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Abstract  The rewetting of long-term drained peat-
lands leads to the development of eutrophic shal-
low lakes, gradually inhabited by reed communities. 
These shallow lakes are characterized by significant 
nutrient and methane emissions. To comprehend the 
fate of organic compounds from decaying Phragmites 
australis litter in water and anaerobic soil layers, we 
conducted a 1.6-year decomposition experiment. The 
experiment employed bulk and lignin-derived phenol 
analysis, as well as Fourier-transform infrared spec-
troscopy. As anticipated, the highest level of decom-
position was observed in the surface water body of 
the shallow lake, while the non-rooted degraded 
peat exhibited the lowest decay. The bulk mass loss 
of plant litter decreased with depth from 55 to 27% 
across the four decomposition environments. Analy-
sis using infrared spectroscopy indicated that the 
decrease in mass loss was primarily driven by the 
breakdown of carbohydrates, which constitute a 
significant portion of plant litter. Interestingly, lit-
ter in the rooted degraded peat layer exhibited the 

highest degree of lignin decay. Furthermore, the study 
revealed a preferential loss of vanillin phenols and 
an accumulation of p-hydroxyl phenols. These find-
ings suggest that the increased methane emissions in 
rewetted fens may be partially attributed to the dem-
ethoxylation of vanillin phenols and the subsequent 
formation of p-hydroxyl phenols. In conclusion, this 
study provides valuable insights into anaerobic lignin 
decomposition of plant litter and sheds light on poten-
tial mechanisms underlying elevated methane emis-
sions in rewetted peatlands. Furthermore, the study’s 
findings hold significant implications for both carbon 
cycling and sequestration within these ecosystems, 
thereby stimulating further research into the micro-
bial community and its extended effects.
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Introduction

Restoring drained peatlands through rewetting has 
been proposed as a valid strategy to reduce green-
house gas (GHG) emissions and restore their unique 
biodiversity (Emsens et  al. 2017; Tiemeyer et  al. 
2020; Zak and McInnes 2022). In recent years, there 
has been increasing focus on recreating the car-
bon and nutrient sink function of these wetlands to 
reduce their climate impact and mitigate water body 
eutrophication (Kimmel and Mander 2010; Zak et al. 
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2010; Jurasinski et al. 2020). However, the restoration 
efforts often result in the formation of eutrophic shal-
low lakes colonized by water plants and reed commu-
nities due to former intensive land use practices, peat 
mineralization, and soil subsidence (Jurasinski et  al. 
2020). The newly formed systems have several major 
downsides, including high nutrient losses to down-
stream aquatic ecosystems, elevated methane (CH4) 
emissions, and slow development of target vegetation 
over several decades (Kreyling et al. 2021).

Unlike what is reported for pristine peatlands, the 
decomposition of organic matter in rewetted fens, 
which leads to elevated GHG emissions, is strongly 
influenced by an altered hydrological and biogeo-
chemical regime (Antonijević et  al. 2023). This 
regime includes elevated availability of electron 
acceptors like ferric iron and sulfate, increased nutri-
ent availability, absence of enzyme-inhibiting tannins, 
and a circum-neutral pH (Brouns et  al. 2016; Zak 
et  al. 2019). Respiration measurements conducted 
on organic soil substrates from rewetted peatlands 
suggest that highly degraded peat, which has under-
gone significant aerobic processes due to water level 
changes, exhibits relatively slow decomposition. 
However, significant anaerobic CO2 and CH4 produc-
tion in peat occurs when bioavailable organic matter, 
such as remaining roots or root exudates, is available 
(Hahn-Schöfl et al. 2011).

The modern understanding of soil substrate qual-
ity challenges the previous belief that lignin moieties 
contribute to persistent soil carbon in anaerobic soils 
due to their resistance to degradation (Lankiewicz 
et al. 2023). It is now widely accepted that soil micro-
bial communities can degrade all types of substrates 
in almost any soil (Dungait et al. 2012). The preser-
vation of substrates, rather than their conversion to 
dissolved organic matter (DOM), CO2, or CH4,  is 
associated with other biological, physicochemical, 
and structural factors, rather than their quality or 
recalcitrance (Schmidt et  al. 2011). The interaction 
between lignin decomposition products and redox-
sensitive iron minerals provides a partial reconcili-
ation between the old and new paradigms (Huang 
et  al. 2019). However, there is currently no consen-
sus on the main mechanisms underlying soil carbon 
transformation and stabilization in rewetted peatlands 
(Adamczyk et al. 2020). In rewetted peatlands, highly 
elevated emissions of CO2 and CH4 indicate the 
presence of highly active anaerobic decomposition 

processes (Antonijević et  al. 2023). Some of this 
activity can be attributed to the emergance of particu-
lar plant species in these nutrient-rich shallow lakes, 
notably Ceratpophyllum demersum whose decompos-
ing litter triggers considerable CH4 release (Zak et al. 
2015). Recently, it was suggested that ecosystem-
specific stabilization mechanisms of organic matter, a 
critical component in the carbon sequestration func-
tion of pristine peatlands, are intricately intertwined 
with the resurgence of peat-forming plant species 
(Temmink et al. 2022).

The litterbag technique (Bärlocher 2005) and 
the analysis of specific biomarkers like lignin phe-
nols have commonly been used to trace decomposi-
tion processes. Lignin phenols, derived from lignin, 
the second most abundant biopolymer known for 
its chemical stability against microbial degrada-
tion (Grgas et al. 2023; Lankiewicz et al. 2023), are 
frequently employed as vascular plant biomarkers 
to track organic matter sources in aquatic systems 
(Opsahl and Benner 1997; Hernes and Benner 2003). 
They are also used to differentiate plant species, study 
lignin alteration during litter decomposition, and 
examine the effect of changing environmental decom-
position conditions (Opsahl and Benner 1995; Kalbitz 
et  al. 2006). However, most studies have focused 
on oxic decomposition conditions, as lignin decay 
under anoxic conditions was believed to be slow or 
absent due to the oxygen-dependence of lignin-active 
enzymes (Lankiewicz et  al. 2023). Unlike for aero-
bic conditions the chemical mechanisms involved in 
the anaerobic transformation of lignin at the molec-
ular level are still unclear (ibid.). Ratios of phenol 
sum parameters or specific phenols, which indicate 
the phenol substitution pattern in the biopolymer, 
are commonly used as indicators of source or alter-
ation (Hedges and Mann 1979; Ertel and Hedges 
1984; Hedges et al. 1988). While some studies have 
highlighted limitations in the ecological and bio-
geochemical interpretation of these parameters, they 
remain widely accepted and utilized (Hernes et  al. 
2007). Therefore, further information on the chemi-
cal behavior of these phenols during transformation 
processes is desirable to assess the transferability of 
these ecological interpretations to anoxic systems 
found in rewetted peatlands. Spectroscopic techniques 
like Fourier-transform infrared spectroscopy (FTIR) 
can complement the analysis of structural changes of 
decomposing leaf litter, as these provide additional 
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information on the molecular alterations of lignin and 
other biomolecules in litter (Derkacheva and Sukhov 
2008).

