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A B S T R A C T   

The molecular composition of soil organic matter (SOM) contains key information on the persistence of soil 
carbon (C) in relation to changes in vegetation and environmental factors. Depending on the ecosystem, 
analytical method and specific objectives, many SOM fractions and numerous fractionation schemes have been 
proposed to study soil C. However, the molecular composition and environmental significance of those different 
SOM fractions have not yet been compared systematically. We use a reverse fit approach to fill this knowledge 
gap: i.e. we chose a study area with a well-known land history to assess which information is stored in the most 
frequently analysed SOM fractions. The Gaume forest (Belgium) is an ancient deciduous forest (>200 years) in 
which small stands were converted to Norway spruce (Picea abies) 40–50 years ago. Those stands are located 
along a lithological gradient in soil buffering capacity. We investigated the molecular composition of bulk 
mineral soil samples and five organic SOM fractions by pyrolysis gas chromatography/mass spectrometry (Py- 
GC/MS). The SOM fractions included particulate OM (POM), water extractable OM (WEOM), and fractions 
obtained by alkaline extraction, including the traditionally used humic acid (HA) and fulvic acid (FA) and the 
total base extract from which they are obtained (BE). Our results indicate that pyrolysates of bulk mineral soil did 
not prove useful to reflect environmental changes after forest stand conversion. Principal Component Analysis 
indicated that within each organic fraction similar changes occurred when comparing soil depths, degree of SOM 
decomposition, litter inputs, and soil buffering capacity. However, only the HA and BE appeared successful in 
capturing all these processes: the degree of SOM decomposition was not expressed in pyrolysates from the POM, 
differences in litter input between forest stand types were not evidenced in the WEOM, and effects of buffering 
capacity were not demonstrated in the WEOM and FA fractions. Thus, the molecular composition of different 
SOM fractions can be used complementary to each other to study environmental and ecological effects of forest 
stand conversion on soil C dynamics.   

1. Introduction 

The composition of soil organic matter (SOM) at the molecular level 
can be used to understand key environmental processes (Man et al., 
2022; Prescott and Vesterdal, 2021; Spaccini and Piccolo, 2020). How
ever, the association of SOM with the mineral phase makes its structural 
analysis intricate. Soil minerals for instance interfere with solid state 
nuclear magnetic resonance (NMR) measurements due to paramagnetic 

properties, they can mask molecular information in infrared spectra, and 
can act as catalyst in thermally assisted methods (Kögel-Knabner, 2000). 
SOM purification or isolation is therefore a common practice prior to 
structural analysis of SOM. 

SOM has traditionally been separated into a few operationally 
defined fractions, i.e., humic acid (HA), fulvic acid (FA) and humin 
(Stevenson, 1982). These so called ‘humic substances’ formed the 
foundation of SOM research for the last two centuries and they continue 
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to be successfully used in some disciplines (Olk et al., 2019). However, 
their functional and ecological relevance is currently being questioned, 
because HA and FA are obtained under alkaline conditions that do not 
normally occur in nature (Kleber and Lehmann, 2019). Consequently, 
chemical methods to isolate SOM have been increasingly replaced by 
physical procedures, including particulate organic matter (POM) and 
several size-classes of mineral-associated organic matter (Lavallee et al., 
2020). Although the distribution of C among these mineral fractions has 
been shown to provide valuable information on functional SOM pools in 
terms of soil C persistence (e.g. Zimmermann et al., 2007), it does not 
solve the constraints associated to the analysis of non-targeted SOM as 
the mineral-associated organic matter remains bound to bivalent and 
trivalent cations and clay-sized minerals. 

There is an overwhelming body of literature that shows that struc
tural information at the molecular level can provide insights in 
ecological (soil) processes and their environmental controls, for both 
alkaline extraction and pool-based SOM isolation methods (Carrington 
et al., 2012; Filep et al., 2022; Man et al., 2022; Nierop et al., 2001; 
Roscoe and Buurman, 2003; Savarese et al., 2021). Yet work that com
pares structural information among SOM fractions obtained with both 
types of SOM isolation methods in a field context remains scarce (Bar
reto et al., 2021; Buurman and Roscoe, 2011; Chiapini et al., 2018; Han 
et al., 2021; Justi et al., 2017; Nierop and Buurman, 1998). 

