM) accumulates in intact peatlands, resulting in a carbon (C) store of approximately 600 

gigatonnes (Gt) globally (Yu et al., 2010). Degradation stemming from drainage, agriculture, 

forestry, burning, and extraction have impacted roughly 10 percent of these fragile ecosystems 

worldwide (Joosten, 2009). As peatlands are degraded and exposed to increasingly oxic 

conditions, aerobic decomposition increases, releasing carbon dioxide estimated at two Gt 

annually (Leifeld & Menichetti, 2018), and shifting these C-dense ecosystems from C sink to 

source (IPCC, 2014; Humpenöder et al., 2020). To restore their numerous vital ecosystem 

services, peatland restoration projects are increasingly employed (Andersen et al., 2017; 

Dohong et al., 2018). In terms of C sequestration, peatland restoration is considered a success 

when NPP exceeds decomposition (Andersen et al., 2010), which results in a net increase of C 

storage. In order to target ecosystems that will most benefit from restoration (i.e., ecosystems 

susceptible to high C emissions), it is vital to improve our understanding of the factors 

influencing peat OM decomposition and C mineralization. 

 

In chemically complex matrices such as peat, gas chromatography-mass spectrometry 

techniques can be coupled with pyrolysis (Py-GC/MS) for the chemical characterization of OM. 

The pyrolysis process breaks up complex macromolecules into smaller, more easily analyzed 

fragments prior to GC/MS analysis, preventing discriminative loss of high molecular weight 

organic compounds and providing a “fingerprint” of the OM’s overall chemical composition 

(White et al., 2004; Klein et al., 2021). Peat OM composition analyzed via Py-GC/MS provides 

detailed molecular information on (past) peatland vegetation composition and decomposition 

processes. A number of source-specific pyrolysis products have been identified, such as the 

Sphagnum spp. biomarker p-isopropenylphenol (Stankiewicz et al., 1997; Van der Heijden et 

al., 1997; Schellekens et al., 2009; McClymont et al., 2011), and lignin from vascular plants 

(Hedges & Mann, 1979). Pyrolysis-GC/MS has large potential to identify different peat 

decomposition pathways. For example, degradation of lignocellulose in graminoid-dominated 

peat results in preferential loss of polysaccharides over lignin, while for Sphagnum-dominated 

peat the reverse is true and structural polysaccharides are preferentially preserved over phenols 

(Schellekens, Bindler, et al., 2015). In addition, chemical classes (phenols, polysaccharides, N 

compounds, lipids, etc.) can be compared to investigate broader land-use shifts (Zhang et al., 

2019). Due to its complexity, it is useful to compare peatland OM chemical composition with 

other complementary methods as part of a multi-proxy analysis. In example, molar ratios can 
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be used as an overall measure of degradation, as (carbon, hydrogen, nitrogen, and oxygen) 

stoichiometric ratios vary in peat according to OM origin and decomposition (Wang et al., 2014; 

Moore et al., 2018; Leifeld et al., 2020). Further, radiocarbon (F14C) measurements are 

generally used in calibrated peat age assessments (Trumbore, 2000; Wang et al., 2021), but can 

also be used in raw form as a rapid screening tool to assess the presence of subsidence (and thus 

whether depth comparisons are valid measurements). 

 

Studies conducting depth-based comparisons of natural and drained sites within the same 

peatland ecosystem are relatively scarce. To study the effect of peatland drainage on OM 

composition, core samples have often been obtained from different peat locations (and 

sometimes ecosystems) out of necessity (Kuder et al., 1998; Heller et al., 2015; Harris et al., 

2020), as few research sites offer an opportunity for paired comparisons from the same location 

due to the general worldwide long-term degradation of peat. To explore how drainage impacts 

the composition of peat OM, this study aimed to identify differences in the chemical 

composition of natural and drained peatland sites from the same ecosystem – both by 

hydrological management and with depth.  

4.2 Materials and Methods  
 

4.2.1 Location and sampling 

The Lakkasuo peatland (61°48’N, 24°19’E) is an ombrotrophic bog in Finland that has been 

accumulating peat for the past 3,000-6,000 years, with a maximum reported peat depth of 3.7 

m (Laine et al., 2004). Mean annual air temperature in the study area is 3 °C and mean annual 

precipitation is 700 mm (Minkkinen et al., 1999). In 1961, ditches were installed (70 cm depth, 

with spacing of 40 m – 60 m) for forestry purposes. Approximately 50 percent of the peatland 

was affected by this drainage (Minkkinen et al., 1999). An extensive survey of Lakkasuo 

ecology has been previously conducted (Laine et al., 2004).  

 

Three peat core replicates were collected in June 2017 from the ombrotrophic natural/un-

drained (ON) and drainage-affected locations (OD) to a depth of 1 m, using a Russian peat corer 

(Eijkelkamp, Netherlands). The water table levels were based on measurements obtained in a 

previous study and were approximately 6-7 cm below ground surface (bgs) in ON, and 15 cm 

bgs in OD (Jaatinen et al., 2007). ON and OD sampling sites were separated by a distance of 

approximately 15 m, and hydrologically separated by a drainage ditch (Murphy et al., 2009). 

Lateral distance between the replicate cores was measured with GPS and was approximately 
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1.3 m. The sampling depth was based on findings by (Krüger et al., 2016), who reported that 

the main effects of management in these two sites were primarily found in the upper 40 cm of 

the core depth profiles.  

 

Surface vegetation in the area surrounding the OD sample site was described during the onsite 

assessment as a combination of Oxycocco quadripetali-Pinetum silvestris. Vegetation 

surrounding the ON sample site (which was restricted to hollow system areas) was described 

as a moist association of an Empetrum-Sphagnum fuscum bog with adjacent S. fuscum 

hummocks. Plant macrofossil assessments were conducted on sample cores ON1 and OD2 in 

2017 and are provided in (Supplementary Tables 4&5). 

 

After collection, the cores were stored at 2 °C until sample processing, where they were sliced 

into 2 cm sections, oven-dried at 40 °C for 72 hours, and then homogenized in a mixer mill 

(Retsch MM 400) for three minutes at 25 Hz. Each core was analyzed to a four cm resolution 

in two cm sections (0-2, 4-6, 8-10, etc.), down to a depth of 70 cm, for a total of 108 samples 

across the six cores. Samples were denoted by their site source (ON or OD), followed by core 

number (1-3), and profile section depth in cm (for example, ON1 0-2).  

 

4.2.2 Py-GC/MS 

Pyrolysis-gas chromatography/mass spectrometry (Py–GC/MS) was performed using a double 

shot pyrolyzer (Frontier Laboratories, model 2020i) operating in single shot mode, attached to 

an Agilent 7890 Series GC. As the focus of this study was to conduct a broad chromatographic 

survey where unintentional derivatization of the larger peat matrix could be disadvantageous, 

chemical pre-treatments (such as tetramethylammonium hydroxide) were not applied prior to 

analysis. Approximately one mg of sample was introduced for one minute into the preheated 

(600 °C) micro-furnace. Samples were flushed with Helium (He) for one minute prior to furnace 

introduction. The pyrolyzer interface with the GC unit was held at 320 °C. Pyrolyzed 

compounds were swept from the pyrolysis furnace to the GC column in inert He. Since the Py-

GC/MS method was the same for all samples, it was assumed that any preferential pyrolytic 

efficiency for different compound classes was consistent (Klein et al., 2020).  

 

The GC was equipped with a 30 m column (5xi-5sil, equivalent to HP-5ms) X 240 µm, 0.25 

µm film thickness. In order to improve the chromatographic separation of abundant low 

molecular weight compounds, the GC oven temperature was held at 40 °C for 1 min and 50 °C 
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for one minute at the start of each run (with a ramped increase of 3 °C min-1 between each hold 

time). The oven temperature was then increased to 165 °C at 3 °C min-1, followed by a second 

increase from 165 °C to 310 °C at 5 °C min-1, and then stabilized at 310 °C for 10 min. The 

inlet was set to 280 °C in split mode (100:1). He was used as a carrier gas at a controlled flow 

of 1 ml min-1. The GC was coupled to an Agilent 5977B series mass selective detector. Spectra 

were acquired at 70 eV ionizing energy in the 50-600 mass to charge ratio (m/z) range.  

 

Pyrolysis product identification and integration were performed using Agilent ChemStation 

software. 108 compounds were selected as representative of the peat matrix (dominant peaks), 

and plant species and decomposition processes (specific compounds). These 108 compounds 

were quantified in all samples and assigned per their relative abundance using the peak area of 

their characteristic ion fragments (Supplementary Table 1). All peaks were checked manually 

to prevent mischaracterization stemming from slight shifts in retention times. For compound 

assignment, mass spectra were compared with published data as reported in the NIST 2014 

mass spectral digital library, as well as to available literature. Results are provided in relative 

rather than absolute abundances. The sums of all peak areas were set as 100 percent, and 

individual peak abundance was calculated in relative proportion to the total quantified peak area 

(as relative percent abundance).  

 

Assigned compounds were grouped by compound class and probable origin. These groupings 

were phenols, polysaccharides, lignin (guaiacyl-derived and syringyl-derived), benzenes, N 

compounds, and lipids (aliphatics, n-alkanes, methylketones, fatty acids, and terpenoids). The 

chemical classification groupings were further considered by their broader peatland ecological 

origin and/or association (Schellekens et al., 2009; Schellekens & Buurman, 2011; Schellekens, 

Bindler, et al., 2015; Kaal et al., 2017).  

 

4.2.3 Elemental Analysis 

Elemental analysis was conducted on all samples and used for the calculation of molar ratios 

(N:C, O:C) and C and N stocks (Section 4.3.4). Bulk C, H and N analysis was conducted by 

dry combustion using a EuroEA3000 Elemental Analyzer, and for organic O by pyrolysis at 

1000 °C followed by GC-TCD quantification (Hekatech, Germany). Samples measured for pH 

from both ON and OD were pH<4.2, and were thus assumed to be free of carbonate. Therefore, 

bulk C concentrations were considered to be equivalent to organic C concentrations. In addition 
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to elemental analysis data, bulk density measurements obtained from the University of Basel 

were also used to calculate C and N stocks (Groß-Schmölders et al., 2020). 

 

4.2.4 Radiocarbon isotope analysis 

Fraction 14C (F14C) abundances were determined for three depths in each of the six cores (8-10, 

48-50, 80-82 cm) using accelerator mass spectrometry (Oeschger Centre for Climate Change 

Research, Department of Chemistry and Biochemistry, University of Bern) in order to match 

the cores by F14C and not only by depth (Section 3.4).  

 

4.2.5 Statistics 

To separate the multi-dimensional influence of ecosystem-driven processes (i.e., hydrological 

status, vegetation type, decomposition processes, etc.) on chemical composition, principal 

component analysis (PCA) was applied to the 108 quantified pyrolysis products using a 

correlation matrix. PCA pyrolysis product loadings take into account the shared variation of all 

pyrolysis products, and were used to interpret the processes reflected by individual PCs. PCA 

scores reflect the relative effect of the processes (PCs) in the samples and were used to evaluate 

the effects of drainage by assessing their variation with depth and between cores. Small 

compound abundances have the ability to introduce analytical error in PCA correlation 

matrices, and were encountered in some pyrolysis products in this study. However, such 

pyrolysis products can also be particularly informative about the processes they reflect; 

therefore, their inclusion was maintained. PCA loadings and scores show weight of variance, 

but are not quantitative metrics. Pyrolysis product depth profiles are presented as a quantitative 

measure of the processes reflected by individual PCs, and were selected based on their 

explained variance (>0.5 loadings on each PC) (Schellekens, Buurman, et al., 2015; Lopes-

Mazzetto et al., 2018).  

 

Correlation analyses were conducted using regression analysis and Pearson correlation. 

Differences between ON and OD in mean relative abundance of pyrolysis products (i.e., for 

summed chemical classes and for pyrolysis products with PC loadings >|0.5|) were tested by 

independent T-test. Unless otherwise specified, significance for all statistical tests was set at 

p<0.05. Results presenting average values are given as mean±standard deviation of the mean. 

Statistical analyses and related depth plots were done using Python (version 3.8.2).  

 



 

106 
 

4.3 Results 
 
4.3.1 General composition of peat pyrolysis products 

A complete list of the pyrolysis products identified, including mean abundance of individual 

products, is provided in Supplementary Table 1. Across the investigated samples (all sites and 

depths), the contribution of primary chemical classes to all quantified pyrolysis products was: 

phenols 10.40%, lignin (guaiacyl- and syringyl-derived) 1.79%, benzenes 1.34%, N compounds 

0.38%, polysaccharides 85.09%, and lipids (aliphatics and terpenoids) 1.00%. Depth profiles 

of the relative abundance of summed chemical classes (%) are given in Fig 1. Average and 

standard deviation of the relative abundance of each summed compound class is provided in 

Supplementary Table 2. 

 

Depth profiles of the summed compound classes (Fig 1(a-f)) demonstrated the largest 

differences in abundance in the surface peat (0-10 cm), with significantly higher abundances 

observed in OD for summed lignin (0-2 cm, p<0.01), benzenes (0-2, 8-10, 12-14 cm, p<0.05) 

and summed lipids (0-2 cm, p<0.01). While not significantly different in surface samples (0-4 

cm), summed N compound relative abundance increased rapidly through the acrotelm of OD, 

where it was significantly higher in OD from 8-14 cm (p<0.05) – reaching maximum abundance 

between 4-10 cm before decreasing with depth and approaching similar abundance between 

sites at 16-18 cm. Summed phenols and polysaccharides were not significantly different in 

surface samples, but trended higher in ON than OD, with continued increased abundance in ON 

until approximately 8-10 cm. Levoglucosan was a highly dominant pyrolysis product (average 

44% abundance across all cores and depths) in the summed polysaccharides, and demonstrated 

through its outsized influence on the polysaccharide depth profile that individual pyrolysis 

products do not contribute similar influence in terms of abundance to their respective summed 

Fig 1(a-f). Relative abundance (%) of pyrolysis products summed by compound class for ON (green) 
and OD (orange). 
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compound class. When investigated separately from levoglucosan, the average relative 

abundance of the polysaccharides class was significantly higher in ON in surface samples (0-2 

cm) (p<0.001), and decreased from the surface before generally stabilizing with depth. Below 

12-14 cm, the relative abundances of all summed compound classes followed generally similar 

trends; however, differences in individual core chemistry were apparent in certain depths (i.e., 

benzenes, N compounds, and lipids from 32-42 cm, and lignin from 36-52 cm).  

 

4.3.2 Application of principal component analysis to quantified pyrolysis products 

Principal components (PC) 1 to 4 explained 68.7% of the variance in all pyrolysis products. 

Pyrolysis product loadings for PC1-4 are provided in Supplementary Table 3. Depth profiles 

of scores for PC1-4 are shown in Fig 2(a) and summed relative abundance of pyrolysis products 

(%) with loadings (>|0.5|) representative of each PC are shown in Fig 2(b-c). Loading 

projections of PC1 vs PC2, and PC3 vs PC4, which were used to identify the processes (Section 

4.1) are provided in Fig 3.  

 

PC1 scores (29.4% explained variance) were significantly different between ON and OD in 

surface samples, with high positive scores in OD and scores close to 0 in ON (0-2 cm) (Fig 

2(a), p<0.01). With the exception of OD2, PC1 OD scores maximized at 4-6 cm before 

decreasing and approaching ON scores around 12-14 cm. Below 12-14 cm, both ON and OD 

scores remained near zero in PC1 - with the exception of OD1, which demonstrated mostly 

negative scores, and ON2, which demonstrated sustained positive scores – particularly in the 

depths between 40-52 cm. PC2 (19.0% explained variance) demonstrated high positive scores 

in both sites in surface samples (0-2 cm) that rapidly decreased with depth. OD scores 

approached zero at approximately 4-6 cm, whereas ON scores approached zero (with the 

exception of ON2) at approximately 8-10 cm. ON demonstrated significantly higher positive 

scores than OD at the surface (0-2 cm) (p<0.05). Below 8-10 cm, PC2 scores remained near 

zero - with the exception of OD1, which demonstrated consistently positive scores with depth, 

and ON2, which demonstrated consistently negative scores. PC3 (12.2% explained variance) 

scores showed more variation through the depth profile, and were generally characterized by 

high positive scores in surface samples that decreased with depth; rapidly in the surface 

samples, then more gradually through the remainder of the cores. ON demonstrated 

significantly higher positive PC3 scores in surface samples (0-2, 8-10 cm) (p<0.05). PC4 (8.5% 

explained variance) was separated by high positive scores in OD and low negative scores in 

ON in surface samples (0-2 cm) (p<0.05). PC4 scores approached zero in all cores at 
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approximately 8-10 cm. Below this depth, PC4 scores remained near zero through the 

remainder of the profile, with the exception of ON1-2, which both demonstrated negative 

scores.  

 

Fig 2(a-c). Interpretation of environmental processes driving chemical differences in Lakkasuo OM as 
reflected by PC1-PC4 (from left to right); demonstrated by (a) score projections with depth, (b) 
relative abundance (%) of associated pyrolysis products with PC positive loadings (>0.5), and (c) 
relative abundance (%) of associated pyrolysis products with PC negative loadings (<-0.5). ON is 
depicted in green, OD is depicted in orange.  
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4.3.3 Pyrolysis products reflective of processes (PCs)  

PC1 was characterized by high positive loadings (>|0.5|) of pyrolysis products guaiacyl-derived 

lignin (19-27), catechols (10, 12) benzenes (1,2), C-29 sterols (59, 62, 63), sesquiterpenes (103-

108), and N compounds (34, 36-39); and high negative loadings of phenols (17, 18) and 

polysaccharides (69, 71, 82, 86, 88, 90, 91) (Fig 3). Pyrolysis products with positive loadings 

on PC1 were in significantly greater abundance in OD in surface samples (0-2 cm) (p<0.05); 

whereas products with negative loadings were in significantly higher abundance in ON (0-2 

cm) (p<0.05) (Fig 2 (b-c)). Below 8-10 cm depth, relative abundance stabilized in pyrolysis 

products with positive loadings - with the exception of ON2, which demonstrated higher 

relative abundances between 40-50 cm. While greater variability was observed in the pyrolysis 

products associated with negative PC1 loadings, abundances also stabilized below 8-10 cm - 

with the exception of OD1, which demonstrated consistently higher abundance through the 

remainder of the profile.  

 

PC2 demonstrated high positive loadings of polysaccharides (68, 72, 76-81, 84, 89, 92, 93, 97), 

unsaturated aliphatics (55, 56) and phenols (3, 4, 6, 9, 13, 17, 18); and high negative loadings 

of levoglucosan (100), 1,6-anhydro-β-D-glucofuranose (101), and an unknown (likely 

polysaccharide) compound (83). Pyrolysis products with positive loadings on PC2 displayed 

significantly higher abundance in ON in surface samples (0-2 cm) (p<0.01); whereupon all 

products rapidly decreased in relative abundance from the surface before stabilizing at 

Fig 3. Principal component loadings of (left) PC1-PC2 projections, and (right) PC3-PC4 projections. 
PC1-4 explained 68.7% of the variance in all pyrolysis products (PC1=29.4%, PC2=19.0%, 
PC3=12.2%, PC4=8.5%). B, benzenes; Ph, phenols; Lig, lignin (all); N, nitrogen compounds; Alk, n-
alkanes, n-alkenes, and n-methylketones; Al, other aliphatic hydrocarbons; Ttp, triterpenoids; Ps, 
polysaccharides; O, other terpenoids (mono- and sesquiterpenes).  
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approximately 8-10 cm. Products with negative loadings displayed significantly higher 

abundance in OD in surface samples (0-2 cm) (p<0.01), and rapidly increased from the surface 

to the same depth as the compounds with positive loadings on PC2.  

 

PC3 was characterized by high positive loadings of levogalactosan (98), 4-vinylphenol (11), 2-

furanmethanol (72), and dihydro-6-methyl-2H-pyran-3(4H)-one (93); and negative loadings of 

polysaccharides (69, 70, 73, 74, 75, 78, 82, 85, 88, 96), the N compound 3-hydroxypyridine 

monoacetate (35), pristene (54), p-cresol (5), and the C-27 methylketone (47). PC3 associated 

pyrolysis products were in significantly higher abundance in ON in surface samples (0-2 cm) 

for both products with positive loadings (p<0.01), and negative loadings (p<0.05). Products 

associated with positive loadings on PC3 decreased rapidly in surface samples, and maintained 

a decreasing trend through the remainder of the profile. Products associated with negative 

loadings on PC3 demonstrated a slight increase in relative abundance with depth; however, the 

trend was less robust.  

 

PC4 was characterized by positive loadings of levomannosan (99) and 4-vinylsyringol (30), as 

well as guaiacyl-derived lignin, C-29 sterols, catechols, and sesquiterpenoids; and negative 

loadings of n-alkanes and n-alkenes (41, 43, 44), methylketones (46, 47), and the 

polysaccharide 4-hydroxy-5,6-dihydro-(2H)-pyran-2-one (87). Syringyl-derived lignin also 

demonstrated almost exclusively negative loadings on PC4. Pyrolysis products with high 

positive loadings on PC4 displayed significantly higher abundance in OD (0-2 cm) (p<0.05). 