In this study, we conducted a litterbag experiment 
during approximately 1.6 years to monitor decompo-
sition in a rewetted fen. Our approach focused on two 
main aspects. Firstly, we investigated the decompo-
sition of typical plant litter, specifically Phragmites 
australis, in rewetted fens at different soil depths. Our 
aim was to understand the efficiency of organic mat-
ter decay across the vertical horizon and gain insights 
into the significance of different stratified layers 
within a rewetted peatland in terms of litter decompo-
sition and carbon stability. Secondly, we specifically 
aimed to deepen the understanding of the molecular 
transformation of lignin during anaerobic decomposi-
tion and its impact on porewater lignin formation. To 
achive this, we conducted chemical analyses specifi-
cally targeting lignin decomposition and transforma-
tion under anaerobic conditions in the varying bio-
geochemical regimes of the stratified soil system of a 
rewetted fen. These chemical analyses include the use 
of FTIR spectroscopy to analyze leaf litter lignin, al 
well as the CuO oxidation method to analyze lignin in 
the leaf litter and porewater along a vertical gradient.

While significant advancements have been made 
in our understanding of lignin decomposition, driven 
primarily by improved insights into the pivotal role 
of fungi (Lankiewicz et  al. 2023), as well as bacte-
ria and their associated enzymes (Raji et  al. 2021; 
Grgas et al. 2023), a controversial debate still persists 
regarding the extent and importance of specific fac-
tors, such as nitrogen and metals, in various environ-
mental contexts (Huang et al. 2023; Peng et al 2023; 
Yi et  al. 2023). A recent work in natural wet and 
dry fen peatlands showed substantial organic mat-
ter losses in the acrotelm due to the degradation of 
specific hemicellulose structures (Serk et  al. 2022). 
Unlike in natural peatlands, there exists a significant 
knowledge gap concerning the decay of organic mat-
ter in rewetted fen peatlands, particularly in the con-
text of lignin decomposition. Our hypothesis suggests 
the conventional expectation that lignin decomposi-
tion would predominantly take place in the aerobic 
water layer, with some limited decomposition occur-
ring in the newly formed “high-reactive” mud layer, 
while decomposition in the anaerobic soil layers 
below would be minimal.

Methods and materials

Study site

The decomposition experiment took place in a 
fen peatland located in Zarnekow, Dargun, Meck-
lenburg-Western Pomerania, northeast Germany, 
within the River Peene valley (53° 52′ 33.0″ N, 12° 
53′ 18.5″ E). The study area experiences a moder-
ately continental temperate climate, with an aver-
age annual air temperature of 9.2  °C and precipi-
tation of 583  mm (1991–2020, Teterow, German 
Meteorological Service, DWD). The site has been 
drained since the eighteenth century and utilized 
as intensive grassland from the 1960s, leading to 
peat mineralization and subsequent soil shrinkage 
of up to 1 m. Consequently, a typical vertical deg-
radation gradient formed, with highly decomposed 
peat at the soil surface up to ~ 0.3 m depth and less 
decomposed peat extending to a depth of 10 m (Zak 
and Gelbrecht 2007). Following the rewetting pro-
cess in winter 2004/2005, a eutrophic shallow lake 
with an average water depth of 0.5  m was formed 
above the highly degraded peat layer. The initial 
colonization of the lake consisted of submerged and 
floating macrophytes, with subsequent establish-
ment of reed communities in the following years 
(Antonijević et  al. 2023). Anoxic conditions in 
the waterlogged soils were permanently reinstated 
shortly after rewetting, except for two dry phases in 
2010 and 2012. Former studies observed a signifi-
cant increase in nutrient and methane mobilization, 
reaching levels up to 100 times higher than in natu-
ral counterparts (Zak et al. 2010; Antonijević et al. 
2023). Due to incomplete decomposition of above-
ground biomass from hydrophytes and helophytes, 
a highly reactive detritus mud layer formed, seques-
tering approximately 50  g C m−2 year−1 (Cabezas 
et al. 2014). This detritus-mud layer primarily con-
tributes to high methane and carbon dioxide emis-
sions (Han-Schöfl et  al. 2011). In contrast, the 
rooted degraded peat layer exhibited significantly 
lower gaseous carbon fluxes but demonstrated the 
highest mobilization of DOM, as well as elevated 
rates of phosphorus and ammonium mobilization 
(Zak and Gelbrecht 2007). The less decomposed 
peat layer, on the other hand, exhibited generally 
low mobilization of carbon and nutrients.
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Experimental setup

The experimental setup followed the methodology of 
Schipper and Reddy (1995) with slight modifications. 
In March 2015, we buried three dialysis samplers in 
the soil of the rewetted fen Zarnekow, each compris-
ing 14 chambers with a volume of 50  mL, spaced 
approximately 10 m apart. The chambers were filled 
with ultrapure water and isolated from the environ-
ment using a 0.2  µm polysulfon membrane (Pall 
Corporation, USA). The positioning of the chambers 
ensured that the upper two chambers were exposed to 
the surface water, while the remaining 12 chambers 
were located at different soil depth (see Fig. 1).

This arrangement allowed the study of decomposi-
tion across a range of depths, from the aerobic sur-
face waterbody of the shallow lake to the anaerobic 
highly degraded peat layer beneath the former rhizos-
phere, reaching a soil depth of approximately 40 cm. 
To investigate the decomposition of plant litter, 1.5 g 
pre-leached and freeze-dried P. australis leaves were 
placed in every second chamber of the dialysis sam-
pler. Additionally, 100 µL of a natural inoculum, 
obtained from mixing 50 mL of water, 15 g detritus 
mud, and 15  g highly degraded peat from the same 
site, were added to each chamber. While we acknowl-
edge that decomposing litter in anaerobic sediments 
typically consists of root material, we intentionally 

used P. australis leaf litter throughout all depths to 
enable a more consistent assessment of compart-
mental dependence on litter decomposition. This 
approach facilitated the comparison of the local bio-
geochemistry’s impact on decomposition, as different 
plant parts, such as leaves and rhizomes, exhibit vari-
ations in their macromolecular composition and sub-
sequent decomposition processes (Reuter et al. 2020).