We use a reverse fit approach to contribute to this knowledge gap: i. 
e. we chose a study area with a well-known land history to assess which 
environmental information is reflected in several frequently analysed 
SOM fractions. The chosen SOM fractions included two pool-based 
fractions (POM and water-extractable organic matter (WEOM)), three 
SOM fractions obtained with alkaline extraction (the traditional HA and 
FA, and the total base extract of which they are obtained (BE)), and bulk 
mineral soil (Bulk). To obtain structural information at the molecular 
level we analysed these SOM fractions with pyrolysis gas chromatog
raphy/mass spectrometry (Py-GC/MS). Molecules identified by Py-GC/ 
MS can be linked to specific plant and microbial origins (biomarkers) 
and to the degree of SOM decomposition (Buurman et al., 2007; Carr 
et al., 2010; Kaal et al., 2017; Nierop et al., 2001; Tinoco et al., 2002). 

We systematically compared Py-GC/MS results obtained from the 
SOM fractions for a well-characterised forest site in terms of soil pro
cesses, i.e., the Gaume forest in Belgium (Brock et al., 2019; Desie et al., 
2021, 2019; Verstraeten et al., 2018). In this ancient deciduous forest, 
small stands of Norway spruce (Picea abies) were planted 40–50 years 
ago. A twin-plot design of paired deciduous and coniferous plots has 
been laid out there to evaluate the effects of overstory conversion on 
different compartments of the ecosystem, including geochemical prop
erties, earthworm communities, microbial catabolic diversity, and soil C 
stocks (Brock et al., 2019; Desie et al., 2021, 2019; Verstraeten et al., 
2018). The twin-plot design also allows tracing of the input material 
because gymnosperms and angiosperms differ in their lignin composi
tion (Hedges and Mann, 1979). Finally, the Gaume forest spans a lith
ological gradient of Jurassic parent materials, resulting in a different 
buffering capacity of its soils. The twin-plots were selected along this 
lithological gradient. The site is thus ideal to examine whether, and to 
which extent, soil legacies caused by stand conversion can be detected in 
the molecular composition of different SOM fractions. 

2. Materials and methods 

2.1. Study site and soil sampling 

The Gaume forest is a large deciduous forest in the Virton district in 
southern Belgium (49◦37′N,5◦33′E), which has been continuously 
forested since records started in 1775. Dominant tree species include 
Pedunculate oak (Quercus robur), Beech (Fagus sylvatica) and European 
hornbeam (Carpinus betulus). Within this forest, Norway spruce (Picea 
abies) was planted in patches (2–15 ha) 40–50 years ago (Fig. S1, 
Table S1). The area has an elevation between 250 and 360 m a.s.l., with 

an annual mean temperature of 8.7 ◦C and annual precipitation is 873 
mm, respectively. Soils have evolved from two Jurassic formations 
(Arlon and Luxembourg), consisting of deposits of calcareous sandstones 
with a varying marl content. Differences in parent material have led to 
the development of different soil types, i.e., Luvisols, Alisols, and 
Cambisols (IUSS Working Group WRB, 2015) with varying soil acid 
buffering properties. For a detailed description of the site please refer to 
Verstraeten et al. (2018). Based on the differences in soil acid buffering 
properties prior to conversion (including pH, cation exchange capacity, 
and base saturation) two contrasting soil process domains (sensu 
Vitousek and Chadwick, 2013) were defined, i.e. the base-dominated 
soil process domain (further named ‘Exchange Domain’) and the 
aluminium-dominated soil process domain (further ‘Aluminium 
Domain’). Below the threshold (pH-H2O of ca. 4.5 and base saturation of 
30 %), i.e. in the Aluminium Domain, critical changes occur in solubility 
of metals and organic compounds, in organo-mineral interactions, in soil 
faunal- and microbial communities, and in soil C dynamics (Desie et al., 
2021). 

The experimental set up consisted of 6 twin-plots (deciduous and 
spruce), from which the deciduous plots represented both soil process 
domains (plots 8, 12, 17, 21, 25 and 36, Table S1), while all stands 
shifted to the Aluminium Domain after conversion to spruce (Desie et al., 
2019). Twin plots consist of two neighbouring stands (native deciduous 
and planted spruce) separated <60 m apart, hence assuring that soil, 
elevation, and slope are comparable (Desie et al., 2019). Because bark- 
beetle infestations seriously affected the spruce stands since 2020, 
archived soil samples collected by Desie et al. (2019) were used for this 
study (Table S2). Soil samples were taken with a soil corer. Each soil 
sample was a composite of five sub-samples taken from a plot of 10 × 10 
m. From each plot two soil depths were used (topsoil: 0–5 cm and 
subsoil: 25–30 cm), resulting in a total number of 24 samples for SOM 
fractionation (i.e., 6 plots, 2 stands, 2 depths). 