Products with negative loadings were not significantly different in surface samples, but were 

significantly higher in ON at 4-

6 cm (p<0.05). 

 

4.3.4 Elemental and 

radiocarbon analysis 

Molar ratios were calculated 

from bulk peat samples for C, 

H, N, and O. Average O:C 

molar ratios were significantly 

higher in ON than OD in the 

upper 6 cm of the profile 

(p<0.05) (Fig 4). N:C molar 

Fig 4. O:C (left) and N:C (right) depth profile molar ratios in 
ON and OD. Solid green lines indicate ON, and dashed orange 
lines indicate OD. Standard deviation was calculated through 
the average molar ratios of the three replicate cores.  
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ratios were significantly higher in OD than ON to the same depth. Differences between ON and 

OD were observed to approximately the same depth as those observed via Py-GC/MS analysis. 

Average C and N stocks were calculated to 82 cm depth in both ON and OD (kg/m3). Average 

C and N stocks (respectively) were 17.97±2.72 and 0.30±0.05 in ON, and 28.33±2.98 and 

0.51±0.07 in OD. C stocks were significantly higher in OD than ON (p<0.05).  

 

To improve the peat core depth correlations by identifying possible subsidence-caused depth 

shifts in the profile, drained and natural cores from the Lakkasuo site were matched by fraction 

radiocarbon abundance (F14C) (Supplementary Table 6). No significant difference was 

observed in F14C abundance between ON and OD samples measured to 82 cm depth.  

 

4.3.5 Correlation with complementary analyses (C/N ratio & bulk isotopes)   

PC scores were 

correlated with bulk 

stable isotope values 

(δ13C and δ15N) 

measured in a study 

conducted on the same 

peat cores (Groß-

Schmölders et al., 

2020), as well as C/N 

ratios determined using 

elemental analysis data 

obtained in this study 

(Table 1, Supplementary Fig 1). Significant moderate negative correlations were identified 

between PC1 and CN, and PC3 and δ15N (p<0.01), with significant relationships also observed 

between PC4 and δ13C (negative correlation), and PC3 and C/N (positive correlation).  

4.4 Discussion 
 
4.4.1 Interpretation of the main processes by PCA loadings 

The positive loadings on PC1 for guaiacyl-derived lignin, benzenes, C-29 sterols, 

sesquiterpenes, and N compounds are indicative of vascular plant growth, whereas negative 

loadings of phenols and polysaccharides are indicative of Sphagnum (Fig 3). PC1 therefore 

reflects vegetation origin. The negative loadings for most phenol pyrolysis products (with the 

Table 1. Correlation of PC scores 1-4 with corresponding δ15N, δ13C, CN 
ratios, and a summary of the processes reflected by each PC. Bold 
indicates significance at p<0.01. Signs (±) depict the direction of influence 
of the processes, interpreted by the loadings on each PC. 
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exception of the catechols (10, 12)) are in agreement with the negative loadings of the 

Sphagnum biomarker p-isopropenylphenol (13), and suggest that at the studied sites, most 

phenols can be primarily attributed to Sphagnum-derived OM rather than lignin-derived OM 

regardless of hydrological conditions (Zeh et al., 2020). Sphagnum spp. produce a pectin-like 

structural polysaccharide (sphagnan) in their cell walls that is the most likely source of the 

majority of the polysaccharides with negative loadings on PC1 (Hájek et al., 2011). The highest 

negative loadings on PC1 were observed for the polysaccharide α-acetobutyrolactone (86), 

which is associated with “fresh” plant material in peat (Tolu et al., 2015). In contrast, the high 

positive loadings of guaiacyl-derived lignin (relative to syringyl) are consistent with 

contribution from gymnosperms (Hedges & Mann, 1979). The high positive loadings of N are 

in agreement with the higher rhizospheric nutrient demand of vascular plants compared to 

Sphagnum; who have been shown to thrive in the nutrient-poor ombrotrophic conditions such 

as those occurring in this bog (Limpens et al., 2003; Malmer et al., 2003). Further, while both 

mosses and higher plants contain C-29 sterols, vascular plants generally display higher 

abundance (Ronkainen et al., 2013), and their positive loadings on PC1 support the argument 

that they can largely be attributed to pine litter in this ecosystem. 

 

For PC2, the decrease in relative abundance of Sphagnum phenols (positive loadings), 

corresponding with increasing relative abundance of levoglucosan and 1,6-anhydro-β-D-

glucofuranose (negative loadings) is consistent with preferential aerobic degradation of phenols 

over polysaccharides in Sphagnum peat (Schellekens, Bindler, et al., 2015), resulting in the 

relative accumulation of more “recalcitrant” compounds associated with cellulose (such as 

levoglucosan). PC2 thus reflects aerobic decomposition. The high positive loadings of phenols 

and polysaccharides that also had positive loadings on PC1 (associated with vascular plant 

material) likely indicate “fresh” plant material, and reflect preferential loss of polysaccharides 

over lignin in peat (Schellekens & Buurman, 2011).  

 

PC3 separates polysaccharide pyrolysis products by positive and negative loadings, which 

combined with the observed decrease in relative abundance over the entire depth profile (PC3, 

Fig 2(b)), (suggesting “palatability” of these compounds) is consistent with anaerobic processes 

in the deeper water-saturated depths. 2-Furanmethanol has been previously proposed as a 

potential pyrolysate biomarker for bacteria (Eudy et al., 1985; Klein et al., 2021), and its high 

positive loadings here combined with its rapid decrease in abundance from the surface in both 

sites supports this argument. 1,4:3,6-Dianhydro-D-glucopyranose and the phenol p-cresol 
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(negative loadings) are both ubiquitous pyrolysis products in peat (Hatcher et al., 1988), and 

are likely artifacts of poorly decomposed OM preserved in anaerobic conditions. Further, the 

negative loadings of the polysaccharides here likely indicate inhibited decomposition of the 

sphagnan polysaccharide complex, as it is resistant to degradation in anaerobic conditions 

(Painter, 1991; Hájek et al., 2011). The particularly high negative loadings of the small 

polysaccharide 2-propylfuran (73) on PC3 are also notable, as its similarity in abundance 

between sites in surface samples together with its increase in relative abundance in the water-

saturated depths in all cores suggests a possible origin from microbial residue. 

 

The separation of lignin compounds on PC4 – with guaiacyl-derived compounds generally 

displaying positive loadings and syringyl-derived compounds displaying negative loadings - 

suggest that PC4 reflects the separation of pine from the contribution of another vascular (likely 

angiosperm-derived) source. The positive loadings of C-29 sterols, catechols, and 

sesquiterpenoids further indicate the influence of pine; whereas the 4-hydroxy-5,6-dihydro-

(2H)-pyran-2-one (negative loadings) is a pyrolysis product of xylose, a hemicellulose-derived 

compound highly abundant in grass and sedge species (Pouwels et al., 1989; Schellekens, 

Buurman, et al., 2015). While the compound is also abundant in wood, its high negative 

loadings in association with syringyl-derived lignin suggest that 4-hydroxy-5,6-dihydro-(2H)-

pyran-2-one is likely contributed by Eriophorum spp. in this bog, which corresponds with 

findings from macrofossil assessments conducted on two of the cores in 2017 (Supplementary 

Tables 4&5). Debate exists over whether n-alkan-2-ones are contributed directly by peat-

forming vegetation (Nichols & Huang, 2007; Zhang et al., 2020) or by microbial sources via 

oxidation of n-alkanes or n-fatty acids (Lopez-Dias et al., 2013). The high positive loadings of 

the methylketones on PC4 combined with their negative loadings on PC3 in association with 

anaerobic processes suggest a multiple-source origin.  

 

4.4.2 Effects of drainage on OM chemistry in Lakkasuo by PCA scores 

In PC1, the clear separation of scores (Fig 2(a)) in ON and OD demonstrate the difference in 

chemical composition between Sphagnum and vascular plants in the surface peat. The higher 

positive scores observed in OD surface samples for PC1 (associated with vascular plants) is 

consistent with the positive higher scores in OD surface samples for PC4 (associated with Pine), 

and indicates that the majority of the vascular plant OM contribution in the upper acrotelm 

depths can be attributed to the Pinus silvestris onsite. The convergence of PC1 scores between 

8-12 cm suggests that beneath these depths, the overall ecosystem was not substantially 
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different between the two sites (however, see Section 4.3). PC1 scores suggest that prior to the 

drainage activities onsite, OD1 and ON3 maintained the most consistent Sphagnum cover, 

whereas ON1 and ON2 experienced intermittent periods with more vascular plant growth. 

 

The PC2 scores trace the shift in chemistry occurring via aerobic decomposition processes with 

depth. In surface samples, the higher positive scores in ON (as well as the slower decreases 

with depth in ON1 and ON3) is consistent with “fresh” Sphagnum, in contrast to the more 

rapidly degraded OM deposited in the drained horizons of OD. The convergence of the scores 

between 8-10 cm coincide with the convergence in PC1 scores reflecting changes in botanical 

composition, and reflect that both sites were generally water-saturated prior to drainage. 

Individually, ON2’s rapid decrease (compared to the other two ON cores) in surface samples is 

consistent with observations from PC1 indicating increased vascular plant abundance in that 

core, and suggest that while it may be water-saturated presently, ON2 experienced the most 

consistent aerobic conditions of the six cores prior to the drainage activities. In contrast, OD1’s 

consistently positive PC2 scores with depth suggest that before drainage activities, it was likely 

the most water-saturated of the six core sampling sites.  

 

PC3 reflects anaerobic degradation in the deeper water saturated zone - particularly by the 

separation of source-dependent polysaccharides. Positive scores on PC3 likely show “fresh” 

plant material, whereas negative scores indicate increasingly anaerobically processed OM. 

While more variability was observed with depth in the PC3 scores, they generally trend higher 

in ON than OD through the entire profile depths, and suggest that ON experienced less 

microbial activity under anaerobic conditions compared to OD. In contrast, OD1 demonstrated 

the lowest PC3 scores of the six cores with depth, in addition to its scores consistent with 

increased Sphagnum cover (PC1) and water-saturated conditions (PC2). This suggests that OD1 

may have experienced the most consistent anaerobic conditions of the six cores prior to the 

drainage activities.  

 

The shift from high positive scores to low or negative scores observed in PC4 below 8-10 cm 

shows that before the drainage and forestry activities, Pinus sylvestris played little to no role in 

the ecosystem. However, the intermittent negative scores observed, particularly in the case of 

ON1 and ON2, indicate previous abundance of Eriophorum in addition to Sphagnum cover (as 

indicated by PC1 scores). Moreover, the vacillating shifts between zero and negative scores 

observed in each core with depth suggest that dominant vegetative cover may also have been 
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somewhat cyclical – perhaps with regular transitions from wet hollows and Sphagnum to drier 

hummocks and Eriophorum.  

 

4.4.3 Representation of environmental processes  

PCA illustrated that peat OM in the profile was often influenced by multiple processes (PCs) 

simultaneously. In example, many of the same pyrolysis products (i.e., polysaccharides and 

phenols) with high negative loadings on PC1 (Fig 2(c), Sphagnum-associated) also 

demonstrated high positive loadings on PC2 (Fig 2(b), association with OM loss via aerobic 

decomposition). This demonstrates the simultaneous influence of multiple environmental 

processes on the same OM, and indicates the presence of multiple concurrent chemical signals 

driven by Sphagnum, vascular plants, and aerobic (and to a lesser degree, anaerobic) 

decomposition processes that must be disentangled.  

 

While the PC scores best reflect the processes demonstrating the net effect of drainage (Fig 

2(a)), the pyrolysis product depth profiles provide a quantitative approach that permits 

visualization of the relative amount of OM affected by each process (Fig 2(b-c)). Moreover, 

comparison of pyrolysis products allows for targeted abundance-driven comparisons as a 

method of clarifying unclear origins in peat OM.  

 

 4.4.4 Other proxies (molar ratios, C stocks, stable isotopes) 

In stoichiometric assessments, higher O:C molar ratios tend to indicate less decomposed 

material, whereas higher N:C ratios suggest a greater abundance of proteinaceous material 

(Leifeld et al., 2020). In the surface sample depths, the lower O:C and higher N:C molar ratios 

in OD compared to ON are in agreement with these expectations and overall findings from the 

Py-GC/MS analysis.  

 

In Table 1, the negative correlation between PC1 scores and C/N ratios was in agreement with 

higher positive loadings of N compounds on PC1. The negative correlations between PC2 and 

both stable isotopes is consistent with enrichment of δ13C and δ15N with increased aerobic 

decomposition, due to preferential microbial utilization of 12C and 14N during the 

decomposition process (Ågren et al., 1996; Nadelhoffer et al., 1996; Alewell et al., 2011; 

Krüger et al., 2015). However, the weak correlations also suggest that they also have been 

influenced by other factors in this peat. For PC3, the positive correlation with C/N combined 

with the negative correlation to δ15N suggested links to increasingly anaerobic microbial 
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processes with depth (Krüger et al., 2015). The stronger δ15N trend here is not necessarily 

unique to anaerobic decomposition, as relative δ15N enrichment with depth is also typical in 

peat horizons governed by aerobic decomposition (Drollinger et al., 2019). However, our 

findings also correspond with data obtained from a bulk stable isotope study on the same peat 

cores, where initially depleted δ15N values became more enriched with depth through the 

acrotelm and mesotelm before stabilizing in the catotelm, reflecting increased microbial 

contribution and transitioning decomposition communities in shallower peat regions (Krüger et 

al., 2015; Groß-Schmölders et al., 2020). For PC4, the increasing enrichment of δ13C as scores 

are increasingly associated with Eriophorum is likely due to increased plant input in the 

historical samples where Eriophorum was more abundant (Section 4.2). The observed weak 

positive relationship between PC4 scores and C/N ratios also suggests a difference in the 

“quality” of deposited OM, depending on the dominant contributing vascular source. The lower 

C/N ratios and enriched 13C ratios in samples associated with Eriophorum are consistent with 

other studies that reported lower C/N and enriched 13C ratios for sedge species compared to 

woody shrubs (Biester et al., 2014; Zeh et al., 2020).  

 

The lack of difference in F14C abundance with depth between the sites suggests either that OD 

OM has been compensated somewhat by higher litter inputs, or that subsidence has not yet 

played a large role at the sampling site. As the drainage activities at Lakkasuo were both non-

intensive and comparatively recent (less than 60 years), insufficient time may have passed to 

permit substantial peat subsidence. Cross-referencing of cores by depth were thus considered 

to be valid comparisons.  

The higher C stocks in OD compared to ON correspond with findings of previous researchers 

that pine tree stands can play an important role in bulk C density and C stocks of drained peat 

- due to an increase in primary productivity through input of new C from fine tree root material 

(Minkkinen & Laine, 1998; Minkkinen et al., 1999; Hommeltenberg et al., 2014; Minkkinen et 

al., 2018). The potentially outsized role of pine tree stands is also consistent with the higher 

abundance of guaiacyl-derived lignin observed in OD surface peat. Higher C stocks in OD were 

therefore considered evidence of increased contribution from pine-derived biomass, rather than 

subsidence stemming from peat oxidation.  
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4.4.5 Spatial variability  

The depth profiles in Lakkasuo indicate that the changes in hydrology in the “modern” peatland 

(and its drainage activities) are preserved in the upper 10 cm of the cores. Below this depth, 

there is evidence of preservation of previous ecosystem conditions that were present prior to 

the drainage. Individual deviations from overall trends can be observed in single cores 

indicative of small-scale spatial biodiversity typical of hummock-hollow ecosystems and 

representative of natural variation in the peatland environment. Due to the close proximity of 

the Lakkasuo drained and natural sites and the similarity in 14C abundance, it was assumed that 

the ecosystem was not significantly different between the two sampling locations prior to the 

drainage activities. The intra-site spatial variation apparent in the replicate cores partially 

overrides inter-site differences and thereby clearly demonstrates the effect of natural 

biodiversity on peat chemical composition. The effect of biodiversity can also be observed 

through the separation of PC4 scores between sample cores with depth, and provides some 

information about the history of the Lakkasuo sample site through the increased abundance in 

pyrolysis products reflective of Eriophorum cover – particularly in the ON1-2 cores. This seems 

to provide some evidence that historically, ON may generally have been the “drier” of the two 

sites prior to the drainage activities (relatively speaking in the context of an intact peat 

ecosystem), and underscores the importance that wherever possible, peatland OM comparisons 

should ideally be based on more than one field replicate.  

 

4.5 Conclusions 
 
 
Our findings confirm that peat hydrology is a strong driver for changes in peat chemical 

composition. PCA applied to a high resolution Py-GC/MS analysis of natural and drained peat 

core replicates from the same ecosystem allowed separation of concurrent environmental 

processes into individual components (changes in vegetation (PC1, PC4), aerobic 

decomposition processes (PC2), and anaerobic decomposition processes (PC3)). Aerobic 

conditions displayed the strongest drainage-induced influence on peat chemistry in terms of the 

relative percentage of OM affected, through large reductions in phenols and simple 

polysaccharides and relative accumulation of macromolecular polysaccharides levoglucosan 

and 1,6-anhydro-β-D-glucofuranose. The influence of drainage was also reflected by the 

changing botanical composition, through large reductions in phenols and polysaccharides 

indicative of the decreased Sphagnum cover at OD, and increased abundance of guaiacyl-

derived lignin, benzenes, C-29 sterols, and sesquiterpenes representing the contribution from 
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the onsite Pinus silvestris. Changing botanical composition (Sphagnum vs Pine) influenced the 

abundance of many of the same pyrolysis products that were also influenced by aerobic 

conditions, suggesting that concurrent chemical signals (Sphagnum, vascular plants, 

degradative processes) were present and distinguishable in the same OM - particularly in peat 

polysaccharides, but also in the phenol compound class. Anaerobic decomposition played a 

comparatively minor role in overall degradative processes; however, its effects were 

increasingly visible in the cores with depth. 

Overall, these results indicate that even “short-term” (<60 years) and “moderate” (<30 cm 

decrease in water table in OD) changes in peat hydrology result in directly traceable changes in 

chemical composition. Moreover, OM chemical composition can be used as an effective tool 

to assess degradative status with depth in peatlands, particularly when core replicates can be 

taken. As land use shifts have recently been shown to have long-term impacts on peat OM 

composition and its overall susceptibility to degradation (Schimmel et al., 2021), the extent to 

which degradation-driven changes in OM composition are reflective of changes in C emissions 

is an area urgently requiring further study. 
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Supplementary Table 1. Quantified pyrolysis products with corresponding compound class 
(Group), molecular weight (MW, in atomic mass units), chemical formula, ion fragment (m/z) used 
for quantification, retention time (R.T. minutes), and mean relative abundance across all samples 
(%). Grouping: B= Benzenes, Lig=Lignin (guaiacyl (G) and syringyl (S) origin), N=N compound, 
Al=aliphatic (n-alkanes, n-alkenes, n-methylketones, n-fatty acids, and other aliphatics) Ph = 
Phenols, Ps = Polysaccharides, Ttp = triterpenoids, Mtp=monoterpenes, Stp = sesquiterpenes. 