Sample collection

For practical reasons, we divided the sampling of 
three dialysis samplers with incubated plant litter into 
three consecutive sampling occasions, occurring at 
approximately 581, 588, and 595 days into the litter 
decomposition period. Each time, one dialysis sam-
pler was excavated and immediately transferred into a 
520 L glove bag (AtmosbagQR, Sigma Aldrich, Ger-
many) that has been thoroughly flushed with argon to 
obtain an oxygen-free atmosphere. Pore waters from 
each chamber were sampled with 50  mL syringes, 
transferred to 100  mL Schlenk tubes, ensuring they 
were maintained under an inert atmosphere during 
transport. All samples were stored on ice and trans-
ported immediately to the laboratory. Surface waters, 
located approximately 15  cm below the water table, 
were collected using 1 L glass bottles (Schott, Ger-
many). All water samples were filtered within 24  h 

Fig. 1   Schema of the study 
site system: stratified shal-
low lake as a newly formed 
ecosystem after rewetting 
(right) of a drained peatland 
(middle) compared to the 
former undrained peatland. 
The schematic representa-
tion also shows the experi-
mental setup. Leaf litter 
was placed in every second 
chamber of the dialysis 
sampler, while empty 
chambers were utilized to 
monitor background pore 
water characteristics
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through 0.2  µm PTFE membrane filter (Omnipore, 
Merck, Germany). Water samples from anoxic envi-
ronments were filtered under nitrogen (N2) atmos-
phere in a glovebox (LABstar, mbraun, Germany), 
and the samples were kept under an inert atmosphere 
until analysis. Subsamples for dissolved organic car-
bon (DOC) analysis were additionally passed through 
a chelating filter to prevent iron precipitation in the 
water samples. P. australis leaves that had been incor-
porated in the dialysis samplers were freeze-dried, 
non-leaf organic matter was carefully removed, and 
weighed to determine mass loss. Finally, all leaves 
were ground to a fine powder with a vibrating cup 
mill (Pulverisette 9, Fritsch, Germany).

Sample analysis

Molecular composition of organic matter by FTIR

The molecular composition of leaf litter was ana-
lyzed by FTIR spectroscopy. Potassium bromide 
(KBr) pellets with a diameter of 13 mm and a thick-
ness of approximately 1  mm were prepared. The 
pellets were made by mixing 300  mg oven dried 
KBr (for IR spectroscopy, MERCK) and 1  mg leaf 
litter sample in ball mill for 45  s. The mixture was 
then compressed into pellets using a hydraulic press 
with a pressure of 10 tons for several minutes under 
vacuum. All KBr pellets were measured immediately 
after preparation. The infrared spectra were collected 
by using an IRTracer-100 spectrometer (Shimadzu) 
equipped with a DLATGS detector. FTIR spectra 
were recorded in the absorbance mode between 400 
and 4000  cm−1 at a spectral resolution of 4  cm−1. 
Each spectrum was the result of the co-addition of 
200 scans. Before each sample, a background spec-
trum was recorded using a pure KBr pellet. The spec-
tra were corrected for atmospheric CO2, baseline-
corrected, and multiplied by a factor of 100 using the 
Labsolution IR software (Shimadzu Corp, Germany). 
To enhance peak determination accuracy, the second 
derivative spectra were generated using the Savitzky-
Golay algorithm with 13 convolution points. All 
absorbance spectra were vector-normalized in the 
region 800 to 1900  cm−1 using Microsoft Excel. To 
represent the absolute losses of specific biopolymers 
after decomposition, the spectra were multiplied by 
the percentage of remaining organic carbon. The pre-
sented spectra represent the mean of all litter samples 

from a specific layer. For semiquantitative analysis of 
specific FTIR bands, especially of the aromatic signal 
at 1514 cm−1, a peak fitting routine was applied to the 
spectra in the range 1850 and 1200  cm−1, following 
the method described by Reuter et  al. (2020) using 
the Peak analyzer software of OriginPro 8.5.0 SRI. 
The band positions were determined from the second 
derivative spectra and fixed for all fitting routines. 
Voigt-shaped bands with fixed peak widths were used 
for the fitting, with the software optimizing only the 
band height of each FTIR signal. The aromatic sub-
structures of the lignin biopolymer contribute to sev-
eral distinct bands in the FTIR spectrum (Faix 1991). 
The most prominent lignin band is the aromatic skele-
tal vibration at 1514 cm−1 which is commonly used to 
quantify leaf lignin content (Duboc et al. 2012). The 
intensity of the 1514 cm−1 band is here utilized as a 
second semiquantitative measure for lignin in the leaf 
litter and is referred to as lignin(FTIR). Unlike the CuO 
oxidation method (see below), FTIR spectroscopy 
can detect and quantify the remaining lignin biopoly-
mer within the litter, even after molecular modifica-
tions have occurred. This contrasts with the CuO 
oxidation method, where phenols may not be detect-
able using mass spectrometry if the lignin biopolymer 
has undergone molecular alterations due to microbial 
decomposition activity, such as demethoxylation, 
condensation reactions, or other changes in molecular 
moieties (Ertel and Hedges 1984).

Lignin analysis by the CuO oxidation method

To avoid any carbon contamination, all glassware 
was heated to 450  °C for 4 h before use. Water was 
obtained from an Arium Pro Ultrapure Water Sys-
tem from Sartorius (Göttingen, Germany). The lignin 
analysis was performed after Reuter et  al. (2017). 
In brief, the analysis of porewater lignin was per-
formed directly on 15  mL water sample which was 
oxidized in a microwave digestion system (Micro-
prep A, MLS GmbH, Germany) after addition of 
1.76  mL NaOH (50%) and 300  mg CuO, 150  mg 
(NH4)2Fe(SO4)2⋅6H2O, and 10  mg glucose. For leaf 
litter analysis, the method was slightly modified. 5 mg 
finely ground leaf litter was transferred to the reac-
tion vessel and 15  mL ultrapure water was added in 
addition to the other reagents. Lignin phenols were 
solid phase extracted with OasisQR HLB extrac-
tion cartridges (60 mg, 3 mL, Waters). In this study, 
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we consider  the following lignin-derived phenols: 
p-hydroxybenzaldehyde, p-hydroxybenzophenone and 
p-hydroxybenzoic acid (P-phenols); vanillin, acetova-
nillone, and vanillic acid (V-phenols); syringaldehyde, 
acetosyringone, and syringic acid (S-phenols), p-cou-
maric acid and ferulic acid (C-phenols). The quantifi-
cation of these phenols was performed using a 7000C 
GC triplequad system from Agilent (Palo Alto, CA, 
USA) equipped with a DB-5 ms Ultra Inert capillary 
column (60 m × 0.25 mm × 0.25 µm) in multiple reac-
tion monitoring (MRM) mode.

