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A B S T R A C T

Understanding decay processes in peat deposits is fundamental for predicting their role as sources or sinks of 
atmospheric carbon in a changing environment. It is known that the distribution of microhabitats –hummock, 
lawn and hollow– within peatlands affects organic matter quality and degradation, but microtopography- 
dependent carbon dynamics are poorly understood on the molecular level. We studied early decomposition 
across microtopography levels through analyses of superficial moss cores from a Sphagnum-dominated ombro
trophic peatland in Central Germany, and a 400-day incubation experiment, using analytical pyrolysis. In
terpretations were aided by analysis of living vegetation and a deep peat core as reference. Stable and labile pools 
of polysaccharides dominated the pyrolyzates and played a crucial role in decay dynamics. Two distinct 
degradation processes emerged: 1) anaerobic decay, characterized by loss of polysaccharides and selective 
preservation of lignin and aliphatic OM; and 2) leaching of labile phenolic compounds (including sphagnum 
acid) and free carbohydrates with concomitant initial aerobic degradation and selective preservation of struc
tural polysaccharides. The relative importance of these initial decay processes is spatially dependent; anaerobic 
decay was detectable in only some of the more evolved hollow layers, while aerobic degradation and leaching 
dominated in hummocks. Sphagnum acid’s molecular markers appeared useful tracers of early decay as it 
probably has a leaching-sensitive component in hyaline cells (corroborated by SEM micrographs) that is lost 
rapidly from hummocks, but not from hollows. Hence, the occurrence of sphagnum acid in peat cores is influ
enced by microrelief position during peat accretion. This study highlights how microhabitat variations within 
peatlands influence decay mechanisms on the molecular level.

1. Introduction

Peatlands store 530 ± 160 Pg of organic C globally [1], constituting a 
long-term global sink of atmospheric CO2. In northern peatlands, which 
are currently subjected to very rapid climate change [2], bryophytes 
dominated by the genus Sphagnum comprise ~45 % of the total accu
mulated peat [3]. These “peat mosses” are adapted to the acid, cool, 
waterlogged and oligotrophic conditions, which they create and main
tain, and are considered vital for C persistence and accumulation [4]. It 
is known that the accumulation of polysaccharides of the cell walls of 
Sphagnum tissues plays an important role in the overall slow C miner
alization in comparison to the litter of other bryophytes [5]. However, 
on the molecular scale, factors driving moss decay rates in 

Sphagnum-dominated peatlands, and in particular the interplay between 
decay rates and microscale variations in relief and vegetation compo
sition, remain unclear [6].

Several studies have shown differences in decomposition rate and 
litter characteristics between microhabitat levels in Sphagnum-domi
nated peatlands such as hummock and hollow [7–9]. The decay of 
hummock species (e.g. S. fuscum) tends to be slower than that of the 
species that dominate wetter hollow microtopographic levels such as 
S. cuspidatum [7–12]. Furthermore, Sphagnum mosses show a trade-off 
between OM decay and growth capacity: fast-growing species –mainly 
hollow species– exhibit faster decay than the more decay-resistant 
slower growing species in the hummock [9,10,13]. Species such as 
Polytrichum strictum can outcompete other mosses in dry spots in 
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northern peatlands such as hummock, due to their drought tolerance 
[14]. The role of the different traits of hummock and hollow species in 
OM decomposition, especially on the molecular scale, have barely been 
explored.

Sphagnum species have idiosyncratic physiological, anatomical and 
molecular features, which affect the decay of their tissues [15,16], and 
this is the main reason why molecular-based approaches are required to 
improve our understanding of OM dynamics in Sphagnum-dominated 
peatlands. Firstly, the leaves of Sphagnum moss consist of photosynthetic 
cells (chlorophyllose cells or chlorocytes) and specialized hyaline cells 
(hyalocytes). These hyaline cells are large, dead, porous cells with an 
extraordinary water absorbing capacity that contain N-fixating cyano
bacteria, other microorganisms and metabolites [17,18]. They can ac
count for 90 % of the volume of Sphagnum tissues [19]. The capacity of 
Sphagnum to create and maintain acidic conditions has been attributed 
to hyaline cell constituents such as uronic acids [16,20], present both in 
dissolved state and in cell walls as a pectin-like structural polysaccharide 
known as sphagnan [16,21], which can be released post-mortem from 
hyaline cells as well [16]. Secondly, another metabolite, sphagnum acid, 
i.e. p-hydroxy-β-(carboxymethyl)-cinnamic acid [16,22], is a phenolic 
compound that is unique of Sphagnum spp. that has been associated with 
the slow decomposition of Sphagnum moss tissues [15,23,24] even 
though several molecular-based studies indicate otherwise [6,25]. 
Studies that pinpoint the role of these enigmatical Sphagnum moss 
constituents during early decay of hummock and hollow materials are 
needed to improve our understanding of peat formation. Analytical 
pyrolysis techniques are suitable for achieving these objectives [26], but 
studies using them to determine early decay of Sphagnum-dominated 
moss communities by multicore semi-quantitative analyses are lacking.

We studied the early stages of moss-derived OM degradation and its 
conversion into peat at the microhabitat level, aiming to determine the 
role of peatland microtopography in carbon accumulation and improve 

our understanding of molecular proxies of peat degradation that are 
commonly used in paleo-environmental reconstruction of historical 
water tables and decomposition dynamics. For this purpose, we 
analyzed samples from superficial moss cores (15–50 cm deep) and set 
up a 400-days in-vitro (mesocosm) decomposition experiment of the 
layers in these cores, followed by analytical pyrolysis for molecular as
sessments. We hypothesized that 1) the initial stage of organic matter 
decomposition depends on microhabitat due to differences in oxygen 
conditions, 2) the different biomolecular constituents decay at different 
rates depending on aerobic decay, anaerobic decay, and leaching, and 3) 
early degradation of Sphagnum materials is controlled by leaching from 
hyaline cells with consequent effects on molecular composition.