Code Pyrolysis product Group MW Formula m/z RT Mean 
abundance 

1 Toluene B 92 C7H8 91 4.624 1.18 
2 Styrene B 104 C8H8 104 9.007 0.15 
3 Phenol Ph 94 C6H6O 94 13.693 4.37 
4 2-Methylphenol (o-cresol) Ph 108 C7H8O 107 17.296 0.29 
5 4-Methylphenol (p-cresol) Ph 108 C7H8O 107 18.410 1.87 
6 3-Ethylphenol Ph 122 C8H10O 107 21.415 0.04 
7 2,4-Dimethylphenol Ph 122 C8H10O 107 21.931 0.13 
8 2,5-Dimethylphenol  Ph 122 C8H10O 107 22.032 0.04 
9 4-Ethylphenol Ph 122 C8H10O 107 22.850 0.73 
10 Catechol Ph 110 C6H6O2 110 24.620 0.23 
11 4-Vinylphenol Ph 120 C8H8O 120 25.452 1.61 
12 Methylcatechol Ph 124 C7H8O2 124 28.859 0.05 
13 p-Isopropenylphenol Ph 134 C9H10O 134 29.256 0.46 
14 3-Methoxy-5-methylphenol Ph 138 C8H10O2 138 30.018 0.02 
15 4-Formylphenol Ph 122 C7H6O2 121 32.146 0.07 
16 4-Acetylphenol Ph 136 C8H8O2 121 35.365 0.28 
17 4-Hydroxybiphenyl Ph 170 C12H10O 170 45.492 0.15 
18 C1-Hydroxybiphenyl Ph 184 C13H12O 184 48.697 0.06 
19 Guaiacol Lig, G 124 C7H8O2 109 18.618 0.23 
20 4-Methylguaiacol Lig, G 138 C8H10O2 138 23.701 0.22 
21 4-Ethylguaiacol Lig, G 152 C9H12O2 137 27.687 0.11 
22 4-Vinylguaiacol Lig, G 150 C9H10O2 135 29.356 0.51 
23 4-Formylguaiacol Lig, G 152 C8H8O3 151 33.053 0.13 
24 4-(Prop-2-enyl)guaiacol, trans Lig, G 164 C10H12O2 164 35.232 0.13 
25 4-Acetylguaiacol Lig, G 166 C9H10O3 151 36.637 0.15 
26 4-(Propan-2-one)guaiacol Lig, G 180 C10H12O3 137 38.287 0.03 
27 4-(Propan-1-one)guaiacol Lig, G 182 C9H10O4 137 42.941 0.08 
28 Syringol Lig,S 154 C8H10O3 154 30.969 0.04 
29 4-Methylsyringol Lig,S 168 C8H8O4 153 34.999 0.08 
30 4-Vinylsyringol Lig,S 180 C10H12O3 180 39.742 0.01 
31 4-Formylsyringol Lig,S 182 C9H10O4 181 43.325 0.01 
32 4-(Prop-2-enyl)syringol, trans Lig,S 194 C11H14O3 194 44.912 0.05 
33 4-Acetylsyringol Lig,S 196 C10H12O4 181 45.920 0.04 
34 Pyridine N 79 C5H5N 52 4.139 0.08 

35 3-Hydroxypyridine 
monoacetate N 137 C7H7NO2 95 20.174 0.12 

36 Benzylnitrile N 117 C8H7N 117 21.232 0.03 
37 Indole N 117 C8H7N 117 28.531 0.08 
38 C1-indole N 131 C9H9N 130 32.562 0.04 
39 Diketodipyrrole N 186  186 44.831 0.04 
40 n-C23 alkane Al 324 C23H48 57 59.020 0.02 
41 n-C25 alkane Al 352 C25H52 57 62.307 0.04 
42 n-C29 alkane Al 408 C29H60 57 68.108 0.02 
43 n-C31 alkane Al 436 C31H64 57 70.696 0.04 
44 n-C23 alkene Al 322 C23H46 55 58.919 0.04 
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Code Pyrolysis product Group MW Formula m/z RT Mean 
abundance 

45 n-C25 alkene Al 350 C25H50 55 62.219 0.10 
46 n-C25 methylketone Al 366 C25H50O 59 65.519 0.01 
47 n-C27 methylketone Al 394 C27H54O 59 68.334 0.05 
48 n-C29 methylketone Al 422 C29H58O 59 70.948 0.02 
49 n-C31 methylketone Al 450 C31H62O 59 73.348 0.01 
50 n-C33 methylketone Al 478 C33H66O 59 75.772 0.02 
51 n-C35 methylketone Al 506 C35H70O 59 78.965 0.00 
52 n-C14 fatty acid Al 228 C14H28O2 60 47.243 0.01 
53 n-C16 fatty acid Al 256 C16H32O2 60 52.489 0.04 
54 Pristene Al 266 C19H38 56 46.015 0.17 
55 C20 unsaturated aliphatic Al 278 C20H38 68 49.283 0.01 
56 Unsaturated aliphatic Al 278 ? 82 50.398 0.01 
57 D-Friedoolean-14-ene Ttp 410 C30H50 218 69.871 0.01 
58 Urs-12-ene Ttp 410 C30H50 218 70.117 0.02 
59 Stigmasta-3,5-diene Ttp 396 C29H48 396 70.520 0.04 
60 Stigmasterol Ttp 412 C29H48O 55 72.554 0.02 
61 β-Sitosterol Ttp 414 C29H50O 55 73.297 0.05 
62 Stigmasta-3,5-dien-7-one Ttp 410 C29H46O 174 74.368 0.04 
63 γ-Sitostenone Ttp 412 C29H48O 124 74.840 0.04 
64 α-Tocopherol Ttp 430 C29H50O2 165 71.011 0.04 

65 α-Amyrin (Urs-12-en-3-ol, 
(3β)-) Ttp 426 C30H50O 218 74.362 0.01 

66 C30 hopanoid Ttp 410 C30H50 191 71.759 0.01 
67 C30 hopanoid isomer Ttp 410 C30H50 191 71.887 0.01 
68 Acetic acid Ps 60 C2H4O2 60 2.483 2.65 
69 (2H)-furan-3-one Ps  C4H4O2 84 5.512 4.58 
70 2-Furaldehyde Ps 96 C5H4O2 96 6.583 6.04 
71 4-Cyclopentene-1,3-dione Ps 96 C5H4O2 96 6.816 0.60 
72 2-Furanmethanol Ps 98 C5H6O2 98 7.559 0.12 
73 2-Propylfuran Ps 110 C7H10O 81 7.943 0.23 
74 4-Cyclopentene-1,3-dione Ps 96 C5H4O2 96 8.623 0.18 
75 4-Cyclopentene-1,3-dione Ps 96 C5H4O2 96 8.806 0.08 
76 2-methyl-2-Cyclopenten-1-one Ps 96 C6H8O 67 9.606 0.10 
77 2(5H)-Furanone Ps 84 C4H4O2 55 9.858 0.40 
78 Acetylfuran Ps 110 C6H6O2 95 9.845 0.29 
79 1,2-Cyclopentanedione Ps 98 C5H6O2 98 10.670 1.03 
80 5-Methyl-2(5H)-furanone Ps 98 C5H6O2 55 11.161 0.11 
81 3-Methyl-2,5-furandione  Ps 112 C5H4O3 68 11.508 0.13 
82 5-Methyl-2-furaldehyde  Ps 110 C6H6O2 110 12.383 2.44 

83 Unidentified carbohydrate with 
m/z 55, 86 Ps   55 12.534 1.16 

84 3-Methyl-2(5H)-furanone  Ps 98 C5H6O2 69 12.975 0.04 
85 Isomaltol Ps 126 C6H6O3 111 13.234 0.08 

86 3-Acetyl-2(3H)-furanone (α-
Acetobutyrolactone) Ps 128 C6H8O3 86 14.134 0.47 

87 4-Hydroxy-5,6-dihydro-(2H)-
pyran-2-one Ps 114 C5H6O3 114 14.298 3.19 

88 Tetrahydro-3,6-dimethyl-2H-
pyran-2-one Ps 128 C7H12O2 56 14.644 0.22 

89 2-Hydroxy-3-methyl-2-
cyclopenten-1-one Ps 112 C6H8O2 112 15.646 0.34 

90 Dianhydrorhamnose Ps 128 C6H8O3 113 16.609 0.87 

91 2,5-Dimethyl-4-hydroxy-
3(2H)-furanone (Furaneol) Ps 128 C6H8O3 128 18.618 0.70 

92 Maltol Ps 126 C6H6O3 126 19.853 0.50 
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Code Pyrolysis product Group MW Formula m/z RT Mean 
abundance 

93 Dihydro-6-methyl-2H-Pyran-
3(4H)-one Ps 114 C6H10O2 56 20.854 0.12 

94 
2,3-Dihydro-3,5-dihydroxy-6-
methyl-4H-pyran-4-one  
(Pyranone) 

Ps 144 C6H8O4 144 21.578 0.15 

95 3,5-dihydroxy-2-methyl-4H-
pyran-4-one  Ps 142 C6H6O4 142 23.676 0.71 

96 1,4:3,6-Dianhydro-α-d-
glucopyranose Ps 144 C6H8O4 69 24.967 0.69 

97 5-Hydroxymethylfurfural Ps 126 C6H6O3 97 25.855 1.60 
98 Levogalactosan Ps 180 C6H12O6 60 32.965 4.98 
99 Levomannosan Ps 162 C6H10O5 60 36.536 4.48 
100 Levoglucosan Ps 162 C6H10O5 60 39.395 43.78 

101 1,6-Anhydro-β-D-
glucofuranose Ps 162 C6H10O5 73 42.651 2.03 

102 Limonene Mtp 136 C10H16 68 15.721 0.02 

103 Sesquiterpene with m/z 161, 
176, 119, 105 Stp 176  161 29.275 0.01 

104 Sesquiterpene with m/z 159, 
177, 192 Stp 192  159 31.183 0.02 

105 Sesquiterpene with m/z 177, 
192 Stp 192  109 31.687 0.01 

106 Sesquiterpene with m/z 105, 
175, 190 Stp 190  175 33.475 0.01 

107 Sesquiterpene with m/z 121, 
191, 206 Stp 206  121 37.204 0.02 

108 Sesquiterpene with m/z 105, 
119, 204, 161, 133 Stp 204  105 37.682 0.03 
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Supplementary Table 2. Average and standard deviation relative abundance (%) of ON and OD peat core replicates for summed compound 
classes. 

 
Depth Summed 

Phenols 
Summed 

Polysaccharides Summed Lignin Summed 
Benzenes 

Summed N 
compounds 

Summed 
Lipids 

  Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev 

Drained 

0 12.69 1.49 75.82 1.99 4.69 0.72 2.30 0.36 0.52 0.10 2.13 0.24 
-4 12.58 5.43 73.53 10.81 6.12 3.35 2.95 1.21 0.79 0.35 2.61 1.58 
-8 9.89 1.03 81.36 2.17 3.04 1.86 1.90 0.47 0.57 0.16 1.36 0.49 

-12 9.81 0.38 83.51 0.25 2.26 0.78 1.37 0.07 0.40 0.05 0.92 0.29 
-16 9.74 0.56 85.44 1.12 0.78 0.35 1.09 0.15 0.27 0.04 0.69 0.15 
-20 9.71 0.74 85.12 0.27 1.01 0.75 1.14 0.15 0.30 0.07 0.95 0.52 
-24 9.31 0.95 85.85 1.70 1.14 1.01 1.09 0.14 0.27 0.05 0.65 0.16 
-28 8.91 1.03 85.37 2.58 1.71 1.49 1.24 0.33 0.36 0.11 0.76 0.38 
-32 9.29 0.86 85.13 1.39 1.37 0.43 1.20 0.17 0.33 0.03 0.92 0.32 
-36 9.80 0.56 81.77 2.01 2.26 1.62 1.98 1.01 0.61 0.31 1.86 1.11 
-40 10.55 0.07 83.47 1.20 0.88 0.13 1.42 0.23 0.45 0.11 1.05 0.56 
-44 10.77 0.20 83.01 1.72 1.06 0.31 1.51 0.52 0.50 0.25 0.96 0.50 
-48 11.14 0.53 82.11 0.88 1.53 0.90 1.52 0.17 0.44 0.07 1.04 0.21 
-52 11.14 0.24 83.35 0.83 0.79 0.14 1.33 0.09 0.37 0.02 0.81 0.10 
-56 10.97 0.23 82.50 1.85 1.67 1.27 1.42 0.19 0.39 0.05 1.20 0.47 
-60 10.66 0.70 83.02 1.26 1.45 0.56 1.26 0.22 0.40 0.09 1.14 0.29 
-64 10.62 1.33 84.38 2.10 0.80 0.16 1.08 0.23 0.32 0.10 0.73 0.00 
-68 10.56 1.10 83.95 2.40 1.66 1.52 1.11 0.37 0.34 0.15 0.86 0.28 

              

Natural 

0 18.01 2.67 75.38 2.20 0.76 0.43 1.68 0.06 0.42 0.10 1.00 0.32 
-4 13.91 3.54 80.39 3.37 1.00 0.42 1.38 0.35 0.31 0.06 0.92 0.34 
-8 10.83 1.24 84.67 2.21 1.26 0.78 1.05 0.14 0.25 0.04 0.70 0.08 

-12 10.40 0.53 84.76 0.51 1.32 0.55 1.03 0.08 0.25 0.06 0.69 0.01 
-16 8.86 0.93 85.82 1.12 1.76 0.52 1.11 0.06 0.32 0.04 0.79 0.15 
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Depth Summed 
Phenols 

Summed 
Polysaccharides Summed Lignin Summed 

Benzenes 
Summed N 
compounds 

Summed 
Lipids 

 Mean Stdev Mean Stdev Mean Stdev  Mean Stdev Mean Stdev Mean 

-20 9.00 1.30 86.18 1.22 1.31 0.46 1.03 0.12 0.30 0.04 0.95 0.38 
-24 9.42 0.92 86.77 1.49 1.11 1.25 0.89 0.12 0.22 0.08 0.43 0.22 
-28 7.96 0.59 86.54 1.55 2.89 2.27 0.95 0.05 0.26 0.04 0.62 0.27 
-32 8.58 0.80 87.10 2.32 1.29 0.79 0.94 0.26 0.22 0.11 0.76 0.38 
-36 8.53 0.29 86.54 2.28 2.29 2.08 0.96 0.25 0.25 0.13 0.66 0.35 
-40 8.97 0.57 85.82 2.92 2.13 2.41 0.98 0.33 0.29 0.16 0.79 0.63 
-44 9.04 1.44 84.73 2.15 2.69 3.52 1.12 0.06 0.32 0.04 0.90 0.24 
-48 9.05 0.19 84.28 2.49 3.31 2.39 1.13 0.31 0.36 0.14 0.92 0.44 
-52 9.74 0.95 83.57 2.72 1.68 0.39 1.70 0.39 0.57 0.18 1.39 0.76 
-56 10.05 1.08 84.41 0.48 1.59 0.91 1.20 0.11 0.37 0.07 0.71 0.30 
-60 10.29 0.34 84.53 0.31 1.34 0.34 1.20 0.05 0.35 0.02 0.84 0.25 
-64 11.26 0.11 83.16 1.50 1.03 0.52 1.30 0.37 0.41 0.17 0.93 0.47 
-68 10.80 0.35 82.33 1.66 1.39 0.46 1.64 0.37 0.50 0.13 1.49 0.65 
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Supplementary Table 3. Quantified pyrolysis products with associated PCA code and loadings for principal component analysis investigated to 95% explained variance. 
PC1-4 explained 68.7% of the variance in all pyrolysis products (PC1=29.4%, PC2=19.0%, PC3=12.2%, PC4=8.5%). 

Compound ID PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12 PC13 PC14 PC15 PC16 PC17 PC18 PC19 
Toluene 1 0.82 0.41 -0.34 0.05 0.13 -0.05 0.03 0.07 0.02 0.01 -0.03 -0.08 -0.08 0.03 -0.01 0.03 -0.03 0.04 0.00 
Styrene 2 0.71 0.24 -0.31 -0.19 0.27 -0.02 0.01 0.18 0.04 0.04 -0.01 -0.09 -0.16 0.02 0.06 0.01 -0.05 -0.04 0.00 
Phenol 3 -0.39 0.83 -0.07 -0.26 0.12 -0.12 -0.06 -0.12 0.18 0.01 0.08 0.03 0.01 -0.02 -0.02 0.06 0.06 0.00 0.03 
2-Methylphenol (o-
cresol) 4 0.36 0.88 -0.09 -0.20 -0.03 -0.12 -0.02 -0.07 0.09 -0.02 0.08 -0.01 -0.06 -0.05 0.03 0.02 0.08 -0.02 0.02 

4-Methylphenol (p-
cresol) 5 0.22 0.44 -0.59 -0.16 0.36 -0.21 -0.18 -0.21 0.21 -0.05 0.15 0.07 -0.03 -0.05 -0.08 0.16 0.08 -0.02 0.05 

3-Ethylphenol 6 0.13 0.93 0.07 -0.29 0.00 -0.10 0.02 0.04 0.08 -0.03 0.05 -0.02 0.02 -0.01 0.05 0.01 0.03 0.01 -0.01 
2,4-Dimethylphenol 7 0.90 0.30 -0.18 -0.05 -0.07 -0.12 -0.04 -0.05 0.02 -0.07 0.12 0.02 -0.04 -0.08 0.02 0.02 0.10 -0.04 0.05 
2,5-Dimethylphenol  8 0.90 0.27 -0.18 0.05 -0.19 -0.09 0.10 -0.04 0.03 -0.05 0.06 -0.01 -0.07 -0.07 0.01 0.01 0.07 -0.02 0.02 
4-Ethylphenol 9 -0.30 0.72 0.06 -0.36 0.32 -0.23 -0.05 -0.08 0.19 0.04 -0.04 -0.01 -0.03 -0.01 -0.01 0.00 0.15 -0.03 0.05 
Catechol 10 0.63 0.13 0.04 0.40 -0.16 0.17 -0.13 -0.14 0.26 0.12 -0.14 0.18 0.01 0.06 0.34 0.04 -0.01 0.01 -0.13 
4-Vinylphenol 11 0.38 0.42 0.61 -0.42 -0.02 -0.22 -0.04 0.03 0.10 -0.04 -0.10 -0.02 0.02 0.03 -0.04 -0.02 -0.03 -0.06 0.11 
Methylcatechol 12 0.71 0.12 0.00 0.42 -0.10 0.13 -0.10 -0.11 0.25 0.09 -0.18 0.17 0.07 0.03 0.25 0.02 -0.02 0.02 -0.08 
p-Isopropenylphenol 13 -0.47 0.63 0.39 -0.29 0.20 -0.11 0.06 -0.01 0.22 0.06 -0.01 -0.02 0.05 0.04 0.05 -0.06 0.10 0.03 -0.01 
3-Methoxy-5-
methylphenol 14 0.90 -0.19 0.04 0.01 -0.29 -0.02 0.04 -0.07 0.05 0.00 0.12 -0.03 -0.02 -0.06 0.01 -0.07 0.06 -0.02 0.03 

4-Formylphenol 15 -0.33 -0.05 -0.34 0.14 -0.43 0.15 -0.20 -0.08 0.06 -0.20 0.32 0.13 0.31 0.07 -0.06 0.20 0.13 -0.03 -0.15 
4-Acetylphenol 16 0.12 0.48 -0.08 0.41 -0.03 0.31 -0.40 -0.15 -0.42 -0.05 -0.01 -0.11 -0.09 0.03 -0.11 0.04 0.11 -0.03 -0.18 
p-Hydroxybiphenyl 17 -0.67 0.52 0.21 -0.23 0.20 -0.07 0.13 -0.03 0.26 0.07 0.06 -0.02 0.01 0.05 0.00 -0.06 0.11 -0.01 0.01 
p-Benzylphenol 18 -0.53 0.56 0.28 -0.34 0.33 -0.10 0.06 -0.06 0.21 0.03 0.11 -0.01 0.02 0.00 0.01 -0.03 0.08 -0.03 0.01 
Guaiacol 19 0.93 -0.02 0.05 0.23 -0.25 0.03 -0.02 -0.08 0.03 -0.02 0.02 0.02 -0.07 -0.03 0.05 0.01 0.06 -0.02 0.03 
4-Methylguaiacol 20 0.90 -0.13 0.06 0.18 -0.30 0.00 -0.01 -0.07 0.07 -0.03 0.05 0.05 -0.06 -0.04 0.10 -0.01 0.09 -0.02 0.05 
4-Ethylguaiacol 21 0.87 -0.23 0.10 0.10 -0.31 -0.02 -0.03 -0.06 0.03 -0.06 0.09 0.04 0.03 -0.08 0.10 0.02 0.05 0.04 0.01 
4-Vinylguaiacol 22 0.82 -0.34 0.18 -0.03 -0.37 -0.07 -0.12 0.03 -0.03 -0.03 -0.01 0.05 -0.01 -0.06 0.09 0.04 0.01 -0.03 0.04 
4-Formylguaiacol 23 0.90 -0.12 0.05 0.18 -0.33 0.02 0.00 -0.05 0.02 -0.03 0.08 0.01 -0.08 -0.05 0.08 -0.03 0.08 -0.04 0.05 
4-(Prop-2-
enyl)guaiacol, trans 24 0.87 -0.12 0.11 0.20 -0.36 0.04 -0.01 -0.02 0.05 -0.06 0.06 0.07 -0.04 -0.04 0.07 -0.04 0.10 -0.03 0.01 

4-Acetylguaiacol 25 0.90 -0.10 -0.10 0.18 -0.23 0.03 0.11 -0.05 0.07 -0.03 0.12 -0.05 -0.10 -0.03 0.07 -0.04 0.08 -0.01 0.01 
4-(Propan-2-
one)guaiacol 26 0.51 -0.47 0.34 -0.38 -0.43 -0.06 -0.09 -0.09 0.08 -0.02 0.07 -0.02 -0.03 0.07 -0.11 -0.05 -0.06 -0.01 -0.10 

                     



 

130 
 

Compound ID PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12 PC13 PC14 PC15 PC16 PC17 PC18 PC19 
4-(Propan-1-
one)guaiacol 27 0.91 -0.02 0.03 0.26 -0.26 0.05 0.05 -0.07 0.05 -0.03 0.06 0.01 -0.08 -0.02 0.05 -0.02 0.07 -0.04 0.04 