2.2. SOM fractionation 

A schematic overview of the SOM fractionation procedure is given in 
Fig. 1. All soil samples were sieved (<2 mm) prior to further treatment. 

Subsamples (1 g) from the sieved soil were ground and homogenised 
for analysis. This bulk mineral soil is further referred to as ‘Bulk’. 

To obtain POM, aggregates of the sieved soil samples were dispersed 
using an ultrasonic probe (3.5 min, energy output: 22 J ml− 1). Subse
quently, the samples were wet sieved (<63 µm) for 2 min followed by a 
density separation using sodium polytungstate (density: 1.8 g cm− 1; 
Desie et al., 2019). 

For the WEOM extraction, the sieved soil was shaken (150 rpm for 
48 h) with distilled water (1/10 m/v) and centrifuged (3000 rpm for 20 
min). The supernatant was filtered (0.7 µm glass fibre filters; VWR) 
following Denis et al. (2017). The filtered solution was freeze-dried and 
homogenised. 

To obtain the BE fraction, NaOH (0.1 M) was added to the sieved soil 
(1/10 w/v), shaken (120 rpm) overnight, centrifuged (3000 rpm for 30 
min), and the supernatant separated from the residue. This procedure 
was repeated once for the subsoil and twice for the topsoil as the latter 
samples contained more SOM (Table 1). The supernatants were filtered 
through glass fibre filters (0.7 µm; VWR) and a subsample was separated 
to represent the total BE. The remaining volume of the supernatant was 
used for separation into HA and FA. To this end, HCl (6 M) was added 
until pH 1–2 was reached to separate FA (supernatant) and HA (pre
cipitate) (Sparks et al., 1996). The BE was acidified with HCl to pH 1–2, 
and thereafter 1 ml concentrated HF (48 %) was added to all three 
fractions to demineralize the sample (Nierop and Buurman, 1998). To 
remove excess salts, the solutions were dialysed (6–8 kD; Preston et al., 
1994) freeze-dried and homogenised. 
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2.3. Py-GC/MS 

The Bulk, POM and WEOM samples were analysed for all six plots 
(plots 8, 12, 17, 21, 25 and 36), whereas in the case of the BE and the HA 
and FA fractions only sufficient material was available for four plots 
(plots 12, 21, 25 and 36). This resulted in a total number of 120 samples 
to analyse the molecular composition with Py-GC/MS. To facilitate 
comparison of our approach with previous studies on the same site, 
methodologies are summarized in Table S2. 

Py-GC/MS analyses were carried out at the IBED laboratory (Uni
versity of Amsterdam). A multi-shot furnace pyrolyser (EGA/Py-3030D; 
Frontier Lab, Japan) with an AS-1020E auto-sampler was used, coupled 
to a Thermo Scientific Trace 1300 gas chromatograph (GC; Milan, Italy) 
with a Rxi-1 ms fused silica column (Restek: 30 m; 0.25 mm i.d.). The 
column was coated with di-methyl poly-siloxane (film thickness: 0.50 
µm) and the carrier gas was helium (constant flow: 1 ml/min). The 
pyrolyser was set to 600 ◦C (0.8 min) and the interface temperature 
between pyrolyser and GC was set to 300 ◦C. The injection temperature 
to the GC (operated in 100:1 split mode) was 250 ◦C. The GC was started 
at 40 ◦C (hold time: 1 min, heating rate: 7.0 ◦C/min) and the final 
temperature was 320 ◦C (hold time: 10 min). A Thermo Scientific ISQ 
7000 Single Quadrupole MS (Milan, Italy) (mass to charge ratio (m/z): 
47–500; ionization energy: 70 eV) was coupled to the GC (Brock et al., 

2020; Justi et al., 2017). Because an auto-sampler was used, the amount 
of sample material was determined upon calibration with pilot samples. 
Depending on sample type, i.e., organic samples (SOM fractions) or 
mineral soil (Bulk), different sample amounts were used. For the SOM 
fractions 100 µg yielded sufficient peak intensities. For the Bulk the 
amount was increased up to 300 µg. Beyond that quantity a higher input 
did not yield a substantially higher peak intensity. 