2. Materials and methods

2.1. Sample collection, processing and incubation experiments

The Odersprung bog (52◦46.383’ N, 10◦33.816’ E; 800 m a.s.l.) is a 
27.5 ha ombrotrophic peatland located within the Nationalpark Harz 
nature reserve in the Harz Mountains (Central Germany; Fig. 1). It is 
classified as a saddle bog forming the watershed between the Oder and 
Bode streams. The mean annual precipitation and temperature are 
1264 mm and 5.9 ◦C, respectively. The vegetation consists mainly of 
bryophytes especially Sphagnum spp., as well as Carex rostrata, Molinia 
caerulea, Calluna vulgaris and Eriophorum angustifolium [27]. Among the 
peat moss species, S. magellanicum associated with S. rubellum dominates 
while the association between S. magellanicum and S. papillosum is also 
abundant. Other bryophytes are Polytrichum (P. commune and 
P. strictum) and S. cuspidatum.

Superficial cores of moss materials (15–50 cm), consisting of natu
rally occurring mixtures of Sphagnum and Polytrichum species, were 
collected in June 2019 using a ceramic knife at two locations about 50 m 

Fig. 1. Characteristics of the study area. a) Location of the Harz National Park in Central Germany (OpenStreetMap); b) location of the Odersprung bog, with the 
sampling locations 1 (from which the HU-1 and HO-1 cores were obtained), location 2 (HU-2 and HO-2) and of the 3 m deep peat core (OSM core). The Oder river 
(peatland outflow) is also shown. c) Picture of the Odersprung bog facing southeast; d-e) Pictures of two collected cores, HO-2 (d) and HU-2 (e).
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apart (Fig. 1). At the time of sampling, the water table was high, 
resulting in waterlogged hollows and lawns, with hummock surfaces up 
to around 15 cm above the water table. Nevertheless, conditions before 
sampling include the severe 2018 drought in Northern and Central 
Europe [28]. At each location, two different microhabitats –hummock 
and hollow– were sampled at a distance of 1–5 m. The four superficial 
cores (two hollow and two hummock cores) consisted of mostly living 
vegetation and senescent moss, as well as the first peat layer (Table 1). 
The upper section of the cores consisting of “fresh” plant material, i.e. 
green-coloured moss including the capitulum, was denoted (Table 1).

Samples of the surface cores (1.3–6.5 g dry weight, aiming for similar 
sample volumes) were incubated in vitro following the procedure 
described in Bengtsson et al. [10]. Liverworts, roots and rhizomes were 
removed from the litter by hand, which was then dried at 60◦C until 
constant weight. Next, the samples were added to an acid-cleaned nylon 
mesh bag. The bags were placed into amber jars covered with perforated 
lids to minimize evaporation while allowing air exchange. Samples were 
kept at room temperature (~20 ◦C) in an inoculum containing deionized 
water and nutrients to avoid nutrient limitation during decomposition 
[6], in addition to microorganisms from the peatland. These microor
ganisms were water-extracted from the surface (0–15 cm) of the same 
bog area, following Hájek et al. [6]. Shortly, approximately 1 kg of fresh 
litter was shaken in 3 L deionized water for 1 h. The slurry was then 
filtered through a polyamide mesh and filter paper. The mesocosms 
were shaken regularly to increase oxygen availability and ensure contact 
between the sample and the inoculum. The nutrient solution was 
replenished three times during the first 200 days of the experiment. 
Total incubation time was 400 days. Subsamples were obtained after 
200 (t200) and 400 (t400) days. Samples were rinsed in deionized water 
and dried before analysis. To obtain information of the physical status of 
the mosses, selected samples (core HO- 2 hollow samples from 0 to 

15 cm and 15–30 cm depth) were also examined by scanning electron 
microscopy (SEM) in secondary electron mode at 20 kV accelerating 
voltage and 48 spot size using a JEOL JSM-6490LV.

We sampled living moss from the same bog area, including peatland 
mosses (Sphagnum cuspidatum, S. magellanicum, S. papillosum, 
S. capillifolium) and haircap mosses (Polytrichum commune and 
P. strictum). The objective of including these reference materials was to 
identify the species-specific molecular fingerprints.

A 3 m deep Odersprung bog core (referred to as OSM core) was ob
tained in October 2018 in a flat (“lawn”) area between two locations 
where a hummock-hollow pair of short cores was collected. The upper 
meter of the core was collected using a Wardenaar corer whereas deeper 
sections were taken using a peat borer. Living vegetation was excluded. 
The core was sliced into 5 cm sections in the laboratory, of which six 
samples were included in the present study (0–5, 5–10, 10–15, 15–20, 
50–55 and 295–300 cm, Table 1). The samples were preserved at 4 ◦C 
until drying at 40 ◦C to constant weight. The OSM core was included to 
facilitate the recognition of molecular effects of anaerobic decay, which 
is much more intense for deeper peat material than for the superficial 
moss cores.

2.2. Analytical pyrolysis

Dried samples were milled to a fine powder with an agate ball mill 
(MM40, Retsch GmbH, Haan, Germany). Pyrolysis-GC–MS was per
formed on all samples (n = 57; Table 1) using a CDS Pyroprobe coupled 
to an Agilent Technologies 5977 GC–MS. Samples were embedded in 
glass wool-containing quartz tubes and pyrolyzed at 650 ◦C set-point 
temperature for 20 s (heating rate 10 ◦C/ms). The pyrolysis-GC inter
face, GC inlet, and GC–MS interface were set at 325 ◦C. The GC was 
equipped with a HP-5MS (5 % phenyl, 95 % dimethylpolysiloxane) 

Table 1 
List of samples included in this study and availability of molecular characterization data. Non-incubated samples are indicated as t0 and incubated samples as t200 
(200 days) or t400 (400 days). The “upper depth” column indicates the depth of the upper part of the study samples; the total thickness is part of the “description’ 
column”. For capitulum samples (parts that emerge several centimetres above the moss surface), the upper depth is indicated as − 5 cm.