Syringol 28 0.47 -0.42 0.40 -0.47 -0.40 -0.07 -0.02 -0.15 0.02 0.06 0.05 -0.06 -0.03 0.05 -0.09 -0.02 -0.07 0.02 -0.03 
4-Methylsyringol 29 0.41 -0.44 0.38 -0.48 -0.35 -0.06 -0.01 -0.22 0.04 0.16 0.01 -0.09 -0.05 0.08 -0.16 -0.03 -0.08 0.03 -0.06 
4-Vinylsyringol 30 0.72 0.29 0.07 0.52 -0.10 0.22 -0.10 -0.12 -0.10 0.05 -0.05 -0.04 -0.04 0.01 -0.05 -0.05 0.09 -0.04 0.02 
4-Formylsyringol 31 0.37 -0.38 0.34 -0.41 -0.52 0.07 0.12 -0.20 0.08 0.12 0.08 -0.10 -0.02 0.11 -0.13 -0.06 -0.04 0.02 -0.07 
4-(Prop-2-
enyl)syringol, trans 32 0.44 -0.51 0.34 -0.47 -0.40 -0.01 -0.05 -0.11 0.03 0.07 0.02 -0.06 -0.02 0.06 -0.07 -0.02 -0.04 0.01 -0.05 

4-Acetylsyringol 33 0.48 -0.37 0.18 -0.44 -0.24 -0.07 0.23 -0.30 -0.01 0.22 0.12 -0.25 -0.07 0.03 -0.17 -0.05 -0.04 0.05 -0.05 
Pyridine 34 0.80 0.09 -0.43 -0.08 0.19 -0.04 0.03 0.09 0.04 0.00 0.03 -0.10 -0.14 0.07 0.00 0.15 -0.05 0.09 0.01 
3-Hydroxypyridine 
monoacetate 35 0.35 0.29 -0.61 -0.27 0.17 -0.09 -0.16 0.03 -0.15 -0.02 0.25 -0.12 -0.18 0.00 -0.05 0.12 0.00 -0.06 0.17 

Benzylnitrile 36 0.79 0.35 -0.31 -0.05 0.09 0.01 0.05 0.19 0.16 0.02 0.03 -0.09 -0.07 0.06 0.05 0.15 -0.11 0.13 -0.04 
Indole 37 0.79 0.23 -0.32 -0.15 0.27 -0.04 -0.08 0.17 0.13 0.02 -0.03 -0.13 -0.05 0.07 0.03 0.14 -0.07 0.13 -0.05 
C1-indole 38 0.75 0.36 -0.20 -0.20 0.29 -0.03 -0.19 0.14 0.03 0.02 -0.03 -0.13 -0.07 0.04 0.05 0.15 -0.04 0.11 -0.05 
Diketodipyrrole 39 0.77 -0.02 -0.35 -0.12 -0.08 0.13 0.23 -0.04 0.28 0.00 0.09 -0.02 -0.09 -0.04 -0.13 -0.02 -0.04 0.08 -0.14 
n-C23 alkane 40 0.61 -0.05 -0.45 -0.40 0.03 0.02 -0.15 0.19 -0.03 -0.15 0.15 0.15 0.11 0.21 0.10 -0.12 -0.03 0.05 0.01 
n-C25 alkane 41 0.33 -0.03 -0.22 -0.56 0.49 -0.25 -0.23 0.09 -0.07 0.11 -0.17 -0.01 -0.08 0.04 0.10 -0.15 0.02 -0.08 -0.09 
n-C29 alkane 42 0.44 -0.11 -0.49 -0.36 0.01 0.10 -0.33 0.05 -0.13 -0.12 0.20 0.15 0.22 0.15 0.07 -0.12 -0.10 -0.02 0.07 
n-C31 alkane 43 0.31 0.02 -0.46 -0.53 0.37 -0.28 -0.31 -0.04 -0.05 0.09 -0.13 0.08 -0.04 -0.01 0.03 -0.03 0.05 -0.09 -0.06 
n-C23 alkene 44 0.48 0.12 -0.26 -0.54 0.21 -0.03 0.35 -0.11 -0.19 0.02 -0.22 0.13 0.09 0.12 -0.01 0.03 -0.04 -0.14 -0.08 
n-C25 alkene 45 0.51 0.11 -0.16 -0.41 0.18 -0.07 0.49 0.02 -0.28 -0.04 -0.31 0.06 0.10 0.10 0.05 0.09 -0.06 -0.11 -0.04 
n-C25 methylketone 46 0.27 -0.10 -0.50 -0.60 0.33 0.24 -0.19 -0.01 -0.10 0.15 0.02 -0.04 0.05 0.08 0.04 -0.09 0.08 0.05 -0.01 
n-C27 methylketone 47 0.14 -0.09 -0.63 -0.57 0.11 0.30 -0.13 -0.03 0.03 0.07 0.09 0.06 0.01 0.03 -0.01 -0.20 0.11 -0.02 0.01 
n-C29 methylketone 48 0.19 -0.11 -0.36 -0.50 0.08 0.19 0.16 -0.41 -0.17 0.33 0.02 -0.05 0.19 -0.06 -0.04 0.01 0.20 0.14 0.01 
n-C31 methylketone 49 0.62 -0.18 -0.24 -0.34 -0.03 -0.20 0.30 0.11 -0.17 -0.26 -0.09 0.10 0.08 -0.05 -0.18 -0.02 0.19 0.16 0.00 
n-C33 methylketone 50 0.60 -0.29 -0.06 -0.31 -0.17 -0.33 0.15 0.25 -0.21 -0.31 -0.11 0.02 0.06 0.05 -0.03 0.05 0.20 0.02 0.03 
n-C35 methylketone 51 0.59 -0.34 -0.01 -0.33 -0.25 -0.26 0.09 0.22 -0.19 -0.32 -0.06 0.00 0.07 0.04 -0.01 0.04 0.19 0.02 0.02 
n-C14 fatty acid 52 0.50 0.09 0.02 0.21 0.08 0.01 0.14 0.48 -0.17 0.47 0.21 0.26 0.02 -0.05 -0.21 0.04 -0.03 0.00 0.00 
n-C16 fatty acid 53 0.15 0.18 0.19 0.07 0.03 0.03 0.08 0.48 -0.20 0.55 0.25 0.42 -0.09 -0.18 -0.08 0.03 0.12 0.01 -0.08 
Pristene 54 0.34 -0.04 -0.57 -0.27 0.14 0.27 0.28 0.04 -0.02 -0.06 0.18 0.02 -0.14 0.09 0.16 -0.19 -0.12 -0.17 -0.04 
C20 unsaturated 
aliphatic 55 0.12 0.86 0.30 -0.11 -0.05 0.13 -0.08 0.01 -0.10 -0.11 0.03 0.05 0.18 -0.01 0.02 0.02 -0.06 0.06 -0.10 

Unsaturated aliphatic 56 0.11 0.80 0.14 -0.06 -0.13 0.13 -0.10 0.11 -0.14 -0.09 0.15 -0.12 0.27 0.03 -0.06 0.02 -0.08 0.06 -0.10 
D-Friedoolean-14-ene 57 0.10 -0.13 -0.11 -0.36 -0.10 0.65 -0.22 0.30 0.25 -0.01 -0.05 0.06 0.20 -0.12 -0.03 0.04 -0.08 0.15 0.12 
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Compound ID PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12 PC13 PC14 PC15 PC16 PC17 PC18 PC19 
Urs-12-ene 58 0.25 -0.09 -0.31 -0.40 -0.04 0.55 0.36 -0.07 0.07 -0.09 -0.10 0.18 -0.01 -0.10 0.01 0.18 0.04 -0.26 -0.01 
Stigmasta-3,5-diene 59 0.84 -0.08 -0.17 -0.04 0.16 -0.20 -0.27 -0.03 -0.06 0.12 -0.12 0.03 0.00 -0.12 -0.07 0.06 0.01 -0.02 -0.08 
Stigmasterol 60 -0.08 0.15 -0.07 -0.22 0.16 0.23 0.11 -0.25 -0.12 -0.32 -0.15 0.46 -0.29 -0.27 -0.03 -0.25 -0.13 0.36 0.05 
β-Sitosterol 61 0.42 -0.33 0.00 -0.25 0.17 -0.11 -0.65 -0.20 -0.04 0.03 -0.11 0.07 0.14 -0.11 0.01 0.12 -0.18 0.01 -0.02 
Stigmasta-3,5-dien-7-
one 62 0.82 0.19 -0.12 0.32 0.17 -0.01 -0.17 -0.17 0.06 0.09 -0.12 0.05 -0.01 0.05 0.02 0.01 0.03 -0.02 -0.07 

γ-Sitostenone 63 0.64 0.10 0.04 0.29 0.13 0.05 -0.35 -0.19 -0.24 0.13 -0.14 -0.07 0.16 -0.10 -0.09 -0.13 -0.11 -0.18 0.26 
α-Tocopherol 64 0.50 0.05 -0.46 -0.23 0.14 0.42 0.04 -0.05 0.12 0.05 0.17 0.07 0.07 0.29 -0.03 -0.18 -0.01 -0.04 0.08 
α-Amyrin (Urs-12-en-
3-ol, (3β)-) 65 0.18 0.15 -0.15 -0.22 0.04 0.21 0.56 -0.54 -0.19 0.17 -0.03 0.17 0.08 -0.06 0.11 0.26 -0.09 0.00 0.05 

C30 hopanoid 66 0.23 -0.28 -0.04 -0.44 -0.06 0.61 -0.15 0.21 0.18 -0.05 -0.26 -0.15 -0.04 -0.20 -0.12 0.06 0.08 -0.05 -0.02 
C30 hopanoid isomer 67 0.12 -0.21 -0.03 -0.38 -0.05 0.64 -0.11 0.24 0.28 0.00 -0.30 -0.16 -0.01 -0.14 -0.19 0.06 0.13 -0.04 0.06 
Acetic acid 68 0.42 0.54 0.47 -0.30 -0.27 -0.06 0.20 0.15 0.05 -0.01 0.03 0.04 0.06 -0.03 0.04 -0.08 -0.10 -0.07 0.16 
(2H)-furan-3-one 69 -0.60 0.20 -0.69 0.07 -0.30 -0.08 -0.02 -0.03 0.03 0.03 -0.03 0.00 0.00 -0.02 -0.08 0.03 -0.06 -0.03 0.02 
2-Furaldehyde 70 -0.46 0.26 -0.62 -0.06 -0.55 -0.08 -0.02 0.07 0.01 0.04 -0.03 0.00 0.00 0.03 0.00 -0.02 -0.06 0.01 0.03 
4-Cyclopentene-1,3-
dione 71 -0.54 -0.08 -0.33 0.00 -0.65 -0.15 0.05 0.13 0.00 0.11 -0.18 0.06 -0.08 0.05 -0.08 0.07 -0.12 -0.04 0.08 

2-Furanmethanol 72 0.18 0.75 0.59 -0.17 0.01 0.07 0.00 0.04 -0.10 -0.06 0.02 -0.01 0.01 0.00 0.03 0.02 -0.04 -0.02 -0.04 
2-Propylfuran 73 -0.29 -0.07 -0.87 0.07 -0.11 0.02 0.18 0.11 -0.11 -0.10 0.06 -0.12 -0.03 -0.06 0.04 0.02 -0.12 -0.05 -0.03 
4-Cyclopentene-1,3-
dione 74 -0.33 0.37 -0.61 0.03 -0.58 -0.03 -0.02 0.11 -0.02 0.03 -0.01 -0.07 0.06 -0.04 0.02 -0.04 -0.05 0.01 -0.08 

4-Cyclopentene-1,3-
dione 75 -0.35 0.26 -0.58 -0.01 -0.58 -0.13 0.01 0.06 0.00 0.10 -0.08 -0.10 -0.05 -0.18 0.03 -0.06 0.03 -0.04 0.00 

2-methyl-2-
Cyclopenten-1-one 76 0.38 0.90 -0.11 -0.07 -0.10 0.01 -0.05 -0.03 -0.09 -0.01 0.00 -0.05 -0.04 -0.02 0.01 0.02 0.00 0.00 -0.03 

2(5H)-Furanone 77 0.12 0.88 0.37 -0.12 -0.15 0.07 -0.04 0.00 -0.07 -0.05 0.01 -0.04 0.05 -0.06 -0.01 0.00 -0.02 0.00 -0.03 
Acetylfuran 78 -0.29 0.61 -0.64 0.02 -0.31 -0.02 -0.07 0.03 -0.06 0.04 -0.02 -0.06 -0.02 -0.02 0.01 -0.01 -0.03 0.03 -0.02 
1,2-Cyclopentanedione 79 0.07 0.87 0.39 -0.15 -0.16 0.03 0.01 0.00 -0.07 0.02 -0.03 0.00 -0.01 -0.04 0.01 -0.02 0.02 -0.03 -0.01 
5-methyl-2(5H)-
furanone 80 -0.05 0.93 -0.02 -0.10 -0.22 -0.01 0.04 0.01 -0.08 -0.05 0.01 -0.10 0.05 -0.14 -0.03 -0.03 -0.07 -0.06 0.01 

3-methyl-2,5-
furandione  81 0.24 0.79 0.38 -0.05 -0.14 0.22 0.09 -0.06 -0.07 -0.11 0.10 0.06 0.08 0.02 -0.03 0.10 -0.11 0.04 0.04 

5-methyl-2-
furaldehyde  82 -0.54 0.43 -0.63 0.01 -0.30 -0.08 -0.05 -0.07 0.04 0.05 0.03 0.02 0.02 0.04 -0.05 0.00 -0.01 0.02 0.04 
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Compound ID PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12 PC13 PC14 PC15 PC16 PC17 PC18 PC19 
Unidentified 
carbohydrate with m/z 
55, 86 

83 -0.15 -0.72 0.29 -0.26 -0.37 -0.11 -0.11 0.16 0.00 0.01 0.00 0.07 -0.01 0.17 0.10 0.15 0.02 0.02 0.10 

3-methyl-2(5H)-
furanone  84 0.34 0.79 0.40 -0.09 -0.14 0.11 -0.06 -0.03 -0.08 -0.09 -0.01 -0.03 -0.02 -0.02 -0.06 -0.04 -0.02 -0.04 0.04 

Isomaltol 85 -0.33 0.18 -0.53 -0.03 -0.29 -0.05 0.08 -0.08 -0.16 0.30 -0.16 -0.22 0.13 -0.03 0.24 -0.03 0.13 0.22 0.16 
3-acetyl-2(3H)-
furanone (α-
Acetobutyrolactone) 

86 -0.77 -0.07 -0.40 0.22 0.10 0.02 0.08 -0.18 0.13 -0.11 0.10 0.06 0.00 0.05 -0.11 0.10 0.01 0.00 0.08 

4-Hydroxy-5,6-
dihydro-(2H)-pyran-2-
one 

87 -0.06 -0.08 0.46 -0.51 -0.51 -0.14 -0.17 0.21 0.02 0.11 -0.08 0.22 -0.04 0.10 0.05 0.09 -0.06 -0.01 0.08 

Tetrahydro-3,6-
dimethyl-2H-pyran-2-
one 

88 -0.65 0.19 -0.62 0.09 -0.30 -0.05 -0.02 0.01 0.06 0.08 -0.09 0.01 0.05 0.07 -0.04 0.01 0.00 0.02 0.05 

2-hydroxy-3-methyl-2-
cyclopenten-1-one 89 0.04 0.93 0.26 -0.14 0.00 0.01 -0.06 -0.08 -0.12 -0.01 -0.02 -0.03 -0.05 -0.05 -0.01 0.03 0.04 -0.02 -0.05 

Dianhydrorhamnose 90 -0.70 0.44 -0.22 -0.02 0.15 0.02 0.03 -0.25 0.12 -0.11 0.14 0.17 -0.05 -0.03 -0.18 0.08 -0.02 -0.04 0.07 
2,5-Dimethyl-4-
hydroxy-3(2H)-
furanone (Furaneol) 

91 -0.54 0.50 -0.14 0.14 -0.22 0.03 -0.16 0.09 0.13 -0.11 -0.16 0.24 -0.20 0.16 -0.20 -0.12 0.02 -0.12 -0.11 

Maltol 92 -0.12 0.80 -0.27 0.03 -0.43 0.09 0.00 0.02 -0.08 0.06 -0.08 -0.06 -0.14 0.05 0.04 -0.03 0.04 0.04 -0.01 
Dihydro-6-methyl-2H-
Pyran-3(4H)-one 93 0.11 0.79 0.52 -0.22 -0.03 0.02 0.01 0.01 -0.05 -0.02 0.01 -0.01 0.03 -0.05 0.04 -0.02 0.00 0.00 0.00 

2,3-dihydro-3,5-
dihydroxy-6-methyl-
4H-pyran-4-one  
(Pyranone) 

94 -0.39 0.25 -0.01 0.16 -0.22 0.30 -0.22 -0.17 -0.20 0.03 -0.19 0.12 -0.28 0.49 -0.11 0.16 0.12 0.10 0.09 

3,5-dihydroxy-2-
methyl-4H-pyran-4-
one  

95 0.63 -0.09 0.42 -0.16 0.28 -0.02 -0.22 -0.06 -0.11 -0.07 0.16 -0.04 -0.21 -0.05 -0.06 0.10 -0.15 0.04 0.06 

1,4:3,6-Dianhydro-α-
d-glucopyranose 96 -0.14 0.08 -0.86 0.03 -0.26 -0.02 0.18 0.09 -0.08 -0.10 0.02 -0.13 -0.07 -0.12 0.02 -0.03 -0.13 0.00 -0.10 

5-
Hydroxymethylfurfural 97 -0.48 0.71 0.28 -0.05 -0.30 0.03 -0.02 0.01 0.01 0.05 -0.10 0.02 0.06 0.09 0.03 -0.15 0.06 0.05 -0.09 

Levogalactosan 98 -0.08 0.31 0.66 0.07 0.30 0.27 0.37 0.23 -0.07 0.01 -0.05 -0.13 -0.04 0.15 0.07 0.04 -0.02 0.05 0.00 
Levomannosan 99 0.11 0.00 0.27 0.53 0.40 0.48 0.16 0.13 -0.18 -0.01 0.15 -0.23 -0.06 0.13 0.04 -0.05 0.05 0.01 0.08 
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Compound ID PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12 PC13 PC14 PC15 PC16 PC17 PC18 PC19 
Levoglucosan 100 -0.17 -0.91 -0.06 0.04 0.29 -0.09 -0.10 -0.08 -0.08 -0.04 0.00 0.00 0.03 -0.09 -0.08 -0.01 0.02 0.01 -0.06 
1,6-Anhydro-β-D-
glucofuranose 101 -0.35 -0.84 -0.04 0.15 0.29 0.03 0.09 0.03 -0.02 -0.08 0.03 -0.09 0.08 -0.02 0.03 -0.03 0.03 0.01 -0.09 

Limonene 102 0.72 0.28 -0.03 0.46 -0.01 0.18 -0.20 -0.07 -0.25 -0.03 -0.05 0.00 0.05 -0.01 -0.10 -0.08 0.03 -0.03 -0.01 
Sesquiterpene with m/z 
161, 176, 119, 105 103 0.80 0.23 -0.11 0.44 0.09 -0.10 0.10 -0.01 0.08 0.02 -0.10 0.02 0.12 0.06 -0.16 -0.04 -0.04 0.00 0.06 

Sesquiterpene with m/z 
107, 159, 177, 192 104 0.81 0.17 -0.21 0.36 0.13 -0.17 0.16 0.04 0.15 0.01 -0.10 0.02 0.10 0.07 -0.13 -0.03 -0.03 0.04 -0.02 

Ssquiterpene with m/z 
109, 177, 192 105 0.81 0.22 -0.16 0.41 0.11 -0.12 0.13 0.02 0.14 0.02 -0.09 0.02 0.11 0.08 -0.12 -0.03 -0.04 0.03 0.00 

Sesquiterpene with m/z 
105, 175, 190 106 0.80 0.21 -0.13 0.44 0.09 -0.12 0.11 0.00 0.12 0.04 -0.09 0.03 0.13 0.05 -0.13 -0.06 -0.04 0.00 0.07 

Sesquiterpene with m/z 
121, 191, 206 107 0.78 0.21 -0.14 0.38 0.17 -0.17 0.18 0.03 0.15 0.01 -0.11 -0.01 0.08 0.04 -0.18 -0.06 0.00 0.06 0.01 

Sesquiterpene with m/z 
105, 119, 204, 161, 
133 

108 0.81 0.20 -0.15 0.43 0.10 -0.12 0.12 0.00 0.14 0.02 -0.09 0.03 0.11 0.07 -0.12 -0.04 -0.03 0.02 0.02 
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Supplementary Table 4. Assessment of plant macroscopic remains with depth (cm) analyzed from 
Lakkasuo core ON1, with humification index (Von Post scale), and dominant species reported per 
horizon depth.  