Due to the varying concepts associated with the 
term lignin (Hatfield and Fukushima 2005), we define 
lignin and related terms as follows. The lignin mac-
romolecule refers to the unmodified biopolymer with 
an amorphous structure. Individual lignin monomers 
are released from the lignin macromolecule upon 
CuO-oxidation (Thévenot et  al. 2010). We estimate 
the amount of lignin in the sample by considering 
the sum of the V- and S-phenols, which we term 
lignin(CuO) or Λ6. Lignin decomposition, observed as 
lignin(CuO), may involve structural modifications of 
the macromolecule, which can be detected through 
alterations in the ratios between monomers released 
during CuO oxidation, or quantitative changes that 
can be detected by considering the total amount of 
released monomers. The molar ratios between the 
phenols, i.e., P/V, S/V and C/V, are used as indicators 
of lignin decomposition.

Statistical analysis

All statistical tests were performed with RStu-
dio (Version 1.1.383, RStudio, Inc.). To test the 
difference of parameters between initial versus 

decomposed leaves and pore water background cham-
bers versus pore water leaf-containing chambers the 
Mann–Whitney-U test (Wilcoxon rank sum test in R) 
was performed. To examine layer dependency, the 
Kruskal–Wallis rank sum test, followed by pairwise 
comparisons using the Wilcoxon rank sum test, was 
performed. Linear correlations were assessed using 
the linear regression model in R.

Results

Bulk changes of leaf litter

The mass loss of leaf litter after 581–595  days of 
decomposition varied across different layers, ranging 
from 54% in the water body, where aerobic decompo-
sition conditions prevail, to 26% in the deepest anaer-
obic sediment layer (Table  1). There was a strong 
linear relationship between litter mass loss and depth 
(R2 = 0.91, p < 0.001), indicating a decline in mass 
loss with increasing depth.

The C/N values of the decomposed leaves exhib-
ited a higher dependency on the layer (p < 0.01) 
rather than a linear correlation with depth (R2 = 0.71, 
p < 0.001). The litter C/N values ranged from 
14.4 ± 0.9 in the surface water to 23.4 ± 1.8 in 
the  highly degraded peat layer. This trend was pri-
marily driven by variations in litter N content. While 
litter C content remained relatively constant across 
all samples, there was an increase in litter N content 
from the deepest litter to the litter decomposed in the 
surface water (Table  1). Furthermore, compared to 
the initial leaves (C/N = 32.6 ± 1.5), all leaves showed 
a relative enrichment of litter N (p < 0.001).

Table 1   Summarized bulk parameters of initial and decomposed leaves (DM: dry mass; OC: organic carbon; C/N: carbon/nitrogen 
ratio; N: nitrogen)

Values are given as mean ± standard deviation (n = 2–6)
a Depth range referring to the soil surface

Decomposition environment (+ 6 
to − 39 cm)a

Mass loss (% DM) OC loss (%) C/N ratio molar N (% DM)

Initial leaf – – 32.6 ± 1.5 1.3 ± 0.1
Water 54.6 ± 3.7 49.8 ± 6.6 14.5 ± 0.9 3.2 ± 0.0
Detritus mud 43.1 ± 2.8 36.0 ± 3.3 18.7 ± 2.4 2.6 ± 0.4
Former rhizosphere 32.2 ± 2.7 28.9 ± 2.5 22.3 ± 1.4 2.0 ± 0.1
Highly degraded peat 26.8 ± 2.6 26.1 ± 1.5 23.4 ± 1.8 1.9 ± 0.0



Biogeochemistry	

1 3
Vol.: (0123456789)

The percentage loss of organic carbon also exhib-
ited a significant dependency on the decomposition 
environment (p < 0.01), decreasing from the upper to 
the deepest layer. However, there was no significant 
difference between the former rhizosphere and the 
degraded peat. As the loss of organic carbon is partly 
derived from the mass loss data and changes in car-
bon content, this correlation was expected. The loss 
of organic carbon, however, showed a weaker corre-
lation with depth (R2 = 0.72, p < 0.001) compared to 
mass loss, but revealed a higher dependency on the 
layer.

FTIR spectroscopy of leaf litter

The FTIR spectra of leaf litter provide insights into 
the breakdown of the different biopolymers, which 
contribute to the observed mass loss of the lit-
ter (Fig.  2). The specific FTIR peaks were identi-
fied after Kačuráková et  al. (1994), Pandey (1999), 
and Pandey and Pitman (2003): The broad band 
observed at 3400  cm−1 corresponds to the strong 
hydrogen-bonded O–H stretch of carbohydrates. 
The peaks at 2920  cm−1 and 2851  cm−1 represent 
the antisymmetric and symmetric C–H stretching of 

methylene groups, which are associated with organic 
lipids. The sharp band at 1738  cm−1 is attributed to 
aliphatic ester groups, mainly present as unconju-
gated C=O in xylans (hemicellulose). The promi-
nent amide I band of proteins appears at 1657 cm−1, 
and the amide II band is located at 1547  cm−1. The 
bands at 1591  cm−1, 1601  cm−1, and 1514  cm−1 are 
assigned to the aromatic skeletal vibrations. The 
aromatic band at 1514  cm−1 is easily quantifiable 
and serves as a measure of litter lignin content. The 
C–H deformation bands of lignin and carbohydrates 
are observed at 1466  cm−1 and 1424  cm−1, respec-
tively, while the symmetric C–H deformation of cel-
lulose and hemicellulose is located at 1375  cm−1. 
The peak at 1317  cm−1 is associated with the CH2 
wagging and the C–H vibration in cellulose, as well 
as the C1–O vibration of syringyl derivatives. The 
band at 1236 cm−1 is linked to the syringyl ring and 
C–O stretch in lignin and xylans. The antisymmet-
ric C–O–C vibration in cellulose and hemicellulose 
appears at 1163  cm−1, marking the beginning of the 
region dominated by strong carbohydrates signals. 
The peak heights of the 1100 cm−1 band, 1055 cm−1 
band, and 1065 cm−1 band serve as a semiquantitative 
marker for the litter carbohydrate content. The peak at 

Fig. 2   FTIR spectra of initial and decomposed Phragmites 
australis leaves. Spectra represent the mean of replicates and 
had undergo vector normalization, followed by multiplication 

with the percentage of remaining organic carbon in the sam-
ple (see Appendix for the min/max normalized FTIR spectra 
in Fig. 5)
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1107 cm−1 is related to the antisymmetric ring stretch 
of glucose, as well as the aromatic skeletal and C–O 
stretch. The bands at 1055  cm−1 and 1034  cm−1 are 
associated with the C–O stretches of hemicellulose 
and cellulose. The peak at 989  cm−1, appearing as 
a shoulder, corresponds to the C–OH stretching in 
hemicellulose, and the band at 897 cm−1 is attributed 
to the C-H deformation in cellulose.