Lab code Description Origen Core Upper depth Py-GC-MS THM-GC-MS

​ ​ ​ ​ (cm) t0 t200 t400 t0 t200 t400
H0524 HO− 1 capitulum Hollow HO− 1 − 5 v v v v v v
H0525 HO− 1 0–10 cm Hollow HO− 1 0 v v v - - -
H0526 HO− 1 10–15 cm Hollow HO− 1 10 v v v - - -
H0541 HO− 2 capitulum Hollow HO− 2 − 5 v v v v v v
H0542 HO− 2 0–15 cm Hollow HO− 2 0 v v v v v v
H0543 HO− 2 15–30 cm Hollow HO− 2 15 v v v - - -
H0547 HO− 2 30–40 cm Hollow HO− 2 30 v v v v v v
H0548 HO− 2 40–50 cm Hollow HO− 2 40 v v v v v v
H0531 HU− 1 0–15 cm (green) Hummock HU− 1 0 v v v - - -
H0532 HU− 1 0–15 cm (brown) Hummock HU− 1 5 v v v v v v
H0533 HU− 1 15–25 cm Hummock HU− 1 15 v v v v v v
H0534 HU− 1 25–30 cm Hummock HU− 1 25 v v v - - -
H0535 HU− 1 > 30 cm Hummock HU− 1 30 v v v v v v
G0959 HU− 2 0–4 cm (green) Hummock HU− 2 0 v - - - - -
G0960 HU− 2 0–4 cm (brown) Hummock HU− 2 0 v - - - - -
G0963 HU− 2 4–9 cm Hummock HU− 2 4 v - - - - -
G0966 HU− 2 9–20 cm Hummock HU− 2 9 v - - - - -
G0961 HU− 2 20–25 cm Hummock HU− 2 20 v - - - - -
G0962 HU− 2 25–28 cm Hummock HU− 2 25 v - - - - -
OSM05 OSM− 0–5* Lawn OSM 0 v - - v - -
OSM510 OSM− 5–10* Lawn OSM 5 v - - v - -
OSM1015 OSM− 10–15* Lawn OSM 10 v - - v - -
OSM1520 OSM− 15–20* Lawn OSM 15 v - - v - -
OSM5055 OSM− 50–55* Lawn OSM 50 v - - v - -
OSM300 OSM− 295–300* Lawn OSM 295 v - - v - -
P1 S. magellanicum* Sphagnum - - v - - - - -
P2 S. papillosum* Sphagnum - - v - - - - -
P3 S. capillifolium* Sphagnum - - v - - - - -
P4 P. strictum* Polytrichum - - v - - - - -
P5 P. commune* Polytrichum - - v - - - - -
P6 S. cuspidatum* Sphagnum - - v - - - - -

* samples included in this study as reference materials of a deep peat core (OSM) and Sphagnum and Polytrichum mosses.
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column (length 30 m; i.d. 0.25 mm; film thickness 0.25 μm). Helium was 
used as carrier gas (constant gas flow, 1 ml/min, split mode 1:25). The 
GC oven was heated from 50 to 325 ◦C at 20 ◦C/min with a 3 min final 
hold. The ion source of the MS operated in electron impact mode (70 eV) 
at 230 ◦C and the quadrupole detector was held at 150 ◦C, measuring 
fragments in the m/z 50–500 range. Relative proportions of the pyrolysis 
products were calculated as the percentage of the total quantified peak 
area, using the peak areas of the main fragment ions (m/z) of each 
product.

Thermally-assisted Hydrolysis and Methylation (THM-GC-MS) was 
done on a reduced number (n = 30; Table 1) of samples to understand 
trends in Py-GC-MS fingerprints of those OM constituents for which 
THM-GC-MS has a better structure-resolving capacity, in particular that 
of sphagnum acid. For this purpose, tetramethylammonium hydroxide 
reagent (TMAH, 25 % in water, from Sigma-Aldrich) was added to 
sample-containing quartz tubes, assuring that the solution completely 
soaked the sample, and then inserted into the pyrolysis interface after no 

less than 30 min. GC-MS conditions were similar to those of Py-GC-MS, 
with exception of a 4 min initial hold at 70 ◦C (solvent delay period) and 
a split ratio of 1:50.

2.3. Data evaluation

Molecular data interpretation was based on relative proportions of 
individual compounds, compound groups and proxies of decay processes 
[29–32]. Furthermore, for Py-GC-MS only, principal components anal
ysis (PCA) was performed for dimensionality reduction of the 123 at
tributes (proportions of each individual pyrolysis product), without 
applying rotations, using Tanagra 1.4 software. Other statistical ana
lyses included linear correlation analysis, Pearson correlation, the 
one-sample t-test and one-way analysis of variance (ANOVA), using 
SPSS and R Core Team [33] software packages. More specifically, to 
assess differences among 1) microhabitats (hollow, hummock, OSM 
peat), 2) between paired cores (HO-1 vs. HO-2; HU-1 vs. HU-2) and 3) 

Fig. 2. Example total ion chromatograms from pyrolysis-GC-MS of a) a polysaccharide-dominated hummock sample (HU-2 core, 9–20 cm depth, not incubated) and 
b) the more diverse fingerprint of the capitulum of the core HO-2 hollow sample (not incubated). Carbohydrates are indicated in blue, phenolic compounds in red and 
long-chain aliphatic compounds in black font.
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across incubation times for pyrolysis and THM products, we first eval
uated the assumptions of normality (Shapiro-Wilk test, applied to each 
group) and homoscedasticity (Levene’s test). Variables meeting both 
criteria were analysed by one-way ANOVA followed by Tukey’s post-hoc 
test. Where either assumption was violated, we applied nonparametric 
methods; the Kruskal–Wallis test with subsequent paired comparisons 
using the Wilcoxon test. An α threshold of 0.05 was applied for all the 
analyses.