Humification Horizon 
(cm) 

Dominant 
species Macroscopic remains 

 0-4 Sph.angustifolium Living moss, Sphagnum angustifolium, Kurzia pauciflora, 
Andromeda leaves, 1 Andromeda stalk, 1 Oxycoccus leaf 

H2-3 4 - 7 Sph.angustifolium 
Sphagnum peat: S. angustifolium, S. fuscum, S. balticum, some 
Kurzia pauciflora, at 5-6 cm a few living dwarf shrub fine 
roots 

H3 (H2) 8 -16 Sph. balticum 

Mixed peat S. fuscum/S. balticum, from here dead dwarf shrub 
fine roots, individual dark fungal hyphae, at 10 cm a dwarf 
shrub root, at 12 cm cottongrass leaf sheath (Eriophorum), at 
14 cm Andromeda leaves 

H3 (H2) 16 -19 Sph. balticum 
Transition, Sphagnum peat = S. balticum, S. fuscum 
interspersed, peat moss still quite intact, cottongrass leaves 
interspersed, 1 Andromeda stem 

H3-4 19 - 
25.5 Sph. balticum 

S. balticum peat, some S. fuscum mixed in (not confirmed), 
individual cottongrass roots, 1 thinnish cottongrass fiber tuft, 
fine network of dwarf shrub fine roots, peat moss remains 
from here visibly decomposed and leaflets detached from the 
stem, at 19-22 cm two sturdy stems, probably Andromeda 

H4 25.5 - 
36 Sph. balticum 

Light S. balticum peat, individual Cymbifolia leaflets, 
individual dark Sphagnum axes=Cymbifolia or S. fuscum, peat 
fiber-rich similar to above: cottongrass leaves, individual 
cottongrass roots, 2 living cottongrass roots!, more dwarf 
shrub stems, 1 cottongrass fiber bundle, mesh of dwarf shrub 
fine roots, from here some fine-grained substance 
(=amorphous peat substance), 1 Andromeda leaf > probably 
transported here from above 

H4-5 36 - 
38.5 Sph. balticum 

Mixed peat, at the edge, a cottongrass fiber bundle, S. balticum 
peat beneath it, cottongrass roots, individual cottongrass 
leaves, more dwarf shrub stems, 1 Andromeda stem, scattered 
dwarf shrub fine roots 

 38.5 - 
44 Sph. balticum 

S. balticum peat and a few Cymbifolia leaves, 1 S. fuscum leaf 
blade, narrow branch leaf from S. cuspidatum? (unconfirmed), 
some fine-grained amorphous matrix as well, cottongrass roots 
and leaves, individual rotted dwarf shrub stem, network of 
dwarf shrub fine roots 

H4 44 - 52  Sph. balticum 

Light S. balticum peat with mixture >> individual S. fuscum-
stem and branch leaves, 1 S. fuscum capitulum, several 
Cymbifolia leaves (=S. magellanicum confirmed), 1 Oxycoccus 
leaf, cottongrass leaves and roots, individual rotted dwarf 
shrub axes 

H4 52 - 54 Cymbifolia? 

Sphagnum peat with approximately 20% cottongrass fiber, 
fibers also between the peat moss, several Cymbifolia leaves, 
some cottongrass roots and leaves, network of dwarf shrub 
fine roots, 1 dwarf shrub axes 

H4 54 - 63 Sph. balticum Light S. balticum peat, approximately 20% Cymbifolia leaves, 
individual S. fuscum-little stems (not confirmed)  

H4-H5 63 - 75 Cymbifolia 

Predominantly Cymbifolia peat, only a few fine-leaved peat 
moss, some S. balticum, some fine-grained amorphous matrix, 
1 S. fuscum stem leaves and probably more S.fuscum leaflets 
(not confirmed), many cottongrass roots and leaves, faint 
network of dwarf shrub fine roots 
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Humification Horizon 
(cm) 

Dominant 
species Macroscopic remains 

H4 (3) 75 - 
82.5 Cymbifolia 

S. cymbifolia peat (light Sphagnum remains), approximately 
10% fine-leaved peat moss, some fine-grained amorphous 
material, clearly more ragged peat moss remains, fewer dwarf 
shrub fine roots, locally many cottongrass roots and individual 
cottongrass leaves, at 81 cm thin cottongrass fiber, many dark 
little stems with hyalodermis (probably Sph. mag.), only a few 
small branch leaves > partly Acutifolia leaves (S. 
fuscum/rubellum), partly cuspidata (S. balticum/S. 
angustifolium), 1 S. angustifolium leaf blade 

H4 82.5 - 
86 

Cymbifolia/Sph. 
balticum 

Mixed peat Cymbifolia-S. balticum (approximately 1:1), with 
many cottongrass roots, a few dwarf shrub roots, many 
Cymbifolia leaf blades, no Acutifolia or Cuspidata leaf blades 
found! 

H4 86 - 94 Cymbifolia 

Cymbifolia peat, individual Cymbifolia leaf blades,  two S. 
balticum leaf blades, approximately 30% small branch leaves 
>> probably S. angustifolium (large membrane gaps) and S. 
balticum, three Sphagnum little stems without hyalodermis = 
S. angustifolium, scattered cottongrass leaves and roots, a few 
dwarf shrub fine roots 

H4 94 - 102 Cymbifolia 
Cymbifolia peat, one leafy  S. magellicanicum little stems  (not 
confirmed), more S. angustifolium-little stems , individual S. 
balticum stems and leaves, some cottongrass roots and leaves 
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Supplementary Table 5. Assessment of plant macroscopic remains with depth (cm) analyzed 
from Lakkasuo core OD2, with humification index (Von Post scale), and dominant species reported 
per horizon depth. Diagnostic species are defined as species that indicate by their presence a 
hydrological regime change or shift in habitat conditions.   

Humification Horizon 
(cm) 

Dominant 
species 

Diagnostic 
species Macroscopic remains 

no 
hydromorphic 
horizon 

0 - 2 Pleurozium Aulacomnium 

Extant moss (Pleurozium schreberi, 
Aulacomnium palustre), slightly disturbed 
through core, pine needles, 1 Oxycoccus 
stem 

no 
hydromorphic 
horizon 

1.5 - 3.5 Pleurozium cap./rubellum 

Bleached Pleurozium remains, fragment 
from Oxycoccus leaf, no macrocopically 
discernable fungal growth, however very 
fine dark brown fungal hyphae are 
present, in places nests with broken up 
needles/leaves, no woody roots, many 
pine needles, very small amount of 
amorphous substance, very little S. 
capillifolium/rubellum leaves 

no 
hydromorphic 
horizon 

3.5 - 5.5 rubellum Pleurozium 

Phase with dying Sphagnum 
rubellum/capillifolium-peat, only a little 
Sphagnum leaves, 1 staminate pine cone, 
many dead Pinus fine roots, pine needle 
remains, 1 small cottongrass leaf sheath, 
more Oxycoccusleaves, 1 Oxycoccus fine 
roots, individual cottongrass roots, more 
Pleurozium leaves 

crumbly, 
squeezing 
impossible 

5.5 - 8.5 rubellum rubellum 

Transition horizon to light Sphagnum 
peat, quite heterogenous, Sph. rubellum-
peat,  individual shredded leaves from 
Cymbifolia, 1 cottongrass leaf sheath, 
dead Pinus fine roots, brown nests with 
amorphous material,. Sph. shredded leaves 
between light Sph. peat, 1 partially rotten 
cottongrass root 

H3  8.5-13 rubellum Ledum? 

Quite homogenous light Sph. Rubellum 
peat, scattered Pinus fine roots, 1 
Oxycoccus stem, 1 brown capsule with red 
seeds (Ledum palustre)  

H3 
(cottongr.H4) 13 - 18 rubellum Pleurozium 

yellow-orange-brown Sph. rubellum peat, 
1 small cottongrass leaf sheath, more 
cottongrass roots, more Pinus fine roots, 1 
Pleurozium leaf, small amount of fine-
grained substance 

H3-4 18 - 23 rubellum balticum  

yellow-orange Sph. rubellum peat, more 
cottongrass roots, Pinus roots with fine 
roots, very small amount of fine-grained 
amorphous material,  a few dwarf shrub 
fine roots 

H3 23 - 28 rubellum balticum  

yellow-orange S. rubellum peat, individual 
narrow cottongrass leaf sheath, more 
cottongrass fine roots and leaves, 1 
Andromeda stem, a few dwarf shrub fine 
roots (heaped in places), individual S. 
balticum leaves, individual Cymbifolia 
leaves 
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Humification Horizon 
(cm) 

Dominant 
species 

Diagnostic 
species Macroscopic remains 

H4 28 - 30  cymbifolia 
Transition from yellow Sph peat in brown 
peat, from above the first appearance of 
Cymbifolia leaves, light Sphagnum peat  

H4-5 30 - 34.5 rubellum  

Light brown to brown S. rubellum peat 
with S. balticum, Sphagnum leaves more 
strongly decomposed than above, 
approximately 80% Sphagnum leaves 
shredded, approximately 15% fine-grained 
amorphous substance, individual 
cottongrass leaves, below 1 sturdy 
cottongrass leaf sheath, 1 dwarf shrub 
stem 

H5-6 34.5 - 
39.5 rubellum/balticum Eriophorum, 

Ledum? 

Brown-dark brown Sphagnum/cottongrass 
peat, S. rubellum + S. balticum, 
cottongrass leaf sheath, Sphagnum 
remains strongly decomposed, 
interspersed cottongrass leaves, elliptical 
fruits (Ledum palustre?), very few dwarf 
shrub fine roots 

H4 39.5 - 
44.5 rubellum Eriophorum, 

S. balticum  

gold-brown S. rubellum peat with S. 
balticum, many cottongrass roots and 
leaves, some cottongrass leaf sheaths, 
spots with more strongly decomposed 
Sphagnum leaves  

H4 44.5 - 50 rubellum  

gold-brown S. rubellum peat, individual 
Sph.cymbifolia leaves, scattered 
cottongrass leaves and roots, 1 long dwarf 
shrub stem, more fine-grained substance 
than above, approximately 20% ragged 
Sphagnum leaves 

H4 50 - 55 rubellum/balticum Ledum? 

medium brown to dark brown S. 
rubellum/balticum mixed peat, individual 
Cymbifolia leaves, Sphagnum remains 
mushy, scattered dwarf shrub fine roots, 
brown fruits (Ledum palustre), 
approximately 20-30% ragged Sphagnum 
remains, approximately 10 -20% 
amorphous substance 

H4 55 - 60 rubellum balticum  

medium-brown S. rubellum peat with S. 
balticum, light patches (S. balticum?), 
scattered cottongrass roots and leaves, 
coralloid Pinus fine roots, many dwarf 
shrub fine roots, many leafy Sphagnum 
branches, 1 Sphagnum spore capsule 

H8 at 60-
62cm 60 - 65 rubellum balticum  

medium-brown S. rubellum peat with dark 
band at 60-62 cm, scattered S. balticum 
leaves, individual Cymbifolia leaves, 
scattered dwarf shrub fine roots., coralloid 
Pinus fine roots, quite a lot of fine-grained 
substance and shredded Sphagnum leaves 

H4 65 - 70 cymbifolia balticum  

medium-brown S. cymbifolia peat (S. 
magellanicum confirmed!), S. balticum 
and small amount of S. rubellum mixed in, 
scattered cottongrass roots and leaves, 
individual Pinus fine roots 
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Humification Horizon 
(cm) 

Dominant 
species 

Diagnostic 
species Macroscopic remains 

H4 70 - 76 cymbifolia Scheuchzeria 

medium-brown Cymbifolia peat, with S. 
balticum and S. rubellum, in places many 
scattered Sphagnum leaves, well 
preserved Cymbifolia leaves, 1 
Scheuchzeria rhizome, scattered 
cottongrass roots and leaves 

H4 76 - 81 cymbifolia balticum, 
rubellum 

heterogenous Cymbifolia peat with S. 
balticum and S. rubellum, individual 
dwarf shrub fine roots, spotty gold-yellow 
Cymbifolia leaves, spotty fine-grained 
substrance and scattered Sphagnum 
remains 

H4  81 - 87 balticum/magell. balticum  

medium-brown Sphagnum peat S. 
cymbifolia/S. balticum 1:1. with dark 
strips (amorphous substance), many 
cottongrass roots and leaves, scattered 
dwarf shrub fine roots  

H4-5 87 - 93 balticum/magell. Scheuchzeria 

medium-brown Sphagnum mixed peat: S. 
cymbifolia-balticum, shredded S. balticum 
leaves, 1 Scheuchzeria rhizome, scattered 
dwarf shrub fine roots 

H4-5 93 - 100 balticum/magell. balticum  

medium-brown to browner Sphagnum 
mixed peat, Cymbifolia : balticum 1 : 1, 
with cottongrass leaf sheaths, scattered S. 
rubellum, many shredded S. balticum 
leaflets and also fine-grained substance, 
dwarf shrub fine roots, individual dwarf 
shrub stem 
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Supplementary Table 6. Measured fraction of 14C (F14C) for selected samples 
from the Lakkasuo cores ± instrumental analytical error. 

Depth Sample F14C  Sample F14C   

8-10 
ON1 1.0614±0.003 OD1 1.0788±0.003  
ON2  1.1687±0.003 OD2 1.1903±0.003  
ON3 1.0585±0.003 OD3 1.1304±0.003  

48-50 
ON1 1.0063±0.003 OD1 0.9765±0.003  
ON2 0.9955±0.003 OD2 0.9994±0.003  
ON3 1.0150±0.003 OD3 0.9691±0.002  

80-82 
ON1 0.9274±0.002 OD1 0.9135±0.002  
ON2 0.9232±0.002 OD2 0.9191±0.002  
ON3 0.9121±0.002 OD3 0.8949±0.002  
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Supplementary Figure 1. Linear correlations (Pearson) for PC1-4 with δ15N (left) & 
δ13C (middle) isotope abundance, and CN ratios (right).  
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Abstract 
 

Increased focus has been placed on rewetting drained peatlands to restore C sequestration 

function. To demonstrate successful rewetting in transitioning drained peatlands, initial changes 

in chemical composition that can serve as chemical indicators reflecting rewetted conditions 

are needed. This research aimed to investigate chemical differences between paired natural and 

rewetted peat sites in a minerotrophic boreal mire in northern Sweden for early chemical 

indicators of peatland OM response following rewetting. Peatland chemistry was traced by site 

and depth using 105 quantified pyrolysis products in three replicate cores per site using 

pyrolysis-gas chromatography mass spectrometry (Py-GC/MS). Py-GC/MS results were 

compared with elemental composition (C/N, H:C/O:C atomic ratios) measured by bulk 

elemental analysis on the same samples. 

 

Principal component analysis (PCA) separated environmentally-driven influences on peat 

chemical composition, which differentiated both the natural and rewetted sites from one another 

as well as the present rewetted vs historical drainage periods. Differences in chemical 

composition and peat hydrological status were demonstrated by Py-GC/MS summed compound 

classes, PCA scores, and elemental composition to the same depth. Sphagnum phenols were 

abundant in both natural and rewetted surface samples - suggesting that these phenol 

compounds may serve as an early indicator of rewetted conditions in Sphagnum peatlands. 

However, compound classes typically more abundant in vascular plants were slower to respond 

to the changes in hydrological conditions (higher lignin, N compounds, benzenes, lipids, 

polyaromatic hydrocarbons), and reflected effects of drainage through differences in chemical 

composition between the natural and rewetted sites throughout the entire profile.  

 

These findings suggest that rewetted peat continues to demonstrate different chemical 

characteristics from drained peat that remain visible in the OM composition through the entire 

profile depth, underscoring the importance of maintaining rewetted conditions in restored 

peatland ecosystems. However, the robust recovery observed in the Sphagnum-derived phenols 

serves as a strong early indicator that even after >80 years of drainage, initial OM chemical 

responses to rewetting are rapid in surface peat.  
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5.1 Introduction 
 

Drainage for extraction, agriculture, and forestry disturbs the sensitive carbon (C) balance of 

peatland ecosystems, tipping them towards stronger aerobic decomposition and increased 

release of greenhouse gases contributing to global warming. In Europe alone, more than half of 

the original peatlands have already been drained (Andersen et al., 2017). Due to their sheer size, 

this change in C balance is substantial: without a dedicated focus on peatland restoration and 

protection, terrestrial systems are currently projected to remain a global net source of CO2 

throughout the 21st century, despite implementation of other mitigation measures such as 

afforestation (Humpenöder et al., 2020).  

 

To restore the C sequestration function of peatlands, an increased focus has been placed on the 

rewetting of formerly drained ecosystems (Andersen et al., 2017). However, the response of 

peatlands to rewetting after previous drainage is not well understood – particularly in terms of 

changes to organic matter (OM). While the re-establishment of water-saturated conditions in 

peatlands mitigates the release of CO2 originating from aerobic mineralization, rewetting 

activities are also associated with hot spots for methane (Wilson et al., 2009). For successful 

rewetting projects, the extent of previous degradation may also be a factor: (Emsens et al., 2020) 

estimated that for sufficient microbial recovery on a functional biochemical level, at least 70% 

percent minimum OM content would be required as a baseline for the rewetted ecosystem – 

thereby limiting the capacity for recovery of more severely degraded ecosystems. Depending 

on the nature of their former usage (drainage for forestry, agriculture, extraction, etc.), rewetted 

peatlands may continue to exhibit impacts to substrate stemming from the previous increased 

decomposition rates, rendering the remaining OM more (or less) vulnerable (Clymo, 1984; 

Schimmel, Braun, Subke, Amelung, & Bol, 2021).  

 

Peatland greenhouse gas emissions originate from stored OM, and to understand the influences 

upon these emissions, it is essential to understand the chemical forces driving them. For 

example, changes in rewetted peat OM content following drainage have been shown to be 

dependent on the ecosystem type (fen, mire, forest, coastal, etc.), suggesting that degradation 

extent (and C loss) in many peatlands is largely dependent on regional ecological OM chemistry 

(Negassa, Acksel, Eckhardt, Regier, & Leinweber, 2019). Vulnerable peatlands could therefore 

be targeted for restoration with these criteria in mind. In order to create restoration programs 

where peatland ecosystems with the highest C loss potential are selected (as well as to assess 
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the effectiveness of these programs), analysis methods able to detect chemical differences in 

OM are needed to assess decomposition status changes in natural, degraded, and transitioning 

rewetted peat.  

 

Pyrolysis coupled with gas chromatography tandem mass spectrometry (Py-GC/MS) is 

particularly useful for the disentanglement of complex chemical changes occurring in peatland 

OM (Klein, Gross-Schmölders, Alewell, & Leifeld, 2021; Schellekens, Bradley, et al., 2015; 

Zeh et al., 2020). Thermal degradation breaks the bonds of large organic macromolecules into 

smaller, more easily analyzed fragments, thus permitting subsequent chemical characterization 

of complex organic matter otherwise not easily analyzable without time-consuming chemical 

pre-treatment techniques (White, Garland, Beyer, & Yoshikawa, 2004). Chemical classes 

(phenols, polysaccharides, N compounds, lipids, etc.) demonstrate a summarized response in 

OM to hyrological changes, and for a more targeted investigation of chemical differences, 

individual biomarkers specific to vegetation can also be traced. For example, lignin syringyl-

guaiacyl (S/G) ratios estimate vascular plant source, as angiosperms generally demonstrate 

higher S/G ratios and gymnosperms demonstrate lower ratios (Hedges & Mann, 1979). The 

biomarker p-isopropenylphenol is highly specific to Sphagnum moss, and provides a rapid 

indicator for peat hydrological conditions (McClymont et al., 2011; Stankiewicz, Hutchins, 

Thomson, Briggs, & Evershed, 1997; Van der Heijden, Boon, Rasmussen, & Rudolph, 1997). 

Further, levoglucosan is an abundant pyrolysis product in peat, and can provide an estimate for 

the increase in relative abundance of more stable OM left behind after more labile compounds 

have been consumed via aerobic decomposition (Schellekens, Bindler, et al., 2015). In the case 

of such complex OM matrices, multi-proxy analyses are useful in preventing over-interpretation 

of findings (Biester, Knorr, Schellekens, Basler, & Hermanns, 2014). As a complementary 

method, elemental composition can be used to determine C/N and H:C/O:C (van Krevelen) 

ratios (Preston & Schmidt, 2006), which provide a general indicator for the amount and 

composition of OM and can be compared with chemical characterizations obtained via Py-

GC/MS.  

 

Differences in OM composition have been previously demonstrated in natural and drained 

peatlands (Klein et al., 2021); however, a similar high-resolution chemical composition 

comparison has not yet been conducted for natural and rewetted sites from the same ecosystem. 

This study aimed to use Py-GC/MS techniques to identify early chemical indicators of rewetting 

by comparing undrained “natural” and rewetted peat that experienced at least 80 years of 
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previous drainage from the same boreal ecosystem. Findings from Py-GC/MS are also 

compared with elemental composition measurements (C/N, Van Krevelen analysis) conducted 

on the same samples.  

 

5.2 Materials and Methods 
 

5.2.1 Site description and sampling 

Degerö Stormyr (64°11’N, 19°33’E) is an acidic mire with minerogenic conditions (poor fen) 

located in northern Sweden in the Kulbäcksliden Experimental Forest. The deepest layers of 

peat (generally between 3-4 m, but as deep as 8 m in places) correspond to an age of roughly 

8000 years (Nilsson et al., 2008). Drainage ditches were installed at Degerö in the beginning of 

the 20th century (Malmström, 1923), with continued drainage conditions for at least 80 years 

afterwards. The ditches at the sampling site were allowed to refill naturally starting as early as 

the late 1970s.  