Due to the linear relationship between the con-
centration of a biopolymer and the intensity of the 
resulting FTIR band, it is possible to normalize the 
FTIR spectra to organic carbon loss. Therefore, 
decreases in band intensity between different sam-
ples in Fig.  2 represent the percentage loss of the 
underlying biopolymer due to decomposition. This 
normalization procedure allowed us to determine the 
percentual loss of lignin(FTIR), as well as carbohydrate 
and protein losses. Interestingly, despite variations 
in mass loss, all decomposed leaf litters exhibited a 
relatively similar amount of proteins, as indicated 
by the strong spectral overlap of all spectra in the 
region where the amidic bands arise (1657 cm−1 and 
1547 cm−1 in Fig. 2). This finding is consistent with 
bulk N measurements, which revealed that 108 ± 11% 
of the initially present N remained in the leaf litter 
after decomposition across all soil layers (Table  1). 
It is worth noting that former litter decomposition 
studies have demonstrated a highly linear relationship 
between litter N and litter protein content (Tremblay 
and Benner 2005). In line with this, a strong linear 
correlation (R2 = 0.95, p < 0.001) between the area of 
the amide II band and the bulk N content of all leaf 
litter samples is observed in this study.

Similarly, the lignin band at 1514 cm−1 only devi-
ates minorly for all decomposed litters indicating 
only minor differences in the loss of lignin(FTIR) over 

depth. The losses of lignin(FTIR) are statistically sig-
nificant (p < 0.01) but do not exhibit a dependency 
on soil layer or depth and account for 9.6 ± 5.9% of 
leaf litter over all depth (Table 2). In contrast, much 
stronger deviations are however seen in the carbo-
hydrate region. The intensity decrease of the carbo-
hydrate bands shows a highly significant correlation 
with the mass loss (R2 = 0.92, p < 0.001), suggest-
ing that the lower mass losses of litter with increas-
ing soil depth primarily result from varying degrees 
of carbohydrate degradation over the about 1.6 years 
decomposition period.

CuO lignin analyses of leaf litter

The CuO oxidation of leaf litter revealed a decrease 
in lignin(CuO) concentration due to decomposition. 
The initial undecomposed litter had a lignin(CuO) 
concentration from 5.60  mg C/100  mg C. After 
581–595  days, the lignin(CuO) concentrations in the 
decomposed litter ranged from 4.52  mg C/100  mg 
C to 2.35  mg/100  mg C (Table  3). The percentual 
lignin(CuO) losses exceeded mass losses for all litters 
from all depth, ranging from 45.7% to 69%. This indi-
cates that the percentual loss of lignin(CuO) was greater 
than the overall mass loss during decomposition. 
Interestingly, the pattern of lignin(CuO) decomposition 
differed from carbohydrate decomposition and over-
all mass loss. The highest decrease in lignin(CuO) as 
a fraction of the remaining litter tissue was observed 
for litter decomposed in the former rhizosphere. 
After decomposition, the lignin content dropped to 
2.35 mg lignin-C/100 mg litter-C, resulting in a 69% 
loss of initial litter-lignin while experiencing only a 
32.2% overall mass loss. Similar lignin(CuO) losses 
were observed for litters decomposed in the surface 

Table 2   Percentage losses of specific leaf litter constituents during decomposition

Values are given as mean ± standard deviation (n = 2–6)
Lignin(FTIR) loss refers to the loss of lignin analysed by the FTIR method
a Depth range referring to the soil surface

Decomposition environment (+ 6 to − 
39 cm)a

Mass loss (%) Carbohydrate loss (%) Lignin(FTIR) loss (%)

Surface water 54.6 ± 3.7 60.0 ± 3.6 16.9
Detritus mud 43.1 ± 2.8 43.8 ± 2.2 6.4 ± 6.4
Former rhizosphere 32.2 ± 2.7 28.7 ± 4.2 11.8 ± 4.5
Highly degraded peat 26.8 ± 2.6 24.9 ± 3.7 8.7 ± 6.4
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water of the rewetted fen, with an overall lignin(CuO) 
loss of 67.0% at an overall mass loss of 54.6%. In the 
detritus mud and highly degraded peat, leaf litters 
lost about 45% lignin(CuO) at mass losses of 43.1% 
and 26.8%, respectively. Regarding the single lignin 
phenol families, all P-, V- and S-phenols decreased 
during decomposition. However, the C-phenols 
exhibited a different trend. The concentrations of 
C-phenols did not decrease during decomposition, 
but remained relatively stable for all decomposed lit-
ters, with overall values of 3.25 mg-C/100 mg litter-C 
to 2.71 mg-C/100 mg litter-C (Table 3). This suggests 

that the C-phenols were less susceptible to decompo-
sition compared to the core-lignin biopolymer.

Lignin phenols in dissolved organic matter

The DOC concentrations in the rewetted fen Zarne-
kow showed an increase with depth, ranging from 
21  mg/L in the surface water to 217  mg/L in the 
highly degraded peat (Table 4).