3. Results

3.1. Product source assessment and main trends

3.1.1. Py-GC-MS
Carbohydrate products dominated the pyrolyzates, accounting for 

78.5 % (mean) ± 9.8 % (standard deviation) of total quantified signal 
(Supplementary Dataset; Fig. 2). In decreasing order of average pro
portion, the main carbohydrate products [34] were levoglucosan, 
3/2-furaldehyde, levogalactosan, 5-methyl-2-furaldehyde, acetic acid 
and levomannosan, potentially derived from structural polysaccharides 
(holocellulose, sphagnan) and free low molecular weight carbohydrates. 
The hummocks had a significantly larger carbohydrate proportion than 
the hollow cores (84 % vs. 75 %) (Fig. 3a). The ratio of levoglucosan to 
total carbohydrates (Lglu/Ps), a potential proxy of polysaccharides 
preservation state [31,32], increased with depth in the OSM peat core 
(Fig. 3b).

Most of the remaining signal corresponded to phenolic products 
(11.7 ± 6.2 %) that were classified into several subgroups. The guaia
cols (G-type; 1.6 ± 1.9 %) and syringols (S-type; 0.6 ± 0.9 %) are 
characteristic products of lignin in vascular plant tissues [35]. The 
hollows produced larger proportions of these G- and S-type products 
than the hummocks (P < 0.001; Fig. 3c/3d). Phenolic products based on 
the p-hydroxyphenyl moiety (H-type) –4-vinylphenol, 4-propenylphe
nol, 4-hydroxybenzoic acid and 4-methyl-2-phenylphenol (2.1 
± 1.3 %)– probably originated from a combination of lignin, p-coumaric 
acid and p-hydroxybenzoic acid-acylated lignin [36]. Sphagnum species 
produced much more (P < 0.001) H-type products (3.3–4.1 %) than 
Polytrichum species (0.2–0.7 %) (Supplementary Dataset), corroborating 
the relatively high yields of H-type products after pyrolysis of Sphagnum 
[36,37], and of hollows rather than hummocks (P < 0.001; Fig. 3e). 
Formed upon decarboxylation of sphagnum acid [23,38,39], 4-isoprope
nylphenol (4IPP; 0.9 ± 0.6 %) was allocated to a separate subgroup. 
Among the fresh moss samples, 4IPP was detected only in Sphagnum 
(1.9–2.9 %; Supplementary Dataset). It was more abundant (P < 0.001) 
in hollows than in hummocks (Fig. 3f). In hummocks, only the superfi
cial fresh tissues (capitulum and green-coloured moss) had a 4IPP yield 
in the range of living moss samples (almost 2 %) (Supplementary 
Dataset). In the OSM peat core, 4IPP decreased from 1.7 % at 0–5 cm to 
0.2–0.6 % below that depth (Fig. 3f). Finally, phenol and C1-C2-alkyl
phenols (6.6 ± 3.9 %) can originate from many sources, but in the 
present sample set, where protein and true lignin products were scarce, 
they were likely derived from unspecified moss phenolics and H-type 
lignin monomers [40]. Both (alkyl)phenols and H-type products 
decreased relatively with depth in the OSM peat deposit (Fig. 3g).

Many compounds based on polymethylene chains (MCC) were 
detected, including alkanes, alkenes, fatty acids, methylketones, N- 
containing MCC (alkylnitriles and -amides) and phytadienes from 
chlorophyll (3.7 ± 2.6 %). The MCC were much more abundant in 
deeper (>10 cm) reference peat samples than in the superficial moss 
core materials (Fig. 3h).

Other compounds with nitrogen, such as pyrroles, pyridine, indoles 
and diketopiperazines (1.7 ± 0.8 %; Fig. 3i), originated predominantly 
from proteins [41]. The aromatic products benzene and toluene 
accounted for 2.2 ± 1.5 % (Fig. 3j). Toluene increased with depth in the 
OSM peat deposit, indicating it is mainly associated with degraded OM 
[42] (Supplementary Dataset).

Differences in molecular composition between the four Sphagnum 
species were small (Supplementary Dataset). The linear correlation co
efficients of the compound categories of all species’ combinations 
exceeded r = 0.98 (P < 0.001), and for the two Polytrichum species as 
well (r = 0.97; P < 0.001). ANOVA comparing Sphagnum and Poly
trichum showed no significant difference in compound class proportions 
except for the aforementioned differences in H-type phenols and obvi
ously 4IPP, which were more abundant in the Sphagnum mosses.

3.1.2. THM-GC-MS
The three main groups of THM products were carbohydrate products 

(27.1 ± 5.8 %), methoxybenzene-based products of polyphenols 
including lignin, sphagnum acid and tannin (30.7 ± 5.7 %) and 
polymethylene-based products (MCC; 26.2 ± 6.4 %) (Supplementary 
Dataset). The carbohydrate products –mostly methylated C5- and C6- 
metasaccharinic acids [43–45]– are underrepresented because mainly 
free (or terminal) carbohydrates are released due to inefficient hydro
lysis under alkaline conditions of the TMAH reagent [46]. Nevertheless, 
the THM-GC-MS dataset probably represents a meaningful part of the 
OM, as shown by the strong correlation in relative proportions of 
sphagnum acid products between the two pyrolysis techniques 
(r2=0.80; P < 0.001).

The phenolic products included a large proportion of H-type prod
ucts (10.3 ± 3.5 %) compared to G- (8.4 ± 3.7 %) and S-type (2.5 
± 1.6 %) compounds, typical of THM fingerprints of Sphagnum-domi
nated peat [47], and indicative of predominance of non-lignin phenolics 
to the H-type products. Sphagnum acid was recognized by 4-isoprope
nylmethoxybenzene and three 3-(4-methoxyphen-1-yl)butenoic acid 
methyl ester products [23,48]. As for 4IPP from Py-GC-MS, these 
products showed a drastic relative decrease from the surface (10 %) to 
5–10 cm depth (2 %) in the OSM deposit (Fig. 3k). The ratio of iso
propenyl to butenoic acid side chain ratios among Sphagnum markers 
(4-isopropeneylphenol/(cis- + trans-3-(4′-methoxyphen-1-yl)but-2-e
noic acid methyl ester + 3-(4′-methoxyphen-1-yl)but-3-enoic acid 
methyl ester)(Fig. 3l), which indicates sphagnum acid decay [30], 
increased with depth. As for Py-GC-MS, the hollow samples were 
enriched in THM products of sphagnum acid (sum and all individual 
markers) and H-type products (Supplementary Dataset) compared to the 
hummocks. The 1,3,5-trimethoxybenzenes increased with depth in the 
OSM deposit, which may represent the poorly understood condensed 
tannin-like phenolic ingredient in Sphagnum [29,49,50]. The hummock 
samples were enriched in these tannin or tannin-like products 
(Supplementary Dataset).