 

The natural (NM) site was characterized by established Sphagnum cuspidata in the carpet 

horizon, with occurrences of cloudberry (Rubus chamaemorus), bog rosemary (Andromeda 

polifolia), and cranberry (Vaccinium oxycoccos), and wet flark areas containing peat moss 

carpets with Sphagnum majus and bladder rush (Scheuchzeria palustris). Due to the surface 

wetness at the rewetted site (DC), cores were collected in the transition area near the edge of 

the former drainage channel to access solid peat. At the time of the June 2017 sampling event, 

the former drainage channel ditches were well-established with young Sphagnum riparium, a 

strong indicator for wet minerotrophic conditions. To the southwest of the drainage channel, 

Ledum palustre, Empetrum nigrum, Betula nana, and Vaccinium spp. were present. Tree 

encroachment was also present southwest of the trench; however, high mortality was observed, 

likely due to the high water table (WT). While both sites were water-saturated during sampling 

in 2017, previous WT measurements in the rewetted site collected during the drainage period 

were between 10-15 cm below ground surface (bgs) (Groß-Schmölders et al., 2020; Nilsson et 

al., 2008). 

 

Three peat cores each were collected in 50 cm sections to one meter depth from the NM and 

DC sites, for a total of six cores, using a Russian peat corer (Eijkelkamp, Netherlands). The 

cores were stored at 2°C prior to processing, cut into 2 cm sections, oven dried at 40°C for 72 

hours, then homogenized in a mixer mill (Retsch MM 400) for three minutes at 25 Hz. Cores 
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were analyzed to a mixed 2-4 cm resolution to 52 cm, with a total of 82 samples measured 

across the six cores. Samples were denoted by site source (NM or DC), core number (1-3), and 

profile depth in cm (for example, NM1 0-2). 

 

5.2.2 Py-GC/MS 

Py–GC/MS was performed using a double shot pyrolyzer (Frontier Laboratories, model 2020i) 

operating in single shot mode, in tandem with an Agilent 7890 Series gas chromatograph (GC) 

coupled with an Agilent 5977B series mass selective detector (MS). Py-GC/MS equipment, 

instrument settings, and chromatographic analysis were conducted according to the 

methodology previously described in (Klein et al., 2021). Samples (approximately 1 ml) were 

flushed with Helium (He) for one minute directly before pyrolysis, then introduced to the pre-

heated (600 °C) pyrolyzer micro-furnace. Pyrolysis products were swept from the pyrolyzer 

unit in inert He to the GC, which was equipped with a 30 m column (5xi-5sil, equivalent to HP-

5ms) X 240 µm, 0.25 µm film thickness. The pyrolyzer-GC interface was maintained at 320 

°C. He was used as the GC carrier gas at a controlled flow of 1 ml min-1. The GC oven was held 

at 40 °C for 1 min and 50 °C for 1 min at the beginning of every run (with a ramped increase 

of 3 °C min-1 between hold times). The oven temperature was then increased to 165 °C at 3 °C 

min-1, followed by a second increase from 165 °C to 310 °C at 5 °C min-1, and stabilized 

afterwards at 310 °C for 10 min. The inlet was set to 280 °C in split mode (100:1). Mass spectra 

were acquired at 70 eV ionizing energy in the 50-600 mass to charge ratio (m/z) range, and 

compared with published data reported in the NIST 2014 digital library – as well as to available 

literature.  

 

Pyrolysis product identification and quantification were done using Agilent ChemStation 

software. 105 pyrolysis products spanning seven different compound classes (benzenes, 

polyaromatic hydrocarbons (PAHs), phenols, polysaccharides, lignin, N-containing 

compounds, and lipids) were quantified in each sample as representative of vegetation and 

degradative processes, and assigned per their relative abundance by the peak area of 

characteristic ion fragments. Integrations were checked manually to ensure correct assignment 

in the event of slight retention time shifts. The sum of all integrated chromatographic peak areas 

was set to 100 percent, and individual pyrolysis product abundances were determined in relative 

proportion to the total quantified peak area (relative percent abundance). 
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5.2.3 Elemental analysis 

Elemental analysis was conducted on all samples. Bulk C, H and N analysis was conducted by 

dry combustion using a EuroEA3000 Elemental Analyzer, and for organic O by pyrolysis at 

1000 °C followed by GC-TCD quantification (Hekatech, Germany). 

 

5.2.4 Statistics 

Principal component analysis (PCA) was applied to the 105 quantified pyrolysis products to 

separate the influences of differing environmental factors. Principal components (PCs) were 

identified using the largest explained variance of all pyrolysis products on each PC. Pyrolysis 

product loadings were used to interpret the processes reflected by individual PCs; whereas 

scores reflect the relative effect of each PC in the samples, and were used to evaluate the 

influence of each PC with depth, by site, and in individual cores.  

 

Correlations between PCA scores and C/N ratios were determined by regression analysis 

(Pearson). Differences in mean relative abundance of selected pyrolysis products between NM 

and DC sites were tested by independent t-test. For the t-tests, mean relative abundance for 

depths NM 0-2 and NM 12-14 were calculated using the mean relative abundance from only 

two cores (NM2 and 3 and NM 1 and 2, respectively), due to insufficient sample material. 

Statistical analyses and related plots were done using Python (version 3.8.2). Significance for 

all statistical tests was set at p<0.05. 

  

5.3 Results 
 

5.3.1 Abundance of summed compound classes and targeted biomarkers 

A complete list of pyrolysis products investigated and the loadings used to identify the 

processes (PCs) is provided in Supplementary Table 1. Depth profiles of the summed relative 

abundance (%) of the seven investigated chemical classes are provided in Figure 1(a-g). Across 

all samples, the relative contribution of each primary chemical class to all summed pyrolysis 

products was: benzenes 1.33%, lignin 1.13%, PAHs 0.10%, phenols 11.20%, polysaccharides 

84.86%, N compounds 0.49%, and lipids 0.90%. Levoglucosan was a highly dominant 

polysaccharide pyrolysis product, and contributed an average of 38.02% of the average summed 
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polysaccharide abundance. Depth profiles for targeted S/G ratios, p-isopropenylphenol, and 

levoglucosan (%) are shown in Figure 2(a-c).  

 

The relative abundance of summed phenols, polysaccharides, lipids, benzenes, and PAHs were 

not significantly different between NM and DC through the depth of the profile; however, the 

abundance of all chemical classes investigated (with the exception of the polysaccharides) 

trended higher in DC surface samples (0-12 cm). Summed lignin (syringyl and guaiacyl-derived 

pyrolysis products) demonstrated significantly higher abundance in DC from 12-16 cm 

(p<0.05); whereas N compounds demonstrated significantly higher abundance in DC in surface 

samples (0-2 cm) and at 22-24 cm (p<0.05). Phenols demonstrated higher abundance in both 

sites (with DC trending higher than NM) from the surface to 12 cm, and remained relatively 

stable with depth thereafter through the remainder of the profile; whereas summed 

polysaccharides demonstrated lower abundance (with NM trending higher than DC) to the same 

depth, before stabilizing in abundance at approximately 12 cm (with the exception of the DC2 

core, which demonstrated a sharp decrease in relative polysaccharide abundance between 12-

22 cm). Summed lignin, N compounds, lipids, benzenes, and PAHs all maintained relatively 

stable abundance in the deeper peat samples (>12 cm), again with the exception of DC2, which 

displayed a sharp increase in abundance between 12-22 cm.  

Figure 1(a-g). Relative abundance (%) of summed pyrolysis products by compound class, quantified 
by Py-GC/MS. DC cores are depicted in orange, NM cores are depicted in green. 
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With the exception of 46-

52 cm (NM>DC, p<0.05), 

p-isopropenylphenol was 

not significantly different 

between NM and DC; 

however, abundances 

trended slightly higher in 

DC surface samples (0-6 

cm). S/G lignin ratios were 

not significantly different 

in NM and DC surface 

samples (0-10 cm). Below 

12 cm, S/G ratios were more strongly separated according to site, and with the exception of 34-

36 cm, were significantly lower in DC from 12-40 cm (p<0.05). It was noted that the S/G ratio 

was poorly correlated to summed lignin abundance. Levoglucosan abundance did not 

demonstrate significant differences between sites at the surface (but trended lower in DC in 

surface samples (0-6 cm)), but was signifantly lower in DC at 14-16 cm (p<0.05). 

 

5.3.2 PCA of quantified pyrolysis products 

Principal components (PC) 1 to 4 explained 77.8% of the variance in all pyrolysis products. 

PCA score projections with depth for PC1-4 are provided in Figure 3. PCA biplots depicting 

scores distinguished by site and loading vectors are given in Figure 4(a-d).  

Figure 2(a-c). Relative abundance (%) of targeted molecular 
biomarkers in NM and DC for S/G ratio (a), p-isopropenylphenol (b), 
levoglucosan (c).  

Figure 3. Processes driving chemical differences in Degerö Stormyr peat reflected by PCA score 
projections with depth. 
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PC1 scores (38.8% explained variance) were not significantly different between sites through 

the depth of the profile. Core DC2 demonstrated substantially higher positive scores from 8-20 

cm depth than the other five cores. Below 20 cm, PC1 scores generally remained near zero 

through the remainder of the depth profile, with DC scores trending slightly more positive than 

NM scores. PC2 scores (28.5% explained variance) were generally characterized by positive 

scores in surface samples that decreased rapidly with depth - transitioning to low negative 

scores from approximately 8-10 cm through the remainder of the profile. PC2 scores were not 

significantly different between NM and DC in surface samples (though DC trended slightly 

higher). Below 8 cm, DC displayed more negative scores than NM, and was significantly lower 

between 26-28 cm and 38-40 cm, (p<0.05). PC3 scores (7.0% explained variance) were not 

significantly different between NM and DC through the depth of the profile. PC3 scores 

demonstrated an increasing trend from negative scores in surface samples to positive scores 

with depth in all cores. PC4 scores (3.5% explained variance) were significantly lower in DC 

compared to NM at 14-16 cm (p<0.05), 34-36 cm (p<0.05), and 46-48 cm (p<0.001). 

Figure 4. PCA scores (a,b) and loadings (c,d) for PC1-PC2 (left), and PC3-PC4 (right).  
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Throughout the depth of the profile, PC4 scores trended positive for NM (with the exception of 

NM2, which demonstrated intermittent negative scores), and negative for DC (with the 

exception of DC2, which demonstrated positive scores between 14-22 cm).  

 

PC1 loadings were characterized by positive loadings of both guaiacyl and syringyl-derived 

lignin, benzenes and PAHs, catechols and xylenol phenols (60, 61, 63, 66), N compounds 

(except 53), and lipids. Pyrolysis products with high negative loadings on PC1 included a 

number of polysaccharide pyrolysis products (90-92, 95-96, 102-105). PC2 was characterized 

by positive loadings of phenols (57, 59, 62, 64, 65, 67, 70-72) including the Sphagnum 

biomarker p-isopropenylphenol (67), polysaccharides (73, 77, 78, 81-88, 93, 94, 97, 101), and 

the C-16 fatty acid (3). Pyrolysis products with negative loadings on PC2 included the 

polysaccharides with negative loadings on PC1 (except 102) - with particularly high negative 

loadings for levoglucosan (104), 1,6-anhydro-d-galactofuranose (105), and acetobutyrolactone 

(90). Lignin and lipid pyrolysis products with high loadings on PC1 generally had negative 

loadings on PC2. Benzenes, phenols, and N compounds with negative loadings on PC1 had 

positive loadings on PC2. PC3 positive loadings were characterized by primarily by 

polysaccharide pyrolysis products (74, 75, 78-80, 87, 89, 100) and the N compound 3-

hydroxypyridine monoacetate (48). PC3 negative loadings were characterized by the 

polysaccharides 4-hydroxy-5,6-dihydro-(2H)-pyran-2-one (91), levogalactosan (102), and 

furaneol (96). All lignin pyrolysis products also demonstrated low negative loadings on PC3. 

Pyrolysis products with the highest positive loadings on PC4 included the phenols p-cresol (58), 

and 4-hydroxy-benzaldehyde (69); with syringyl-derived lignin, indoles (50-51), and C-23 and 

25 n-alkanes (5, 7) also demonstrating positive loadings. Pyrolysis products with negative 

loadings on PC4 included guaiacyl-derived lignin, and sterols (except 28-29).  

 

5.3.3 Complementary analyses (C/N ratios and van Krevelen plot) 

Percent C, H, N, and O measured by elemental analysis for the bulk peat samples is given in 

Supplementary Table 2. The C/N depth profile and van Krevelen plot for Degerö are shown 

in Figure 5 and 6, respectively. Average C/N trended higher in NM than DC in the upper 12 

cm of the profile, and was significantly higher at 8-10 cm (p<0.05). Higher C/N ratios were 

generally observed in surface samples (0-10 cm) compared to deeper peat. A decrease in C/N 

was observed in DC2 between 12-22 cm; whereas an increase was present in DC1 from 12-18 

cm.  
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C/N ratios were correlated with PC scores by 

depth. Significant negative correlations were 

observed between peat C/N and PC1 and PC4 

(R=-0.47 and R=-0.46, respectively, p<0.001), 

and a significant positive correlation was 

observed between C/N and PC2 (R=0.30, 

p<0.05). 

  

Van Krevelen plots calculated using the atomic 

ratios for H:C vs O:C for all samples 

demonstrated an increasing trend in H:C/O:C 

from the deepest peat to the surface samples 

(Figure 6). Surface samples from both sites 

demonstrated the highest H:C/O:C, with the highest ratios observed in DC2 0-2 (H:C=1.78; 

O:C=0.78). NM maintained consistently higher H:C/O:C compared to DC in mid-depth peat 

(approximately 10-40 cm); however these samples also demonstrated higher variability. In the 

deepest samples, NM and DC demonstrated relatively similar H:C/O:C ratios on the lower end 

of the van Krevelen plot range. DC2 samples (14-16 and 18-20 cm) demonstrated the lowest 

observed H:C/O:C ratios (H:C=1.55, O:C=0.59, and H:C=1.58, O:C=0.55, respectively).  

 

Figure 5. C/N ratios in NM and DC.  

Figure 6. Van Krevelen plots of atomic H:C and O:C ratios determined by elemental analysis for NM 
(green color-mapped circles) and DC (red color-mapped triangles) at Degerö. Lighter colors indicate 
peat samples closer to the surface, whereas darker colors indicate deeper peat.  
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5.4 Discussion 
 

5.4.1 Interpretation of environmental processes occurring at Degerö 

The high positive loadings on PC1 for both guaiacyl- and syringyl-derived lignin and the 

negative loadings of polysaccharide products associated with (degraded) Sphagnum (Klein et 

al., 2021), suggest that PC1 reflects vascular plant influence on Sphagnum peat. Moreover, the 

sharp increase observed in DC2 scores between 8-22 cm is also demonstrated in the summed 

compound classes (except for the phenols; (Figure 1)), the Sphagnum biomarker p-

isopropenylphenol (Figure 2b), and decreased C/N ratios (Figure 5) at the same peat depth - 

suggesting that the DC2 sample area was previously strongly impacted by vascular plant 

growth.  

 

In PC2, the positive loadings of the Sphagnum biomarker, as well as other phenols and 

polysaccharides are associated with fresh Sphagnum; whereas the high negative loadings of 

levoglucosan and 1,6-anhydro-β-D-glucofuranose are associated with progressive 

accumulation of high molecular weight polysaccharides in degrading peat OM after preferential 

decomposition of Sphagnum phenols and polysaccharides (Klein et al., 2021, Schellekens, 

Bindler, et al., 2015). The lower scores (particularly in DC) are consistent with the more rapid 

initial decomposability of these Sphagnum phenols and polysaccharides in aerobic conditions, 

leaving the remaining OM in the consistently water-saturated deep catotelm with relatively 

stable abundance of these compounds (Schellekens, Bindler, et al., 2015). Therefore, PC2 

primarily reflects aerobic degradation of Sphagnum peat. The lower scores in the deeper DC 

horizons (Figure 3 & Figure 4a) suggest that the effects of drainage were evident over the 

entire analyzed core depth, and also indicate relatively homogenous degradation of Sphagnum 

peat. Further, the comparatively minor variation in scores in deeper NM core samples suggest 

that “natural” variation in the water table (i.e., the loss of aforementioned PC2 phenols and 

polysaccharides due to aerobic decomposition) was likely relatively low. The strong separation 

in PC2 scores in the surface vs deeper peat clearly demarcate the depth to which the “new” 

Sphagnum influence extends (0-12 cm), suggesting that Sphagnum-derived phenols are an early 

indicator for OM chemical changes associated with recent peatland rewetting. In the DC2 core, 

the sharp decrease in PC2 scores combined with the increase in PC1 scores between 

approximately 12-22 cm (and at 46 cm) suggests that this core sample site previously 

experienced stronger drainage conditions than the other two DC sites. 
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For PC3, the positive loadings of polysaccharides (such as (2H)-furan-3-one, 2-furaldehyde, 

isomaltol, 4-cyclopentene-1,3-dione, 1,4:3,6-dianhydro-α-d-glucopyranose, 5-methyl-2-

furaldehyde, and 2-propylfuran), combined with the increasingly positive trend in PC3 scores 

with depth are consistent with the relative accumulation of decomposition-resistant Sphagnum-

derived “sphagnan” polysaccharides in anaerobic conditions (Hájek, Ballance, Limpens, 

Zijlstra, & Verhoeven, 2011; Painter, 1991), and suggest that PC3 mainly reflects anaerobic 

degradation processes. The negative loadings of 4-hydroxy-5,6-dihydro-(2H)-pyran-2-one and 

levogalactosan are in agreement with the findings from a previous study demonstrating 

microbial palatability of these compounds under anaerobic conditions (Klein et al., 2021).  

 

The positive loadings on PC4 for p-cresol and 4-hydroxy-benzaldehyde along with indoles, and 

the C-23, 25, and 27 n-alkanes do not allow for a straightforward interpretation of PC4. 

However, PC4 strongly separates NM and DC consistently across the depth of the profiles 

across the four investigated PCs (Figure 4b). The separation of sites suggests a relationship 

between PC4 and drainage, and also supports observations from PC2 that drainage affected the 

entire profile depth, whereas rewetting primarily affected the surface layer. However, the strong 

correlations of PC1 and PC4 in the deeper peat in NM (14-50 cm), combined with the absence 

of a correlation in DC may also suggest that PC4 reflects an environmental process occurring 

in the peat prior to drainage (likely in NM). PC4 may therefore reflect “historical” conditions 

(>12 cm) that previously differentiated the two sample sites prior to the drainage activities.  

 

5.4.2 Comparison with elemental analysis 

C/N ratios can be considered a general indicator for decomposition, as lower C/N ratios reflect 

greater microbial transformation of OM (Leifeld, Klein, & Wüst-Galley, 2020). The lower C/N 

ratio in DC in the surface peat (0-10 cm) indicates that the newly formed OM may not yet have 

had sufficient time to respond to the effects of the rewetting, despite the renewed growth of 

Sphagnum on the DC site. However, it was also noted that the H:C/O:C ratios were generally 

similar in surface samples, with DC2 0-2 demonstrating one of the highest ratios of all samples 

(H:C=1.78; O:C=0.78). This indicates a strong increase in functional groups in the rewetted DC 

surface samples, in agreement with the findings of (Negassa et al., 2019), who observed 

stronger preservation in carboxyl functional groups in rewetted samples compared to drained, 

and suggested that newly rewetted peat OM may benefit not only from enriched input of 

vegetation at the surface, but also from a degree of protection provided to “original” 

carbohydrate and phenol content in the subsurface. 

file:///D:/PhD/Working/Dissertation/Dissertation%20submission%20documents/Chapter%205.docx%23_ENREF_9
file:///D:/PhD/Working/Dissertation/Dissertation%20submission%20documents/Chapter%205.docx%23_ENREF_9
file:///D:/PhD/Working/Dissertation/Dissertation%20submission%20documents/Chapter%205.docx%23_ENREF_19
file:///D:/PhD/Working/Dissertation/Dissertation%20submission%20documents/Chapter%205.docx%23_ENREF_14
file:///D:/PhD/Working/Dissertation/Dissertation%20submission%20documents/Chapter%205.docx%23_ENREF_17


 

155 
 

 

5.4.3 Chemical differences in compound classes after rewetting 

Summed chemical classes provide a semi-quantitative measure for comparison of chemical 

differences between NM and DC, and clearly identify depth differences where the largest 

changes occur. The phenol relative abundance in DC surface samples was considered similar 

to that observed in NM, suggesting that the rewetted peat has recently become more similar (in 

terms of Sphagnum-influenced phenol chemistry) to the undrained “natural” conditions of NM. 

While Sphagnum phenols are vulnerable to decomposition in aerobic conditions (Schellekens, 

Bindler, et al., 2015), they are relatively resistant to decomposition in water-saturated 

(anaerobic) conditions (Christopher Freeman, Ostle, Fenner, & Kang, 2004; Chris Freeman, 

Ostle, & Kang, 2001). Therefore, an increase in Sphagnum-derived phenols in boreal surface 

peat may signal a transition to enhanced OM recovery in peatland ecosystems.  