Lignin phenols were detected in all water sam-
ples. The concentrations of vanillyl and syringyl 
phenols, which serve as an estimate for dissolved 

Table 3   Summarized lignin parameters of initial and decomposed leaf litter

Values are given as mean ± standard deviation (n = 2–6)
Lignin(CuO) refers to the lignin which was analysed by the CuO method
lignin(CuO): sum of vanillyl and syringyl phenols (V + S), P: sum of p-hydroxyl phenols (∑ p-hydroxybenzaldehyde, p-hydroxyben-
zophenone, p-hydroxybenzoic acid), V: sum of vanillyl phenols (∑ vanillin, acetovanillone, vanillic acid), S: sum of syringyl phe-
nols (∑ syringaldehyde, acetosyringone, syringic acid), C: sum of cinnamyl phenols
a Depth range referring to the soil surface

Decomposition environ-
ment (+ 6 to − 39 cm)a

Lignin(CuO) [mg/
(100 mg carbon)]

Lignin(CuO) loss (%) P [mg/
(100 mg 
carbon)]

V [mg/
(100 mg 
carbon)]

S [mg/
(100 mg 
carbon)]

C [mg/
(100 mg 
carbon)]

Initial leaf 5.60 ± 0.17 0 0.49 ± 0.04 2.68 ± 0.11 2.92 ± 0.06 3,20 ± 0.05
Surface water 3.50 ± 0.04 67.0 ± 4.0 0.35 ± 0.04 1.28 ± 0.03 2.22 ± 0.06 2.71 ± 0.1
Detritus mud 4.52 ± 0.24 45.7 ± 3.8 0.42 ± 0.01 1.81 ± 0.20 2.71 ± 0.11 3.39 ± 0.14
Former rhizosphere 2.36 ± 0.23 69.0 ± 3.3 0.23 ± 0.02 0.97 ± 0.09 1.39 ± 0.15 2.99 ± 0.19
Highly degraded peat 3.90 ± 0.25 45.9 ± 2.4 0.36 ± 0.01 1.59 ± 0.12 3.31 ± 0.14 3.25 ± 0.17

Table 4   Summarized parameters of porewater lignin in background chambers and when decomposing leaf litter is present

Values are given as mean ± standard deviation (n = 2–6)
DOC dissolved organic carbon, DOM dissolved organic matter, ∑6 sum of vanillyl and syringyl phenols in µg/L, Λ6 sum of vanillyl 
and syringyl phenols normalized to DOC, P/V ratio of p-hydroxyl phenols (∑ p-hydroxybenzaldehyde, p-hydroxybenzophenone, 
p-hydroxybenzoic acid) to vanillyl phenols (∑ vanillin, acetovanillone, vanillic acid), S/V ratio of syringyl phenols (∑ syringalde-
hyde, acetosyringone, syringic acid) to vanillyl phenols, C/V ratio of cinnamyl phenols (∑ p-coumaric acid, ferulic acid) to vanillyl 
phenols

Decomposition environment DOC (mg/L) ∑6 (µg/L) Λ6 (µg/100 mg DOC) P (µg/L) V (µg/L) S (µg/L) C (µg/L)

Background-DOM
 Surface water 21 ± 13 47.4 ± 18.7 367 ± 178 47.7 ± 14.8 20.2 ± 6.6 27.2 ± 12.3 35.1 ± 20.2
 Detritus mud 52 ± 7 48.4 ± 8.3 96.8 ± 28.0 46.1 ± 1.7 20.1 ± 4.0 28.2 ± 4.4 23.4 ± 3.7
 Former rhizosphere 61 ± 25 51.4 ± 7.0 98.5 ± 51.6 73.6 ± 25.9 20.7 ± 5.3 25.5 ± 7.7 45.9 ± 36.2
 Highly degraded peat 259 ± 109 163 ± 77 62.0 ± 3.7 252 ± 116 78.0 ± 36.8 85.5 ± 39.8 80.5 ± 25.2

Litter-DOM
 Surface water 67 ± 4 94.5 ± 6.3 143 ± 18.0 55.9 36.9 53.2 73.5
 Detritus mud 83 ± 30 88.1 ± 37.9 97.2 ± 19.6 90.7 ± 46.5 48.3 ± 21.2 49.1 ± 16.3 163 ± 63
 Former rhizosphere 134 ± 87 95.4 ± 43.4 91.9 ± 53.9 44.5 ± 45.2 98.5 ± 22.9 118 ± 20.8 39.4 ± 47.2
 Highly degraded peat 217 ± 130 161 ± 62 79.9 ± 19.2 245 ± 80.8 68.5 ± 28.4 92.4 ± 33.8 261.7 ± 2.9
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lignin (∑6), were relatively consistent, ranging nar-
rowly from 47.4 to 41.4  µg/L in the surface water, 
detritus mud, and former rhizosphere. However, 
in the highly degraded peat, the concentrations of 
these phenols were substantially higher at 163 µg/L. 
When normalized to DOC, dissolved lignin concen-
trations showed a decreasing trend with depth, rang-
ing from 367  µg/100  mg DOC in the surface water 
to 62  µg/100  mg DOC in the highly degraded peat. 
It is worth noting that the observed high lignin yield 
of 367 µg/100 mg DOC in the surface water is prob-
ably a result of low DOC concentration in the sur-
face water. Interestingly, among all phenol families, 
the P-phenols were the most abundant in all water 
samples, with concentrations ranging from 46.1 to 
252 µg/L.

Dissolved organic carbon and dissolved lignin 
were also analyzed in the water samples collected 
from the leaf-containing chambers of the dialysis 
sampler. These samples will be termed litter-DOM 
as DOM characteristics might be affected from the 
proximity to the decomposing litter. By comparing 
the background-DOM and litter-DOM, the impact 
of decomposing leaf litter on the surrounding DOM 
characteristics, such as DOC and porewater lignin, 
can be observed. It is important to note that the 
changes in leaf litter composition discussed earlier 
are cumulative, as they result from approximately 
1.6 years of decomposition. In contrast, DOM char-
acteristics provide only a snapshot, as processes like 

diffusion, DOM formation, and mineralization can 
alter the DOM composition within a few days. The 
DOC concentration, as well as dissolved lignin con-
centrations, were significantly elevated in the leaf-
containing chambers in the surface water, detritus 
mud, and former rhizosphere (p < 0.01). However, 
no statistical difference in dissolved lignin due 
to decomposing litter was observed in the highly 
degraded layer. While the amount of lignin phenols 
increased in the vicinity of decomposing litter, this 
trend disappeared when dissolved lignin was nor-
malized to DOC (Fig. 3a). Only the yield of C-phe-
nols showed a significant increase in all soil layers 
(p < 0.001, Fig. 3b).

Discussion

The observed linear decrease in mass loss with 
increasing soil depth in the rewetted peatland aligns 
with findings from other studies conducted in various 
ecosystems, such as forest and grassland floors, as 
well as wetland soils (Hemminga et al. 1988; Gill and 
Burke 2002). The depth-dependent patterns observed 
in the decomposition rates of different biopolymers 
underscore the significance of environmental factors, 
microbial activity, and the unique composition of soil 
layers in shaping decomposition processes in rewet-
ted peatlands. Specifically, this trend can be attributed 
to oxygen availability, where the surface water body 

Fig. 3   Yield of lignin phenols normalized to organic carbon. a lignin yield (Lambda 6). b C-phenol yield. Error bars repre-
sent ± standard deviation
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with greater oxygen levels promotes higher decompo-
sition rates, while lower anoxic layers exhibit slower 
decomposition rates due to limited availability of 
electron acceptors and nutrients (Zak et  al. 2019). 
The importance of specific biopolymer losses, such as 
carbohydrates and lignin, will be discussed in detail 
in the following sections.