The fatty acids (detected as methyl esters; FAMEs) included meth
ylated unsubstituted C14-C30 FAMEs, iso-/anteiso-C15 FAME, mid-chain 
substituted di- and trimethoxy-C16- and -C18 FAMEs, ω-methoxy 
FAMEs (C16-C24) and diacids (DAMEs; C16-C28), from epicuticular 
waxes, cutin and suberin [16,51,52]. Some fatty acids (C14, C15, iso/
anteiso C15, C18:1, C30) were more abundant in hummocks than in hol
lows (P < 0.05) (Supplementary Dataset).

3.2. Principal components analysis (PCA)

Two principal components (PC1 and PC2) accounted for 50 % of 
total variance in the Py-GC-MS dataset. The lignin (G- and S-type) 
products and MCC had high positive loadings (>0.7) on PC1 (Fig. 4a), 
which had an eigenvalue of 42.9 and explained 35 % of variance. None 
of the products have high negative loadings (<-0.7). All samples below 
0–5 cm from the OSM core had positive PC1 scores (Figs. 4b,4c). The 
samples from extant mosses and surface cores had low negative scores 
with several exceptions of hollow samples, in particular the deepest 
samples corresponding to the first peat layer of core HO-1.

PC2 (eigenvalue 18.6) accounted for 15 % of the variance. Positive 
loadings > 0.5 (Fig. 4a) corresponded to of a series of carbohydrate 
products (Subset A, Table 2), and negative loadings to another set of 
carbohydrates products, N-compounds, toluene, multiple phenolic 

M. Pérez-Rodríguez et al.                                                                                                                                                                                                                     Journal of Analytical and Applied Pyrolysis 192 (2025) 107295 

5 



(caption on next page)
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Fig. 3. Results from Py-GC-MS (a-j) and THM-GC-MS (k-l), showing boxplots of product group percentages (%) in the superficial moss cores (HO-1 and HO-2 from 
hollows; HU-1 and HU-2 from hummocks) and the Odersprungmoor peat deposit (OSM), and histograms of trends within the OSM reference peat deposit (numerical 
ranges indicate depth in cm). a) Carbohydrate products, b) the levoglucosan/total carbohydrates ratio, c) guaiacyl lignin products, d) syringyl lignin products, e) p- 
hydroxyphenyl products, f) 4-isopropenylphenol (Sphagnum marker), g) phenol and alkylphenols, h) methylene chain compounds (MCC; aliphatic material), i) 
nitrogen-containing compounds, j) benzene and toluene, k) sum of Sphagnum markers from THM-GC-MS, l) ratio of sphagnum acid decay (4-isopropenylphenol/ 
butenoic acid derivatives). Vertical dotted lines are a visual reference to separate the different types of analyzed cores. Boxplots (box=25–75 % interquartile range; 
line=median and whiskers indicate the minimum and maximum values) include data from all sample depths and incubation times in each case (Table 1 for number of 
samples in each core). Letters from the post-hoc analyses indicate significant differences (p < 0.05): lowercase letters indicate comparisons between the different 
types of analysed cores (hollow, hummock, and peat-OSM) while uppercase letters indicate comparisons between cores of the same group.

Fig. 4. Results of PCA of the Py-GC-MS dataset. a) PC1-PC2 loadings plot (blue=carbohydrates; red=phenols; yellow=lignin products; black=aliphatic products 
MCC; green=nitrogen-compounds; grey=other compounds). The MCC are abbreviated as follows: Cxx:0 =alkanes; Cxx:1 =alkenes; FA=fatty acids; MK= 2-meth
ylketones). b) PC1-PC2 scores plot (black=OSM reference peat deposit; red=hummock; blue=hollow; green=reference moss samples). c) Boxplot of PC1 scores for 
the superficial moss cores and histogram of PC1 scores for the OSM reference peat deposit (depths in cm); d) same as Fig. 3c for PC2. Boxplots (box=25–75 % 
interquartile range; line=median and whiskers indicate the minimum and maximum values) include data from all sample depths and incubation times in each case 
(Table 1 for number of samples in each core). Letters from the post-hoc analyses indicate significant differences (p < 0.05): lowercase letters indicate comparisons 
between the different types of analysed cores (hollow, hummock, and peat-OSM) while uppercase letters indicate comparisons between cores of the same group.
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compounds including 4IPP and phytadiene (Subset B). Thus, besides the 
clear moss-derived phenolic OM in Subset B, several products were 
associated with N-rich moieties in protein and chlorophyll. Most moss 
and surface core samples were distributed across the PC2 axis with little 
variation on PC1 (Fig. 4b). The extant moss samples of Sphagnum, and 

Polytrichum and the capitulum and green-coloured samples from moss 
cores (t0), had negative scores on PC2 whereas the deeper samples at t0 
had positive scores on PC2 (Fig. 4a). Furthermore, the hummock envi
ronment was relatively enriched in compounds of Subset A (P < 0.01), 
whereas hollows were enriched in compounds of Subset B (P < 0.01) 

Fig. 4. (continued).
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(Fig. 4d). The differences between Subset A and Subset B patterns are 
also illustrated by the example chromatograms of hummock and hollow 
samples (Fig. 2).