 

While phenol abundance accumulated rapidly in the rewetted peat surface samples in agreement 

with the changing hydrological conditions, not all chemical classes appeared to have responded 

to the rewetting in the same time-frame. The consistently higher abundance of summed lignin, 

N compounds, benzenes, lipids, and PAHs in DC surface samples was consistent with the lower 

C/N ratios observed to the same depth, and may indicate that the OM has had insufficient time 

to chemically respond to the rewetting (beyond the contribution from Sphagnum phenols) - 

despite the change in observed vegetation and hydrological conditions. In the deeper peat, it is 

likely that compounds associated with previous vascular plant-derived material (i.e., higher 

lignin, N compounds, benzenes, lipids) will remain as a permanent “fingerprint” of the 

historical drained conditions - as substantial decomposition of lignin generally necessitates 

aerobic conditions (Feng, Simpson, Wilson, Williams, & Simpson, 2008; Zhang et al., 2019). 

However, the increased abundance in these same compound classes in the surface peat (where 

Sphagnum is currently abundant) may reflect residual impacts on the more recently deposited 

rewetted OM originating from “older” peat below, suggesting that some chemical 

characteristics of “newer” OM may be slower to respond to changed hydrological conditions. 

  

5.5 Conclusions 
 

This analysis demonstrated that peatland rewetting activities result in rapid initial changes in 

OM chemical composition in surface peat, even after more than 80 years of previous drainage. 

The primary influences on the Sphagnum-dominated peatland chemistry were shifts in 
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vegetation, aerobic, and anaerobic decomposition processes. Differences were preserved 

between the natural and formerly drained conditions in the historical peat. Results (OM 

analyzed by chemical class, elemental analysis, and PCA scores) demonstrated shifts in OM 

composition occurring to the same depth, suggesting that the rewetting influence extended from 

the surface through approximately the first 12 cm of the peat; whereas deeper samples showed 

evidence of the previous drainage. Summed phenols (and more specifically, the Sphagnum 

biomarker p-isopropenylphenol) served as early indicators for changes in OM composition 

following rewetting. N compounds, lignin, benzenes, lipids, and PAHs responded more slowly 

to the rewetting.  

 

Our results indicate that while the chemical composition of previously drained peat undergoes 

a rapid initial response to rewetting, and that these changes are likely to have a positive impact 

on the overall stability of both newly formed and historically drained and degraded peat, some 

OM could potentially demonstrate longer-term impacts. Recent findings have suggested that 

some micro-organisms may exhibit the capacity for adaptation to changing hydrology, and that 

historical environmental conditions could continue to alter rates of microbial transformation, 

even if current conditions change (Lehmann et al., 2020). As peatland C stability is largely 

determined by the availability of its OM to microbial transformation, determining the nature 

and rate of response of rewetted peat OM chemistry is an area requiring further research.  
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Supplementary Table 1. Quantified pyrolysis products with associated PCA code, compound class, retention time (RT, min),  and loadings for principal component 
analysis investigated to 95% explained variance. 

PCA 
code Compound Compound 

class 
Quant 

ion (m/z) RT PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12 PC13 PC14 PC15 PC16 

1 Pristene Lip 56 46.34 0.69 -0.55 0.14 -0.12 0.04 0.18 -0.17 0.02 -0.05 -0.07 -0.04 -0.01 -0.14 0.04 0.13 -0.02 

2 n-C14 fatty acid Lip 60 47.41 0.67 0.29 -0.25 -0.22 0.07 -0.13 0.00 0.19 -0.09 -0.09 0.42 0.15 0.06 -0.20 -0.05 -0.08 

3 n-C16 fatty acid Lip 60 52.66 0.45 0.68 -0.26 -0.14 -0.13 0.04 0.06 -0.06 -0.06 -0.08 0.34 0.04 -0.05 -0.10 0.06 -0.17 

4 n-C23 alkene Lip 55 59.18 0.83 -0.43 0.10 0.07 -0.20 0.10 -0.17 -0.03 -0.02 -0.07 -0.07 -0.01 0.00 -0.02 0.07 -0.01 

5 n-C23 alkane Lip 57 59.28 0.54 -0.43 0.36 0.47 0.01 0.10 0.11 -0.20 -0.02 0.08 -0.04 0.10 0.08 0.11 -0.02 -0.02 

6 n-C25 alkene Lip 55 62.45 0.77 -0.50 0.25 0.07 -0.12 0.12 -0.11 0.01 -0.05 0.00 -0.03 0.05 0.03 0.02 0.12 0.01 

7 n-C25 alkane Lip 57 62.58 0.65 -0.45 0.36 0.36 -0.05 0.15 0.05 -0.13 0.05 0.04 -0.07 0.06 0.06 0.07 -0.05 -0.05 

8 n-C27 alkene Lip 55 65.49 0.80 -0.46 0.05 -0.08 0.01 0.25 -0.12 0.06 0.04 -0.08 -0.01 -0.01 -0.11 0.02 0.02 -0.05 

9 n-C27 alkane Lip 57 65.55 0.78 -0.36 0.14 0.24 0.08 0.27 0.12 0.03 0.08 0.01 -0.07 -0.03 -0.05 0.04 -0.09 -0.02 

10 n-C29 alkane Lip 57 68.34 0.76 -0.28 0.05 -0.13 0.31 0.31 0.22 0.03 0.00 0.03 -0.16 0.08 -0.06 -0.14 -0.01 -0.01 

11 n-C31 alkane Lip 57 70.94 0.72 -0.21 -0.02 -0.24 0.31 0.24 0.29 0.01 0.01 0.08 -0.22 0.17 0.01 -0.20 -0.02 -0.01 

12 n-C21 methylketone Lip 59 59.35 0.14 -0.37 0.48 -0.28 -0.39 -0.23 0.33 -0.23 0.25 0.15 -0.07 0.13 -0.13 -0.02 -0.03 -0.04 

13 n-C23 methylketone Lip 59 62.69 0.54 -0.54 0.26 -0.08 -0.43 -0.10 0.18 -0.10 0.10 0.04 -0.06 0.10 -0.03 0.01 0.07 -0.09 

14 n-C25 methylketone Lip 59 65.74 0.67 -0.61 0.14 0.20 -0.13 0.17 -0.12 -0.07 -0.02 -0.05 0.00 0.01 0.05 0.05 0.08 -0.05 

15 n-C27 methylketone Lip 59 68.57 0.71 -0.58 0.03 0.04 -0.24 0.15 -0.21 0.02 -0.05 -0.15 -0.07 -0.02 0.01 -0.07 0.04 -0.03 

16 n-C29 methylketone Lip 59 71.21 0.82 -0.50 -0.04 -0.09 -0.10 0.14 -0.15 0.05 -0.05 -0.09 -0.05 0.00 -0.09 -0.05 -0.02 -0.01 

17 n-C31 methylketone Lip 59 73.66 0.85 -0.41 -0.01 -0.19 0.00 0.12 -0.04 0.04 0.01 -0.02 0.03 0.01 -0.18 -0.03 -0.08 0.00 

18 n-C33 methylketone Lip 59 76.18 0.79 -0.34 -0.03 -0.24 -0.25 -0.12 0.02 -0.12 0.11 -0.09 -0.01 0.05 -0.16 -0.07 -0.09 0.03 

19 n-C35 methylketone Lip 59 79.48 0.69 -0.38 -0.05 -0.21 -0.33 -0.13 0.01 -0.17 0.12 -0.09 -0.07 0.07 -0.21 -0.07 -0.13 0.07 

20 Stigmasta-3,5-diene Lip 396 70.80 0.85 -0.43 0.06 -0.17 -0.06 -0.12 0.03 -0.08 0.08 0.12 -0.01 0.04 0.07 0.03 -0.03 0.00 

21 α-Tocopherol Lip 165 71.24 0.74 -0.51 -0.14 -0.07 -0.07 0.06 -0.18 0.12 -0.04 -0.08 -0.02 0.02 0.11 -0.01 0.09 -0.02 

22 Stigmasterol Lip 55 72.83 0.22 -0.01 -0.02 -0.18 0.45 0.40 -0.21 -0.24 0.02 -0.16 0.00 -0.06 -0.59 0.22 -0.03 -0.12 

23 β-Sitosterol Lip 55 73.57 0.53 -0.39 0.18 -0.36 -0.08 -0.28 0.25 -0.24 0.28 0.18 0.09 0.08 -0.03 0.10 -0.09 -0.02 

24 
Stigmasta-3,5-dien-7-
one Lip 174 74.66 0.88 -0.20 -0.18 -0.23 -0.06 -0.09 0.01 0.07 0.07 0.05 0.19 0.09 0.04 -0.05 -0.12 -0.05 

25 γ-Sitostenone Lip 124 75.00 0.78 -0.30 -0.12 -0.33 0.08 -0.11 0.10 0.08 0.01 0.21 0.10 0.10 0.05 0.08 -0.15 0.03 
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PCA 
code Compound Compound 

class 
Quant 

ion (m/z) RT PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12 PC13 PC14 PC15 PC16 

26 
C30 Pentacyclic 
Triterpenoid 

Lip 204 70.14 0.68 -0.53 0.04 0.05 -0.37 0.01 -0.13 -0.06 -0.04 -0.12 -0.18 0.05 0.06 -0.11 0.04 -0.05 

27 
α-Amyrin (Urs-12-en-
3-ol, (3β)-) Lip 218 74.60 0.38 0.04 -0.12 -0.29 0.60 0.31 0.31 0.02 -0.01 0.05 -0.29 0.18 0.08 -0.22 0.03 -0.04 

28 C30 hopanoid Lip 191 72.01 0.72 -0.52 -0.06 0.09 -0.34 -0.03 -0.13 -0.05 -0.07 -0.07 -0.16 0.04 0.08 -0.10 -0.03 0.00 

29 C30 hopanoid isomer Lip 191 72.13 0.69 -0.51 -0.09 0.19 -0.34 -0.07 -0.13 -0.06 -0.09 -0.03 -0.14 0.03 0.07 -0.06 -0.04 -0.02 

30 Toluene B 91 4.73 0.88 0.33 -0.01 0.09 0.00 0.14 0.19 0.14 0.00 0.00 0.11 -0.06 0.03 0.05 -0.01 0.04 

31 Styrene B 104 9.16 0.80 0.23 -0.08 0.04 -0.16 0.34 0.17 0.07 -0.05 0.10 0.12 -0.11 0.04 0.22 0.00 0.04 

32 Acetophenone B 105 17.74 0.87 0.35 0.03 -0.04 0.05 0.09 0.11 0.16 0.05 0.03 0.08 -0.05 0.11 -0.02 0.04 0.05 

33 Guaiacol Lig 109 18.81 0.94 -0.18 -0.22 -0.09 0.05 -0.06 -0.08 0.06 0.05 0.02 -0.02 -0.07 0.08 0.03 -0.03 0.04 

34 4-Methylguaiacol Lig 138 23.91 0.86 -0.39 -0.25 -0.06 0.01 -0.06 -0.14 0.01 0.03 0.01 -0.06 -0.05 0.06 0.01 -0.04 0.06 

35 4-Ethylguaiacol Lig 137 27.85 0.90 -0.30 -0.21 -0.05 0.11 -0.12 -0.06 -0.05 0.02 0.00 -0.04 -0.02 0.10 0.05 0.01 0.03 

36 4-Vinylguaiacol Lig 135 29.53 0.81 -0.23 -0.23 0.01 0.20 -0.31 -0.03 -0.19 0.01 0.01 0.04 0.00 0.08 0.16 0.04 -0.05 

37 4-Formylguaiacol Lig 151 33.21 0.88 -0.33 -0.21 -0.09 0.11 -0.09 -0.15 0.03 0.00 0.00 0.04 0.00 0.01 0.06 -0.07 0.01 

38 
4-(Prop-2-
enyl)guaiacol, trans Lig 164 35.42 0.87 -0.31 -0.30 -0.04 0.03 -0.07 -0.13 0.00 0.05 0.02 -0.07 -0.09 0.04 0.02 -0.03 0.07 

39 4-Acetylguaiacol Lig 151 36.81 0.80 -0.47 -0.20 -0.09 -0.11 0.01 -0.22 0.10 -0.05 -0.01 0.03 -0.02 0.01 0.00 -0.09 0.05 

40 
4-(Propan-1-
one)guaiacol Lig 137 38.49 0.88 -0.33 -0.24 -0.13 0.06 -0.01 -0.12 0.07 0.01 0.03 -0.02 -0.03 0.05 0.01 -0.08 0.05 

41 Syringol Lig 154 31.13 0.80 0.16 -0.17 0.17 0.24 -0.26 0.14 -0.12 0.09 -0.15 0.12 -0.13 0.00 -0.07 0.14 -0.02 

42 4-Methylsyringol Lig 153 35.20 0.85 -0.19 -0.24 0.19 0.18 -0.20 0.06 -0.17 0.06 -0.12 0.00 -0.10 0.01 -0.04 0.07 0.00 

43 4-Vinylsyringol Lig 180 39.95 0.82 -0.16 -0.22 0.22 0.28 -0.21 0.10 -0.19 0.10 -0.10 0.01 -0.10 0.00 -0.04 0.07 -0.03 

44 4-Formylsyringol Lig 181 43.47 0.83 -0.05 -0.19 0.09 0.30 -0.23 0.00 -0.13 0.02 -0.19 0.12 -0.02 -0.07 -0.10 0.05 -0.08 

45 
4-(Prop-2-
enyl)syringol, trans Lig 194 45.11 0.80 -0.27 -0.26 0.27 0.11 -0.24 0.01 -0.20 0.03 -0.13 -0.03 -0.09 0.06 -0.01 0.08 -0.02 

46 4-Acetylsyringol Lig 181 46.05 0.85 -0.40 -0.23 0.09 0.03 -0.10 -0.13 -0.04 -0.01 -0.12 0.06 -0.03 -0.03 -0.03 -0.03 0.00 

47 Pyridine N 79 4.29 0.90 -0.04 0.08 0.23 0.01 0.07 0.02 0.28 0.06 0.09 0.04 0.01 -0.06 0.02 -0.06 -0.07 

48 
3-Hydroxypyridine 
monoacetate N 95 20.34 0.59 -0.18 0.52 0.24 0.16 0.08 -0.09 0.25 0.08 0.19 0.11 0.00 -0.02 -0.02 0.11 -0.23 

49 Benzylnitrile N 117 21.35 0.87 0.18 -0.09 0.26 -0.06 0.19 0.10 0.15 -0.04 0.06 0.22 -0.03 -0.04 0.02 -0.01 0.03 
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PCA 
code Compound Compound 

class 
Quant 

ion (m/z) RT PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12 PC13 PC14 PC15 PC16 

50 Indole N 117 28.67 0.74 0.06 0.15 0.40 -0.04 -0.06 0.03 0.35 0.19 0.13 0.01 0.04 -0.12 0.04 -0.05 -0.15 

51 C1-indole N 130 32.73 0.68 0.34 0.07 0.49 -0.05 0.00 0.14 0.24 0.15 0.07 0.05 -0.04 -0.10 0.09 0.00 -0.03 

52 Diketodipyrrole N 186 45.02 0.81 -0.47 0.03 0.06 -0.17 0.11 -0.14 0.08 -0.02 -0.01 -0.03 -0.02 0.07 -0.12 0.00 0.04 

53 13-Docosenamide N 59 66.66 -0.16 0.08 -0.29 -0.07 -0.09 -0.13 -0.21 0.28 0.26 0.08 -0.03 0.43 -0.15 0.08 0.59 0.19 

54 Indene PAH 116 16.55 0.81 0.30 -0.14 -0.17 -0.03 0.29 0.18 -0.06 -0.08 0.01 0.15 -0.07 0.05 -0.04 0.12 0.08 

55 
C14-polyaromatic 
hydrocarbon 

PAH 178 47.59 0.72 -0.03 0.20 -0.20 -0.26 0.09 0.31 -0.17 0.03 0.09 0.12 -0.13 0.05 0.03 0.14 0.03 

56 Phenol Ph 94 13.74 0.19 0.50 0.09 0.00 -0.10 0.11 0.04 -0.26 -0.48 0.18 -0.07 0.21 0.18 0.09 0.11 -0.36 

57 
2-Methylphenol (o-
cresol) Ph 107 17.37 0.49 0.86 0.08 0.05 -0.10 -0.01 0.00 -0.02 0.01 -0.02 -0.04 -0.01 -0.02 -0.01 -0.03 0.00 

58 
4-Methylphenol (p-
cresol) Ph 107 18.51 0.25 0.08 0.37 0.68 -0.09 0.28 0.24 -0.14 0.21 0.01 0.10 -0.01 0.05 -0.12 -0.04 0.16 

59 3-Ethylphenol Ph 107 21.51 0.42 0.90 0.04 0.03 -0.07 -0.05 0.01 0.04 -0.03 -0.05 -0.05 -0.02 -0.03 0.00 0.00 0.00 

60 2,4-Dimethylphenol Ph 107 22.04 0.87 0.43 0.06 0.18 0.02 0.02 0.05 -0.01 0.04 0.03 0.01 -0.02 0.00 -0.01 -0.02 0.04 

61 2,5-Dimethylphenol  Ph 107 22.15 0.90 0.39 0.02 -0.06 0.10 0.00 -0.06 0.04 -0.03 0.01 -0.06 -0.02 0.02 0.03 -0.04 0.06 

62 4-Ethylphenol Ph 107 22.94 0.38 0.89 0.05 0.06 -0.03 0.09 0.14 -0.09 0.06 0.00 -0.04 -0.01 0.02 -0.10 -0.02 0.00 

63 Catechol Ph 110 24.75 0.81 0.48 -0.11 -0.15 0.15 -0.03 0.11 0.00 0.01 0.07 0.08 -0.06 -0.01 -0.04 0.11 0.02 

64 4-Vinylphenol Ph 120 25.51 0.50 0.79 -0.12 0.02 0.06 -0.16 0.04 -0.15 0.15 0.06 0.05 -0.02 0.01 -0.04 0.05 -0.05 

65 2-Acetylresorcinol Ph 137 27.76 0.35 0.92 0.02 -0.11 -0.06 -0.06 -0.12 -0.02 0.02 -0.05 -0.06 -0.03 0.03 0.03 0.00 -0.02 

66 Methylcatechol Ph 124 28.98 0.83 -0.06 -0.12 -0.04 0.20 0.05 0.20 0.08 -0.02 0.15 -0.19 -0.12 0.01 0.01 0.12 0.21 

67 p-Isopropenylphenol Ph 134 29.36 0.10 0.89 0.07 0.05 -0.03 -0.04 -0.03 0.02 0.25 0.05 -0.20 -0.01 -0.09 -0.04 -0.09 -0.06 

68 
3-Methoxy-5-
methylphenol Ph 138 30.14 0.84 -0.44 -0.23 0.02 0.07 -0.06 -0.12 -0.05 0.00 -0.01 -0.02 -0.03 0.02 -0.02 -0.03 0.01 

69 4-Formylphenol Ph 121 32.23 -0.43 0.22 0.29 0.57 0.15 -0.26 -0.17 -0.13 0.06 -0.12 0.02 0.25 -0.11 -0.23 -0.03 0.04 

70 4-Acetylphenol Ph 121 35.33 0.13 0.83 0.27 0.21 -0.11 0.03 0.01 0.11 0.01 -0.18 0.02 0.06 -0.02 -0.19 -0.02 0.14 

71 4-Hydroxybiphenyl Ph 170 45.64 -0.21 0.85 -0.10 -0.01 -0.11 0.23 0.02 -0.20 0.14 0.03 -0.06 0.00 -0.06 -0.17 -0.01 0.02 

72 C1-Hydroxybiphenyl Ph 184 48.84 0.05 0.93 0.01 -0.05 -0.12 0.13 0.04 -0.13 0.11 0.04 -0.05 0.01 -0.02 -0.11 0.02 -0.07 

73 Acetic acid Ps 60 2.55 0.46 0.86 -0.13 -0.04 -0.02 0.02 -0.04 -0.03 0.01 0.01 -0.10 -0.01 0.00 0.05 0.03 -0.04 

74 (2H)-furan-3-one Ps 84 5.64 -0.03 -0.47 0.74 -0.15 0.26 -0.16 -0.16 0.11 0.21 0.08 0.02 -0.03 0.08 0.00 -0.01 -0.03 
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PCA 
code Compound Compound 

class 
Quant 

ion (m/z) RT PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12 PC13 PC14 PC15 PC16 

75 2-Furaldehyde Ps 96 6.70 0.36 0.35 0.72 -0.22 0.16 -0.06 -0.04 -0.10 -0.09 -0.22 0.02 -0.04 0.10 0.18 -0.01 0.10 

76 
4-Cyclopentene-1,3-
dione Ps 96 6.93 0.12 -0.34 0.46 0.17 0.49 -0.22 -0.19 0.01 0.21 -0.01 -0.08 0.16 0.15 0.15 -0.14 -0.03 