Bulk decomposition in different soils of a rewetted 
fen

The use of infrared spectroscopy provides valuable 
insights into the composition of decomposed litter. 
Our findings indicate that variations in mass loss are 
primarily caused by the degradation of carbohydrates, 
presumably hemicellulose (Serk et  al. 2022), which 
constitute a significant portion of plant litter. This 
observation highlights the importance of considering 
specific biopolymer losses when assessing decompo-
sition, as relying solely on mass loss data may over-
look the underlying changes in the litter composition 
(ibid.). Interestingly, the total nitrogen content in 
the decomposed litter did not follow the same trend 
as mass loss or carbohydrate degradation (Table  1). 
Instead, it exhibited dependence on the soil layer. The 
nitrogen content can serve as an indicator of microbial 
biomass (Qu et al. 2022), suggesting that the increase 
in microbial activity within the litter is influenced by 
the physical and chemical characteristics of the soil 
layer (Emsens et  al. 2020; Weil et  al. 2020). This 
indicates that the rate of carbohydrate degradation in 
the litter follows a distinct, depth-dependent pattern, 
while microbial activity and nutrient dynamics also 
play a role in shaping the decomposition process. It 
is crucial to acknowledge that the decomposition of 
lignin, as demonstrated in this study, exhibited a dif-
ferent pattern compared to carbohydrate degradation. 
The lignin losses observed through CuO oxidation 
showed a substantial decrease, indicating significant 
decomposition of lignin during the 1.6 years period. 
This highlights the complex nature of decomposition 
and the differential decomposition rates of different 
biopolymers within leaf litter.

Leaf lignin decomposition and internal modification

Despite the modern belief that microbial commu-
nities are capable of decomposing various natural 
biopolymers, there is still a consensus that lignin 

undergoes limited decomposition in anaerobic wet-
land soils (Dungait et al. 2012). This consensus is jus-
tified by the observation that microorganisms require 
oxygen to decompose the aromatic substructures of 
organic matter. Therefore, it is expected that lignin, 
being a highly aromatic biopolymer, would accumu-
late in anaerobic soil layers (Serk et al. 2022). In this 
study, two contrasting methods were applied to ana-
lyze lignin decomposition. Consistent with the con-
sensus of limited lignin decomposition in anaerobic 
environments, FTIR spectroscopy revealed that the 
total amount of aromatic compounds in the leaf lit-
ter, referred to as lignin(FTIR), only exhibited minor 
decreases during decomposition, ranging from 6.4 
to 11.8% in all anaerobic soils. This indicates that 
lignin(FTIR) decomposition occurs to a significantly 
lesser extent compared to carbohydrate decomposi-
tion, which exhibited losses ranging from 24.9 to 
43%. Furthermore, it is noteworthy that lignin(FTIR) 
decomposition in the anaerobic soil layer occurs to 
a lesser extent compared to the litter decomposed in 
the surface water, where 16.9%  lignin was lost from 
the litter. These findings highlight the relative resist-
ance of lignin to degradation in anaerobic conditions, 
emphasizing its persistence in organic matter.

The analysis of lignin using CuO oxidation and 
mass spectrometry provided contrasting results com-
pared to FTIR spectroscopy. Lignin(CuO) losses were 
found to be considerably higher than carbohydrate 
losses, ranging from 45.7 to 69%. Although the lignin 
biopolymer is still predominantly present in the leaf lit-
ter, the CuO analysis suggests that internal molecular 
modifications resulting from microbial decomposition 
render certain molecular subunits undetectable. These 
modifications, such as demethylation or demethoxyla-
tion of lignin side chains, have been extensively docu-
mented in the literature and are known to contribute 
to methane production (Conrad 2020). Notably, a sig-
nificant depletion of lignin was observed in the for-
mer rhizosphere, with exceptionally high lignin(CuO) 
losses of 69%. These losses exceeded carbohydrate 
losses in the litter by more than twofold, even though 
carbohydrates are generally considered to be more eas-
ily decomposable. One possible explanation for these 
trends is the presence of a microbial community like 
anaerobic fungi and bacteria which are specifically 
adapted to lignin decomposition (Grgas et  al. 2023; 
Lankiewicz et  al. 2023), as the organic matter in the 
former rhizosphere is predominantly composed of 
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lignin-rich senescent roots. This hypothesis finds sup-
port in the functional breadth (FB) and home-field 
advantage (HFA) hypotheses (Fanin et al. 2016). The 
FB hypothesis suggests that microbial communities in 
recalcitrant litter environments possess a wider func-
tional ability to decompose a broader range of litter 
species. The HFA hypothesis, on the other hand, pro-
poses that decomposer communities may be special-
ized towards the litter they most frequently encounter 
(Hunt et al. 1988). It was demonstrated that lignin gen-
erally exhibits greater FB and HFA effects compared 
to more bioavailable saccharides, albeit with a delay of 
100 days (Fanin et al. 2016).

Previous studies using 13C CPMAS NMR and the 
van Soest procedure have reported decreasing CuO 
lignin concentrations during decomposition, accom-
panied by increasing concentrations of aromatic 
compounds (Chabbi and Rumpel 2004; Kalbitz et al. 
2006). These findings could be interpreted as internal 
lignin modifications. One possible process that may 
contribute to these observations is the humification 
of leaves. Phenols containing methoxyl groups are 
known to serve as precursors for ring condensation 
reactions (Stevenson 1994). In our study, we observed 
a specific loss of vanillin phenols in leaf litter without 
a corresponding increase in porewater lignin vanil-
lin phenols. This suggests that internal modifications 
of vanillin phenols may occur, leading to the forma-
tion of condensed aromatic rings or other successor 
products. Several studies have found that de-methox-
ylation is the first step during anaerobic degradation 
of lignin followed by ring cleavage and fermentation 
into methane and carbon dioxide (Khan and Ahring 
2019). Consequently, it is plausible to suggest that the 
elevated methane emissions observed in the rewetted 
study site Zarnekow (Antonijević et al. 2023) may be 
partially attributed to the loss or demethoxylation of 
vanillin phenols and their further cleavage or reorgan-
ization of lignin-lignin linkages by anaerobic fungi 
or bacteria (Lankiewicz et  al. 2023). A recent study 
demonstrated a significant increase in the abundance 
and diversity of methylotrophic methanogens in 
rewetted fen peatlands, like the site under investiga-
tion (Weil et al. 2023). It can be expected that certain 
anaerobic organisms can deconstruct unpretreated, 
naturally occurring lignin in anaerobic environments 
throughout the biosphere (Lankiewicz et al. 2023).