3.3. Effects of incubation on OM composition (mesocosm experiments)

The effects of incubation on Py-GC-MS fingerprints were complex 
and explored using PCA. The ANOVA revealed a decline in PC2 scores 
during the first 200 days of incubation, especially in hummocks 
(P < 0.05) (Fig. 5b), whereas for the hollows the difference between t0 
and t400 is almost significant (P = 0.07) as well. This is consistent with a 
significant decrease in Subset A compounds and an increase in 
microbial-derived compounds (N-compounds) from Subset B (Fig. 5c). 
Furthermore, both hummocks and hollows showed an apparent loss of 
structural polysaccharides during incubation (evidenced by the Lglu/Ps 
ratio; Fig. 5d) yet the differences are not statistically significant.

4. Discussion

4.1. Identifying mechanisms: leaching, anaerobic and aerobic decay

The molecular fingerprints of the superficial moss cores from the 
Odersprungmoor bog were strongly dominated (~80 %) by products of 
polysaccharides, which is in line with previous studies [25,53]. Their 
proportion increased during early decay in the field, as evidenced by 
depth trends within the superficial moss cores. An overall increase in 
polysaccharides during early decay of Sphagnum plants is in agreement 
with previous studies as well [26,31]. This may indicate the selective 
preservation of structural polysaccharides including holocellulose and 
sphagnan, which cannot be distinguished based on the available data. In 
the light of recent studies, a role of recalcitrant sphagnan seems plau
sible [54]. On the other hand, another pool of carbohydrates was lost 
during early decay in the field. We consider it very likely that the clear 
separation of carbohydrate products along PC2 is indicative of the 

presence of pools of highly stable (cell wall constituents) and labile 
(such as hemicellulose [55]) and free or mobile carbohydrates (such as 
uronic acids). It seems likely that the latter pool is partially present in 
hyaline cells that are emptied during early decay of Sphagnum, i.e. before 
its remains become part of the peat matrix. We recognize that this 
assumption is fundamental for our interpretation of the results.

The increase in the PC1 scores from the PCA of the Py-GC-MS data of 
the OSM peat deposit (from slightly negative values at 0–5 cm to high 
positive values; Fig. 4c) represents the gradual selective preservation of 
the more stable lignin and aliphatic OM. This is the typical imprint of 
anaerobic decay on peat molecular chemistry [26,56]. Anaerobic decay 
is also significant (high PC1 scores) in bottom samples of the surface 
moss cores, notably the first peat layer in HO-1 (10–15 cm) with PC1 
scores > 20, and is consistent with its black and smeary appearance. The 
negative scores on PC1 of almost all other samples from the surface moss 
cores indicate that anaerobic decay is insignificant. In fact, the impor
tance of anaerobic degradation is overrepresented in the PCA due to the 
extensive homologous series of MCC (e.g. n-alkanes and n-alkenes), a 
total of 40 strongly co-varying minor pyrolysis products.

The PC2 is of more interest in this study, as it represents the earliest 
detectable alteration acting on the moss tissues. All living moss refer
ence materials and green-coloured parts of the superficial moss cores 
have negative PC2 scores (Fig. 4d), indicating the condition of fresh 
materials (maintaining the more labile OM and hyaline cell contents). 
Besides the aforementioned separation of the two main pools of carbo
hydrates on PC2, pyrolytic markers that decline during early decay 
(negative on PC2) can be traced to moss-derived phenolics (including 
sphagnum acid), chlorophyll and N-rich microbial OM. Like the carbo
hydrates, these constituents may also partition between cell-wall and 
free pools in the hyaline cells (in cyanobacteria in case of chlorophyll 
and protein). This corroborates the interpretation of PC2 as indicative of 
leaching effects during early decay, and selective enrichment of the 
dominant pool of structural polysaccharides. Further support of a role of 
leaching is obtained by SEM, which shows clear differences in the 
physical alteration of the moss samples from green-coloured mosses and 
moss sections underneath (Fig. 6). Thus, leaching seems to control the 
variation in OM fingerprint in the superficial moss layers. To the con
trary, as discussed in Section 4.3, during incubation experiments the 
effects of microbial neoformation on OM composition exceed those of 
leaching in this type of peatland.

The OM alteration parameters PC1 and PC2 allow for some further 
understanding of early degradation mechanisms. In addition to the 
transition in carbohydrates fingerprint from a microbial/free pool 
(negative on PC2) to structural polysaccharides (positive on PC2) 
(Fig. 4a), the more specific markers of structural polysaccharides such as 
levoglucosan have highest PC1 loadings. This suggests that not only 
incipient aerobic decay/leaching (PC2), but also anaerobic decay cause 
selective preservation of structural polysaccharides over other carbo
hydrate products. This effect is corroborated by the increase in the Lglu/ 
Ps ratio with depth in the OSM core (Fig. 3b), which has been observed 
previously in Sphagnum-dominated peat [57], including a deep peat core 
from the Königsmoor bog nearby the study area of the present study (J. 
Schellekens, pers.comm.). Thus, in Sphagnum-dominated peatlands, the 
Lglu/Ps ratio does not reflect the degree of cellulose alteration (i.e., 
decreasing Lglu/Ps as decay advances; [31,32]). Instead, it indicates the 
selective preservation of relatively resistant Sphagnum-derived poly
saccharides, including cellulose and sphagnan, over hemicellulose and 
more labile and mobile carbohydrates [57].

Sphagnum acid accumulation in peat deposits depends on the water 
table, as the compound degrades rapidly under aerobic conditions [25, 
30,48,53]. Our study shows that sphagnum acid is indeed one of the 
most labile elements of the peat moss tissue during early decay, affected 
by leaching and early aerobic decay [31]. Furthermore, the proxy of 
sphagnum acid decay (Fig. 3l) increases consistently with depth, con
firming that decay causes side chain oxidation of remaining sphagnum 
acid [29,30,58]. Nevertheless, in spite of this long-term alteration and 

Table 2 
Pyrolysis products associated with the two subsets of compounds identified 
using PCA. Subset A consists of compounds that have positive loadings > 0.5 and 
Subset B compounds have negative loadings < -0.5 for PC2.