77 2-Furanmethanol Ps 98 7.67 0.37 0.91 0.02 0.04 0.00 -0.18 -0.05 0.06 -0.01 -0.06 -0.03 0.02 -0.04 -0.02 0.00 -0.04 

78 2-Propylfuran Ps 81 8.05 0.42 0.61 0.55 0.04 0.05 -0.19 -0.02 0.16 -0.10 -0.14 0.00 0.02 -0.08 0.09 -0.02 -0.01 

79 
4-Cyclopentene-1,3-
dione Ps 96 8.71 0.49 0.50 0.51 -0.25 -0.12 0.02 -0.21 -0.14 0.12 0.13 -0.01 -0.15 -0.01 0.09 0.10 0.01 

80 
4-Cyclopentene-1,3-
dione Ps 96 8.88 -0.10 -0.25 0.61 -0.05 0.13 0.13 -0.35 -0.30 -0.05 0.39 0.18 -0.08 -0.04 -0.02 0.00 0.24 

81 
2-methyl-2-
Cyclopenten-1-one Ps 67 9.74 0.50 0.86 0.05 -0.02 -0.01 0.01 -0.06 0.03 0.00 0.02 -0.05 -0.03 -0.01 0.01 -0.03 0.04 

82 2(5H)-Furanone Ps 55 9.96 0.32 0.92 0.00 -0.04 -0.07 -0.02 -0.15 -0.01 0.07 0.04 -0.07 -0.04 0.03 0.03 0.04 -0.03 

83 Acetylfuran Ps 95 9.98 0.30 0.82 0.42 0.04 -0.08 0.04 -0.13 0.00 -0.08 -0.08 0.07 -0.04 0.01 0.00 0.00 0.07 

84 1,2-Cyclopentanedione Ps 98 10.85 0.21 0.94 -0.09 -0.02 -0.03 -0.03 -0.17 -0.05 0.07 0.12 -0.05 -0.05 -0.04 0.01 -0.02 -0.02 

85 
5-methyl-2(5H)-
furanone Ps 55 11.26 0.29 0.90 0.08 -0.10 -0.01 0.07 -0.16 -0.02 0.04 0.07 -0.04 -0.06 0.16 0.01 0.07 0.00 

86 
3-methyl-2,5-
furandione  Ps 68 11.56 0.51 0.83 -0.02 -0.07 0.10 -0.03 -0.01 0.02 0.05 -0.03 -0.02 0.00 0.05 -0.01 0.00 0.02 

87 
5-methyl-2-
furaldehyde  Ps 110 12.52 0.12 0.62 0.59 -0.28 0.07 0.01 -0.15 0.10 0.07 -0.20 -0.01 0.00 0.14 -0.11 -0.07 0.05 

88 
3-methyl-2(5H)-
furanone  Ps 69 13.08 0.28 0.89 -0.12 -0.01 -0.09 -0.01 -0.23 -0.08 0.11 0.18 -0.05 -0.01 0.01 0.04 0.01 0.02 

89 Isomaltol Ps 111 13.37 0.41 0.36 0.64 -0.27 -0.13 -0.02 0.09 -0.06 -0.01 -0.17 0.31 0.09 0.01 -0.05 0.03 -0.03 

90 

3-acetyl-2(3H)-
furanone (α-
Acetobutyrolactone) 

Ps 86 14.29 -0.55 -0.63 0.23 -0.25 0.01 0.04 0.01 0.11 0.20 -0.20 0.01 -0.17 0.04 -0.07 0.08 -0.02 

91 

4-Hydroxy-5,6-
dihydro-(2H)-pyran-2-
one 

Ps 114 14.56 -0.53 -0.13 -0.60 0.27 -0.02 0.11 -0.02 -0.35 0.20 -0.02 0.14 0.03 0.04 0.10 0.09 -0.03 

92 

Tetrahydro-3,6-
dimethyl-2H-pyran-2-
one 

Ps 56 14.80 -0.58 -0.52 0.35 -0.09 0.10 0.11 -0.04 -0.04 0.27 -0.21 -0.03 -0.13 0.13 0.01 0.13 -0.10 

93 
2-hydroxy-3-methyl-2-
cyclopenten-1-one Ps 112 15.85 0.25 0.94 -0.06 -0.02 -0.08 0.03 -0.16 -0.06 0.02 0.04 -0.06 0.00 -0.03 0.01 -0.04 -0.01 
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PCA 
code Compound Compound 

class 
Quant 

ion (m/z) RT PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12 PC13 PC14 PC15 PC16 

94 
2,3-Dimethyl-2-
cyclopenten-1-one 

Ps 67 16.22 0.52 0.85 0.02 -0.04 -0.01 -0.02 -0.01 0.04 -0.01 0.00 -0.04 -0.04 0.00 0.01 -0.01 0.02 

95 Dianhydrorhamnose Ps 113 16.78 -0.62 -0.02 -0.04 -0.26 -0.01 0.31 -0.13 0.04 0.48 -0.19 -0.02 -0.15 0.26 -0.06 0.04 -0.17 

96 

2,5-Dimethyl-4-
hydroxy-3(2H)-
furanone (Furaneol) 

Ps 128 18.81 -0.62 -0.07 -0.41 0.08 -0.11 0.47 -0.06 -0.22 0.19 -0.11 0.13 -0.01 0.06 0.01 -0.08 0.09 

97 Maltol Ps 126 20.07 0.32 0.88 -0.09 -0.04 0.01 0.15 -0.19 -0.04 0.05 -0.05 0.05 0.10 -0.06 -0.11 -0.08 0.00 

98 

2,3-dihydro-3,5-
dihydroxy-6-methyl-
4H-pyran-4-one  
(Pyranone) 

Ps 144 21.82 0.06 0.45 -0.09 -0.04 -0.21 0.02 0.49 0.19 0.07 -0.45 -0.16 0.03 0.00 0.38 -0.02 -0.01 

99 

3,5-dihydroxy-2-
methyl-4H-pyran-4-
one  

Ps 142 23.91 0.24 0.22 -0.23 -0.02 0.10 0.33 -0.13 -0.10 0.16 -0.18 0.16 0.55 0.20 0.24 -0.13 0.14 

100 
1,4:3,6-Dianhydro-α-
d-glucopyranose Ps 69 25.21 0.26 -0.63 0.60 -0.07 0.06 0.17 -0.15 0.05 -0.09 -0.04 0.15 0.06 -0.03 -0.03 0.04 -0.07 

101 
5-
Hydroxymethylfurfural Ps 97 26.05 0.19 0.90 0.09 -0.04 -0.13 -0.13 0.00 0.07 -0.15 -0.15 -0.15 0.03 -0.04 0.06 -0.08 0.07 

102 Levogalactosan Ps 60 33.96 -0.47 0.36 -0.59 0.05 -0.04 0.12 -0.31 0.02 0.16 0.19 0.00 -0.02 0.03 0.04 -0.12 -0.13 

103 Levomannosan Ps 60 36.75 -0.56 -0.46 -0.31 -0.05 -0.26 -0.03 0.01 0.38 0.28 0.14 0.05 -0.04 -0.02 -0.04 -0.09 -0.06 

104 Levoglucosan Ps 60 36.88 -0.49 -0.85 0.07 0.05 0.04 -0.01 0.10 0.02 -0.04 -0.03 0.04 -0.02 -0.06 -0.06 0.01 0.07 

105 
1,6-Anhydro-β-D-
glucofuranose Ps 72 43.11 -0.61 -0.74 0.06 -0.04 -0.05 -0.04 0.11 0.05 -0.08 -0.03 0.11 -0.10 -0.05 -0.04 -0.02 0.06 
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Supplementary Table 2. Elemental composition for carbon, hydrogen, and nitrogen measured in duplicated replicates (%), oxygen (%), 
mean±standard deviation abundance and C/N ratios, with corresponding core and depth.  
Core Depth (N) % (C) % (H) % (N) % (C) % (H) % (O) % Mean N % var. N Mean C % var. C Mean H % var. H CN 
DC1 0 0.79 49.85 7.17 0.71 43.61 6.29 45.31 0.75 0.06 46.73 4.41 6.73 0.62 62.35 
DC1 -4 0.72 46.73 6.58 0.71 46.72 6.63 44.18 0.72 0.00 46.72 0.01 6.60 0.04 65.30 
DC1 -8 0.71 46.18 6.54 0.72 46.24 6.48 45.09 0.72 0.01 46.21 0.05 6.51 0.05 64.36 
DC1 -12 0.62 47.86 6.70 0.62 47.57 6.46 44.50 0.62 0.00 47.72 0.21 6.58 0.17 77.21 
DC1 -14 0.62 46.35 6.32 0.61 46.64 6.50 44.75 0.62 0.01 46.50 0.21 6.41 0.12 75.54 
DC1 -18 0.87 47.53 6.31 0.87 47.71 6.45 43.64 0.87 0.00 47.62 0.13 6.38 0.10 54.83 
DC1 -22 1.05 45.51 6.26 1.11 46.78 6.37 41.95 1.08 0.05 46.14 0.90 6.31 0.08 42.73 
DC1 -26 0.89 46.50 6.46 0.85 46.48 6.60 45.60 0.87 0.02 46.49 0.01 6.53 0.10 53.46 
DC1 -30 0.67 46.65 6.57 0.68 46.64 6.58 46.08 0.67 0.01 46.65 0.00 6.58 0.01 69.31 
DC1 -34 0.71 47.31 6.22 0.70 47.63 6.45 44.94 0.71 0.00 47.47 0.22 6.33 0.16 67.24 
DC1 -38 0.71 47.36 6.46 0.70 48.07 6.55 43.85 0.71 0.01 47.72 0.50 6.50 0.07 67.68 
DC1 -42 0.78 48.94 6.66 0.79 49.02 6.65 43.20 0.78 0.01 48.98 0.06 6.66 0.01 62.43 
DC1 -46 0.90 49.14 6.32 0.89 49.38 6.65 43.50 0.89 0.01 49.26 0.17 6.49 0.24 55.07 
DC1 -50 1.28 48.45 6.63 1.31 48.48 6.37 41.59 1.30 0.02 48.46 0.02 6.50 0.19 37.39 
DC2 0 0.77 43.28 6.31 0.78 43.58 6.56 45.19 0.77 0.01 43.43 0.21 6.43 0.18 56.14 
DC2 -4 0.81 44.16 5.86 0.82 44.19 6.32 43.19 0.82 0.00 44.17 0.02 6.09 0.32 54.20 
DC2 -8 0.68 42.07 5.97 0.68 42.12 6.11 42.14 0.68 0.00 42.10 0.04 6.04 0.10 61.82 
DC2 -12 0.93 45.73 6.20 0.92 45.79 6.10 43.10 0.93 0.00 45.76 0.04 6.15 0.07 49.39 
DC2 -14 1.49 49.04 6.39 1.48 49.06 6.27 38.31 1.49 0.01 49.05 0.01 6.33 0.08 32.98 
DC2 -18 1.63 49.48 6.51 1.64 49.57 6.50 36.14 1.64 0.01 49.53 0.06 6.50 0.01 30.25 
DC2 -22 1.03 45.08 6.37 1.05 45.09 6.41 42.24 1.04 0.02 45.08 0.01 6.39 0.03 43.30 
DC2 -26 0.86 44.50 6.06 0.75 44.79 6.29 44.57 0.80 0.08 44.64 0.20 6.18 0.16 55.49 
DC2 -30 0.79 45.00 6.17 0.67 44.83 6.16 43.60 0.73 0.09 44.92 0.12 6.16 0.00 61.57 
DC2 -34 0.71 45.31 6.19 0.80 45.36 6.16 43.02 0.75 0.06 45.33 0.04 6.17 0.02 60.12 
DC2 -38 0.68 45.00 6.00 0.65 42.12 5.68 42.89 0.67 0.02 43.56 2.04 5.84 0.23 65.31 
DC2 -42 0.93 45.89 6.17 0.81 46.30 6.32 42.78 0.87 0.08 46.10 0.29 6.24 0.11 52.92 
DC2 -46 1.06 47.34 6.27 0.91 47.73 6.40 41.21 0.99 0.10 47.54 0.27 6.33 0.09 48.14 
DC2 -50 0.77 45.33 5.88 0.78 45.82 6.24 42.56 0.78 0.01 45.58 0.34 6.06 0.25 58.62 
DC3 0 0.91 45.32 6.58 0.91 45.83 6.66 43.69 0.91 0.00 45.58 0.36 6.62 0.06 50.11 
DC3 -4 0.94 45.86 6.50 0.94 46.30 6.54 43.64 0.94 0.00 46.08 0.31 6.52 0.03 49.07 
DC3 -8 0.67 45.06 6.10 0.66 44.58 6.09 42.33 0.67 0.00 44.82 0.33 6.10 0.00 67.40 
DC3 -12 0.74 45.86 6.15 0.76 46.33 6.04 43.79 0.75 0.01 46.10 0.33 6.09 0.08 61.54 
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Core Depth (N) % (C) % (H) % (N) % (C) % (H) % (O) % Mean N % var. N Mean C % var. C Mean H % var. H CN 
DC3 -14 0.72 45.81 6.30 0.72 45.94 6.44 43.20 0.72 0.00 45.87 0.09 6.37 0.10 63.54 
DC3 -18 0.80 45.52 6.28 0.79 45.72 6.31 43.42 0.80 0.01 45.62 0.14 6.29 0.02 57.24 
DC3 -22 0.90 46.45 6.43 0.91 46.33 6.39 42.77 0.91 0.00 46.39 0.08 6.41 0.03 51.26 
DC3 -26 1.17 45.99 6.42 1.19 45.76 6.47 42.35 1.18 0.01 45.88 0.16 6.44 0.03 39.03 
DC3 -30 0.95 44.15 6.29 0.93 44.55 6.20 45.30 0.94 0.01 44.35 0.28 6.25 0.06 47.31 
DC3 -34 0.88 44.99 6.25 0.90 44.98 6.37 43.94 0.89 0.01 44.99 0.01 6.31 0.09 50.66 
DC3 -38 0.72 44.64 6.17 0.70 44.63 6.21 44.56 0.71 0.02 44.64 0.01 6.19 0.03 62.60 
DC3 -42 0.66 45.00 6.10 0.67 45.09 6.22 44.74 0.67 0.01 45.04 0.06 6.16 0.09 67.58 
DC3 -46 0.65 45.45 6.21 0.64 45.30 6.27 44.45 0.64 0.01 45.37 0.11 6.24 0.04 70.78 
DC3 -50 0.64 44.77 6.31 0.65 44.84 6.20 43.95 0.65 0.00 44.81 0.05 6.25 0.07 69.31 
NM1 -4 0.84 44.42 6.49 ** ** ** 44.29 0.84 ** 44.42 ** 6.49 ** 52.70 
NM1 -8 0.60 44.41 6.28 0.62 44.58 6.39 44.71 0.61 0.01 44.49 0.12 6.34 0.07 73.06 
NM1 -12 0.83 45.48 6.36 ** ** ** 45.27 0.83 ** 45.48 ** 6.36 ** 54.53 
NM1 -14 0.82 42.99 6.09 0.81 42.96 6.22 44.61 0.82 0.01 42.98 0.02 6.15 0.09 52.73 
NM1 -18 0.85 43.06 6.09 0.84 43.12 6.19 44.91 0.84 0.00 43.09 0.04 6.14 0.07 51.08 
NM1 -22 0.86 43.09 6.26 0.86 43.13 6.14 44.05 0.86 0.00 43.11 0.03 6.20 0.08 50.30 
NM1 -26 0.77 43.59 6.12 0.76 43.58 6.25 43.60 0.76 0.00 43.59 0.01 6.18 0.09 57.01 
NM1 -30 0.64 42.58 5.84 0.65 42.63 5.94 44.86 0.65 0.01 42.60 0.03 5.89 0.07 66.05 
NM1 -34 0.59 42.27 5.49 0.59 42.29 5.70 45.08 0.59 0.00 42.28 0.01 5.59 0.14 72.09 
NM1 -38 0.70 42.62 6.03 0.71 42.67 5.96 44.61 0.71 0.01 42.65 0.04 5.99 0.05 60.49 
NM1 -42 0.70 44.20 6.26 0.71 44.62 6.25 44.64 0.71 0.01 44.41 0.30 6.26 0.01 63.00 
NM1 -46 0.89 44.66 6.13 0.91 44.64 6.16 43.27 0.90 0.02 44.65 0.01 6.15 0.02 49.78 
NM1 -50 1.37 46.70 6.31 1.37 47.16 6.38 41.78 1.37 0.00 46.93 0.33 6.34 0.04 34.36 
NM2 0 0.58 44.22 6.04 0.58 44.50 6.22 44.51 0.58 0.00 44.36 0.20 6.13 0.13 76.62 
NM2 -4 0.47 43.25 6.28 0.47 43.45 6.31 43.78 0.47 0.00 43.35 0.14 6.30 0.02 92.34 
NM2 -8 0.54 42.90 6.01 0.54 43.00 6.07 44.34 0.54 0.01 42.95 0.07 6.04 0.04 79.68 
NM2 -12 0.68 45.26 6.29 0.66 44.70 6.06 44.43 0.67 0.02 44.98 0.40 6.18 0.16 66.83 
NM2 -14 0.70 44.57 6.22 0.70 44.58 6.16 43.74 0.70 0.00 44.58 0.01 6.19 0.04 63.59 
NM2 -18 0.78 44.19 6.12 0.82 45.04 6.33 44.48 0.80 0.03 44.61 0.60 6.22 0.15 55.91 
NM2 -22 0.77 46.55 6.21 0.78 46.69 6.23 43.56 0.78 0.00 46.62 0.10 6.22 0.02 60.07 
NM2 -26 0.72 47.00 6.50 0.68 47.03 6.33 42.99 0.70 0.03 47.02 0.02 6.42 0.12 67.55 
NM2 -30 0.68 46.51 6.41 0.69 46.46 6.53 43.65 0.68 0.01 46.49 0.04 6.47 0.09 68.16 
NM2 -34 0.95 48.01 6.34 0.95 47.78 6.61 41.93 0.95 0.00 47.90 0.16 6.47 0.19 50.39 
NM2 -38 0.66 44.32 6.01 0.67 44.34 6.23 43.46 0.66 0.00 44.33 0.01 6.12 0.16 66.81 
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Core Depth (N) % (C) % (H) % (N) % (C) % (H) % (O) % Mean N % var. N Mean C % var. C Mean H % var. H CN 
NM2 -42 0.79 46.64 6.35 0.78 46.86 6.38 43.57 0.79 0.00 46.75 0.16 6.37 0.02 59.55 
NM2 -46 1.44 46.82 6.26 1.39 44.98 5.93 40.59 1.41 0.04 45.90 1.30 6.09 0.23 32.53 
NM2 -50 0.73 45.94 6.12 0.72 45.96 6.10 43.48 0.72 0.01 45.95 0.02 6.11 0.01 63.56 
NM3 0 0.68 45.61 6.61 0.66 44.80 6.48 46.17 0.67 0.01 45.21 0.57 6.54 0.10 67.67 
NM3 -4 0.63 44.94 6.24 0.62 45.61 6.48 44.69 0.62 0.01 45.28 0.47 6.36 0.16 72.85 
NM3 -8 0.60 44.19 6.32 0.58 43.14 6.15 45.57 0.59 0.01 43.66 0.74 6.24 0.12 74.26 
NM3 -14 0.89 44.40 6.10 0.88 44.46 6.43 44.63 0.88 0.01 44.43 0.04 6.26 0.23 50.26 
NM3 -18 0.98 47.59 6.46 0.99 47.33 6.54 42.49 0.99 0.00 47.46 0.19 6.50 0.06 48.18 
NM3 -22 1.12 48.32 6.56 1.09 47.63 6.51 42.64 1.11 0.02 47.98 0.49 6.53 0.03 43.34 
NM3 -26 0.91 45.84 6.40 1.00 47.20 6.37 43.51 0.95 0.06 46.52 0.96 6.39 0.02 48.79 
NM3 -30 0.90 47.11 6.59 0.93 47.19 6.57 43.62 0.91 0.02 47.15 0.05 6.58 0.02 51.76 
NM3 -34 0.99 46.35 6.44 1.01 46.49 6.58 43.57 1.00 0.01 46.42 0.09 6.51 0.10 46.49 
NM3 -38 0.92 45.66 6.38 0.93 46.25 6.55 44.14 0.92 0.01 45.95 0.41 6.46 0.12 49.71 
NM3 -42 1.10 47.64 6.05 1.07 48.00 6.46 42.66 1.09 0.02 47.82 0.25 6.25 0.29 43.93 
NM3 -46 0.92 45.71 6.23 0.94 45.97 6.23 43.41 0.93 0.01 45.84 0.18 6.23 0.00 49.26 
NM3 -50 0.97 46.09 6.13 0.97 46.34 6.24 43.37 0.97 0.01 46.22 0.17 6.18 0.08 47.69 

                
** insufficient sample for replicate measurement        
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