Lignin transformation

Lignin phenol sum parameters (P, V, S, C) are com-
monly used as source indicators in the analysis of soil 
and sediment samples to investigate terrestrial plant 
sources (Thévenot et  al. 2010). These parameters 
can distinguish between vascular and non-vascular 
plants based on the presence of V-phenols, as well 
as between angiosperms and gymnosperms based 
on the presence of S-phenols. Additionally, differ-
ent tissue types, such as non-woody and woody tis-
sues, can be distinguished based on the presence of 
C-phenols (Hedges and Mann 1979). In the case of P. 
australis leaf litter, the observed concentrations of S- 
and C-phenols align with these trends, indicating the 
expected presence of grass-type lignin.

In addition to their use as source indicators, 
changes in the concentrations of lignin phenol fami-
lies during leaf litter decomposition experiments 
can provide insights into the selective modifications 
or reactivity of individual phenols within the lignin 
polymer. Two distinct trends were observed in the 
changes of lignin phenol families during leaf litter 
decomposition experiments, with the former rhizos-
phere environment exhibiting the most pronounced 
effects. The first trend involves the selective loss of 
V-phenols. According to a conceptual model for 
the transformation of solid litter lignin to porewa-
ter lignin, extracellular enzymes are released during 
decomposition, resulting in the release of smaller 
lignin polymers that can be further processed in the 
dissolved phase (Strakova et  al. 2011). This model 
suggests that each phenol monomer is lost at a con-
stant ratio. The selective loss of V-phenols within the 
leaf litter, which does not correspond to an increase 
in V-phenols in porewater lignin and furthermore no 
transformation to P-phenols via demethoxylation, 
suggests that a different process may be occurring, 
such as alterations or transformations of V-phenols 
within the leaf tissue. These modifications may ren-
der the V-phenols undetectable upon CuO oxidation. 
The exact nature of these alterations and the mecha-
nisms involved require further investigation. The sec-
ond trend relates to the distinct behavior of C-phenols 
compared to other phenol families. C-phenols exhib-
ited a different decomposition pattern, indicating their 
unique reactivity. It is widely reported that C-phe-
nols, which are covalently linked to hemicellulose 
through lignin-carbohydrate complexes, show higher 
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reactivity and preferential loss during decomposi-
tion compared to other phenol families (Opsahl and 
Benner 1995; Chabbi and Rumpel 2004). It is worth 
noting that the presence of suberins, which have a 
similar chemical composition to C-phenols, can pose 
limitations when using C-phenols as exclusive lignin 
indicators. Opsahl and Benner (1995) suggested 
using Λ6 instead of Λ8 to estimate the absolute lignin 
content. However, in herbaceous tissues, C-phenols 
account for approximately 30% of the lignin content 
(Hedges and Mann 1979), indicating their impor-
tance in understanding decomposition patterns. In our 
study, the decomposed leaf litter exhibited increased 
percentages of C-phenols in the remaining lignin in 
all layers from 34.4 ± 0.9% in the initial leaf litter up 
to for example 53.7 ± 2.2% in the former rhizosphere 
litter (Fig. 4), suggesting that under anaerobic condi-
tions, the decomposition of C-phenols may be inhib-
ited. This trend was also observed in porewater lignin 
in the presence of leaf litter, supporting the notion of 
accumulation due to inhibition of mineralization and 
alteration. Thus, C-phenols serve as a more sensitive 
indicator of active decomposition processes occur-
ring in the immediate vicinity (microsite) compared 
to overall lignin indicators or elevated DOC concen-
trations. These trends in the selective modifications 
and reactivity of lignin phenol families provide valu-
able insights into the complex dynamics of leaf lit-
ter decomposition and the fate of lignin during this 
process. Further research is needed to elucidate the 
specific mechanisms responsible for these trends and 

their implications for carbon and nutrient cycling in 
wetland ecosystems.

Conclusions

Our findings provide valuable insights into the 
decomposition processes within rewetted peatlands. 
Firstly, we observed that the primary contributor to 
mass loss in decomposing litter was the breakdown 
of carbohydrates, emphasizing their pivotal role in 
the overall organic matter loss within the litter. Sec-
ondly, our analysis of lignin, utilizing CuO oxida-
tion and mass spectrometry, yielded results distinct 
from those obtained through FTIR spectroscopy. 
While FTIR spectroscopy indicated a relatively 
minor loss of lignin, our findings suggest that lignin 
is more likely subjected to internal modifications 
within the litter, rather than being lost to the envi-
ronment. Furthermore, the decomposition of lignin 
exhibited unique patterns, notably the selective loss 
of V-phenols and the stability of C-phenols. These 
observations underscore the complexity of lignin 
decomposition and hint at the presence of specific 
microbial communities or enzymatic processes 
that selectively modify or stabilize different phenol 
groups within the lignin polymer. Intriguingly, the 
rooted degraded soil layer displayed unexpectedly 
high levels of lignin decomposition, possibly due to 
the presence of methylotrophic lignin-decomposing 
microorganisms adapted to water-saturated anaero-
bic conditions. The exact relationship between this 
observed high lignin decomposition, past drain-
age activities, and the presence of elevated levels of 
nutrients and terminal electron acceptors warrants 
further investigation. Moreover, the duration of this 
decomposition trend following rewetting remains 
uncertain. The results of this study suggest that the 
removal of the degraded rooted soil layer may tem-
porarily enhance carbon storage in rewetted organic 
soils. However, on the other hand, it could lead to a 
lower net carbon sequestration due to reduced bio-
mass production after the removal of nutrient-rich 
topsoil. Therefore, a careful evaluation is necessary 
when considering the benefits of topsoil removal for 
carbon sequestration.
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Appendix

See Fig. 5.

Fig. 5   Comparison of FTIR spectra of original and decom-
posed leaves of Phragmites australis. The spectra represent the 
average of replicates. All spectra are min/max normalized to 

the carbohydrate peak at 1055  cm−1, which is the band with 
the highest absorption intensity
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