Subset A Subset B

carbohydrates levoglucosan 
levoglucosenone 
5-hydroxymethylfurfural 
5-hydroxymethyl− 2- 
tetrahydrofuraldehyde− 3-one 
1,4-dideoxy-D-glycero-hex− 1- 
enopyranose− 3-ulose 
(2H)-furan− 3-one 
2-propan− 2-one-tetrahydrofuran 
1,6-anhydro-β-D-glucofuranose 
levomannosan 
1,4:3,6-dianhydro-α-D- 
glucopyranose

2-acetylfuran 
2-cyclopenten− 1-one 
2,3-dihydro− 5- 
methylfuran− 2-one 
unidentified 
carbohydrate 
acetic acid 
(5H)-furan− 2-one

N-compounds ​ pyridine 
pyrrole 
2/3-methylpyrrole 
indole 
methylindole

phenolic 
compounds

​ phenol 
2/3-methylphenol 
4-methylphenol 
dimethylphenols 
4-ethylphenol 
4-vinylphenol 
4-isopropenylphenol 
(4IPP) 
trans− 4-propenylphenol 
p-hydroxybenzoic acid

Other 
compounds

​ toluene 
phytadiene
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the rapid depletion of the mobile sphagnum acid pool at the onset of 
decay, the signal remains detectable on large timescales, indicative of its 
persistence during long-term anaerobic decay [30]. This validates the 
markers of sphagnum acid as ideal proxies of specifically leaching and 
early aerobic decay impact on peat moss [26].

4.2. Influence of microtopography on sphagnum acid

4-Isopropenylphenol is often used to reconstruct the past hydrolog
ical conditions in peatlands [25,53,57,59,60]. Within the hummock 
cores, 4IPP levels decrease rapidly from approximately 2–3 % at the 
surface to below 0.5 % in deeper sections, indicating leaching and 
perhaps aerobic-favoured decay of sphagnum acid. By contrast, the 
hollows show elevated 4IPP levels at most depths (Fig. 3f). It is striking 
that the marker can persist for thousands of years in deep peat layers 
[26,61] and Pleistocene peat moss [23] within low oxygen systems, yet 
vanishes rapidly in aerobic environments of hummocks. The high in
tensity of decay and leaching observed in the hummocks may be related 
to the aforementioned drought period of 2018 in Europe (and to a lesser 
extent 2019). This could have caused the loss of hyaline cell contents 
[62] in spite of hummock vegetation normally being adapted to drier 
conditions than hollow vegetation [63], for instance by creating higher 
percentages of hyaline cells [64]. It is possible that the emptying of the 
hyaline cells during field decay in the hummocks actually represents a 

rather extreme decomposition event. Therefore, additional 
molecular-based studies in superficial hummock and hollow habitats in 
Sphagnum-dominated peatland are required, preferably including tech
niques that can differentiate holocellulose and sphagnan (not 
Py-GC-MS), to improve our understanding of leaching on OM compo
sition during peat formation.

Although the Py-GC-MS datasets are semi-quantitative, reported 
maximum sphagnum acid marker 4IPP percentages in literature rarely 
exceed 3 % [25,53,57]. The fact that 4IPP content is in the range of 
0.1–0.5 % in most studies of Sphagnum-dominated peat cores analyzed 
by Py-GC-MS, despite clear evidence of decay-sensitivity, indicates that 
the sphagnum acid exists in separate labile or mobile [65,66] and more 
stable cell-bound pools [23]. We predict that the mobile pool is mobi
lized from the hyaline cells by leaching during initial degradation. On 
the other hand, the cell wall-bound pool might be well-preserved once 
buried, leaving the remaining 4IPP signal of 0.1–0.5 % by the time it 
reaches the low oxygen levels in the catotelm, after which it remains 
stable. We therefore suggest that any sample with 4IPP levels > 1 % 
must have been in the hollow condition (and high water-table) in the 
period between plant mortality and peat formation, and samples with 
levels below 0.5 % are very likely to have been in the hummock position 
or a low water table period in the hollow. The results thus indicate that 
4IPP does not only depend on general peatland water table fluctuations 
[59], but also on position in the microrelief.

Fig. 5. Effects of incubation treatment (t200 = 200 days, t400 = 400 days) of hollow and hummock samples on selected parameters from Py-GC-MS. a) PC1 scores, 
indicative of anaerobic decay; b) PC2 scores, indicative of leaching and incipient microbial decay), c) the sum of N-containing compounds (indicative of microbial 
material formation) and d) the levoglucosan to total carbohydrates products (indicative of polysaccharide preservation degree). Vertical dotted lines are a visual 
reference to separate the hollow and hummock cores. Boxplots (box=25–75 % interquartile range; line=median and whiskers indicate the minimum and maximum 
values) include data from all sample depths and incubation times in each case (Table 1 for number of samples in each core). Letters from the post-hoc analyses indicate 
significant differences (p < 0.05): lowercase letters indicate comparisons between the different types of analysed cores (hollow and hummock) while uppercase 
letters indicate comparisons between incubation times. Note the large error bars in PC1 scores of the hollow samples, which is due to high positive values of the 
highly decomposed deepest sample of the HO-1 moss core (first peat layer).
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The hummock-lawn-hollow mosaic can be stable for decades because 
of feedbacks between vegetation growth, decomposition rates and 
moisture [67–69]. However, it is unlikely to be stable on timescales 
relevant for palaeo-ecological reconstructions in temperate peatlands (i. 
e., centuries to millennia), as microhabitat mosaics have natural fluc
tuations and shift after disturbance [60,70]. The partial disconnection of 
4IPP from variations in Sphagnum macrofossils, i.e. notable drops in 
time-records of 4IPP in periods of stable vegetation composition [32], 
have been ascribed to a decay-controlled variation, which aligns with 
our findings, but the underlying mechanism is not necessarily the water 
table level in the peatland (relevant for climate reconstructions) but also 
microtopography. Sampling in lawn positions [69], instead of hum
mocks or hollows, can only partially reduce this effect due to changes in 
microtopography, urging for multi-core based approaches for water 
table reconstructions.

4.3. Decay assessment from mesocosm incubation experiments

Our field decay-related observations (based on trends within super
ficial moss cores and microtopography effects) are not all consistent 
with the findings from the mesocosms incubation experiments. During 
the initial 200 days of incubation, there was a decrease in the pro
portions of the structural polysaccharides pool whereas predominantly 
microbial-derived compounds showed an increase (Fig. 5), especially in 
the hummocks. This is also illustrated by a decrease in PC2 scores 
(Fig. 5). The initial changes include processes that have an opposite 
effect on some of the molecular markers: microbial neoformation, which 
generates N-rich OM during laboratory incubation, and leaching, which 

results in the loss of N-rich OM from bacteria in hyaline cells, in the field. 
Decay in the mesocosms thus has a partially reverse effect on molecular 
composition of the OM than early degradation under natural conditions. 
This may be explained by the lack of a leaching mechanism and higher 
microbial activity during incubation, the latter of which may be due to 
the use of a microbial inoculum or the higher temperature in the labo
ratory than in the field. In fact, the decay effects in the mesocosms are 
similar to OM decay effects in mineral soils, i.e. N-rich microbial nec
romass formation and an enrichment in aliphatic compounds in recal
citrant plant-derived OM and microbial OM [71]. Therefore, the 
mesocosm approach probably did not succeed in mimicking peat 
decomposition as it occurs in the field. Finally, it is worth stressing that 
the PCA was crucial in identifying the similarities and differences be
tween decay effects witnessed from the study of original samples vs. 
those effects during laboratory incubation, reinforcing the particular 
usefulness of the combination of Py-GC-MS and PCA for the molecular 
assessment of peat OM [26,56,72].

4.4. Implications for peatland dissolved OM-trace metal linkages

The enrichment factor of THM products from the 0–5 cm to 5–10 cm 
depth in the OSM peat core and their abundance in experimentally 
produced water extracts from Sphagnum tissues [66] are negatively 
correlated (r = -0.58; P < 0.001, Fig. 7). Most compounds with a decline 
of > 1 % in the OSM peat core surface (this study) have high contribu
tions (>1 %) in the water extracts [66], including all sphagnum acid 
markers and many other phenolic compounds. Hence, compounds that 
are lost during early decay+leaching are also the compounds that are 

Fig. 6. Scanning electron micrographs of Sphagnum spp. at different degradation states from core HO-2. Left columns are a general image of the sample; the middle 
and right-hand columns correspond to more detailed images of the same section of the sample. (A–C) Spreading branches of photosynthetically active moss 
(0–15 cm), showing well-preserved hyaline cells and pores. (D– F) Spreading branches of partially degraded Sphagnum tissues (15–30 cm) showing coexistence of 
intact and degraded hyaline cells where most of the cell content has been lost. (G– I) Fragment of stem leaf of partially degraded Sphagnum tissues (15–30 cm). 
Arrows indicate: 1 =pores, 2 =functional (or undamaged) hyaline cells, 3 =damaged hyaline cells, 4 =fibril, 5 = (remains of) chlorophyllose cells.
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enriched in water extracts. No such relationships were found for any 
other depth interval, suggesting that the leachate chemistry is reflected 
by the early loss mechanism from the surface peat environment. 
Furthermore, the main Py-GC-MS products of Sphagnum-derived phenols 
(e.g. 4IPP) were detected in the DOM fraction of brownified Oder stream 
samples at the outlet of the Odersprungmoor bog studied here (Fig. 1) 
[29,73] and other bogs in the Harz Mountains [74]. The present study 
suggests that these compounds originate preferentially from the HU 
microrelief sections of the bogs, from which they are readily released 
during early decay, possibly by leaching from hyaline cells. We therefore 
postulate that the OM-facilitated transport of heavy metals from these 
historically contaminated peatlands, which is known to be controlled by 
phenolic DOM [75–77], is driven by leaching from HU microhabitats as 
well. Hydrological phenomena, such as connectivity of surface and deep 
peat layers under different moisture regimes, may explain why 
sphagnum acid is often [29,73,74], but not always [37,78], found in 
DOM in bog water and streams that drain Sphagnum-dominated peat
lands. This may be relevant for the management of these areas in the 
face of environmental change. Targeted research is needed to study the 
role of the hyaline cells of Sphagnum tissues in the biogeochemical 
processes in Sphagnum-dominated peat deposits, its porewater, and 
adjacent streams.

5. Conclusions

The high proportion of polysaccharides to the OM in this Sphagnum- 
dominated peatland, coupled with the accumulation of structural 
polysaccharides (including sphagnan) yet the leaching of other carbo
hydrates, underscores the critical role of polysaccharides in Sphagnum in 
the overall processes of C accumulation and loss within these peatlands. 
The early-stage alteration of mosses involves the substantial loss from 
leaching of sphagnum acid, chlorophyll and free carbohydrates, argu
ably from hyaline cells in Sphagnum tissues. These effects are more 
pronounced in the hummock than in the hollow environment. On the 

other hand, the hollows are probably more vulnerable to anaerobic 
decay, i.e. loss of polysaccharides and preservation of lignin and 
aliphatic OM. This difference probably indicates contrasting decompo
sition regimes of moss communities, where fast-growing mosses in 
hollows promote rapid anaerobic decay with no effect on the hyaline 
cells. Thus, the presence of sphagnum acid in peat cores may be influ
enced by microrelief position during peat accretion, in addition to water 
table fluctuations. During laboratory incubation, decay processes are 
mainly the formation of N-rich microbial OM and degradation of 
structural polysaccharides, implying a partially reverse effect on mo
lecular fingerprints compared to field decay (leaching). These results 
advance our understanding of early degradation of peat-forming mosses 
and the role of microtopography therein.
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