The identification of pyrolysis products was performed in Masslab 
and using the NIST 2014 library. In total, 64 pyrolysis products were 
selected for quantification, including at least the 20 largest peaks for 
each sample. Some non-dominant lignin products were also included 
because they provide key information about the origin of SOM inputs (i. 
e., deciduous vs coniferous species; Hedges and Mann, 1979; Thevenot 
et al., 2010). Selected products were classified according to their 
chemical nature into seven groups: benzenes, benzofurans, carbohy
drates, phenols, lignin products, N-containing compounds, and poly
cyclic aromatic hydrocarbons (PAHs) (Appendix A). Aliphatic products 
obtained with thermally assisted hydrolysis and methylation in the 
presence of tetramethylammonium hydroxide (THM-TMAH) can pro
vide information about plant biopolymers (Nierop and Buurman, 1998) 
and were used as such in soil samples from the Gaume forest by Brock 
et al. (2019). However, given their very low abundance in the pyroly
sates of most samples, in combination with the difficulty in interpreting 

Fig. 1. SOM fractionation scheme. The coloured cells reflect SOM fractions that were analysed by Py-GC/MS.  

Table 1 
Medians of sample characteristics for different sample classes. The bold numbers indicate significant differences between the classes. Significance was tested by means 
of the Kruskal-Wallis test. Because most characteristics showed a significant difference for soil depth, the medians for forest stand type, soil process domain, and 
geological formation are additionally given separately for top- and subsoil in Table S3.    

Cbulk (%) CPOM
a (% of C) CBE (% of C) CWEOM (mg/l) δ13CWEOM (‰) C/Nbulk 

Soil depth Subsoil  0.7  22.8  53.4  20.8  ¡24.2  11.2 
Topsoil  3.5  24.2  45.3  104.7  ¡26.2  20.3  

Forest stand type Deciduous  1.5  22.5  47.2  41.6  − 25.3  12.5 
Spruce  2.1  23.8  53.4  56.7  − 25.8  17.6  

Soil process domainb Aluminium  1.5  23.5  52.1  39.2  − 25.8  16.9 
Exchange  1.7  23.5  49.3  50.3  − 24.8  12.1  

Geological formation Arlon  1.7  23.6  53.3  50.3  − 25.0  12.1 
Luxembourg  1.5  23.3  50.3  39.6  − 25.4  15.2  

a Data from Desie et al. (2019). 
b The soil process domain refers to the plot before forest conversion, after conversion to spruce all plots belonged to the Aluminium Domain. 
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aliphatics from Py-GC/MS results (Schellekens and Buurman, 2011), the 
aliphatic group was excluded from this study. 

To quantify each selected pyrolysis product, the two characteristic 
ion fragments of the targeted product were used (Appendix A; Buurman 
et al., 2007). This yields a partial pyrogram and the area of the targeted 
peak is calculated by integration. For each sample, the sum of all 
quantified peak areas is set to 100 %. The relative abundance of a py
rolysis product in a sample was calculated as percentage of this sum. 
Abundances of pyrolysis products are therefore semi-quantitative. 

2.4. Total organic C and N 

To compare the qualitative interpretation of the pyrolysis products 
with quantitative measurements, the distribution of C among the SOM 
fractions, and total C and N contents of bulk soil samples were measured. 
The C and N content of the bulk soil was measured by dry combustion 
(Vario EL cube, Elementar GmbH). To calculate the proportion of C in 
the BE relative to the bulk soil, the C content of the residue after alkaline 
extraction was determined using the same method. The contribution of 
the BE to the total SOM (CBE) was obtained as the difference between the 
bulk soil and the residue (Residue-2 in Fig. 1). The C content of the POM 
fraction was determined earlier by Desie et al. (2019). 

For the soluble fractions (WEOM, BE, and FA) the C content was 
measured as dissolved organic carbon (DOC). The DOC content of BE 
and FA samples was measured in three replicates by combustion, using a 
vario TOC cube (Elementar GmbH). The DOC content of WEOM samples 
were analysed using a wet oxidation TOC analyser (IO Analytical Aurora 
1030 W) coupled with an isotope ratio mass spectrometer (Thermo 
Finnigan Delta V Advantage), which also gives 13C-DOC values that can 
aid at interpreting the decomposition state and/or source (microbial vs 
plant) of organic matter (e.g. Dijkstra et al., 2006). 

2.5. Statistical analyses 

Statistical analyses and data visualisation were performed in R 
(version 4.1.1). First, the distribution of the variables (compound 
groups, C contents, and C/N) was tested for normality by means of a 
Shapiro-Wilk test, which indicated that not all variables were normally 
distributed. Therefore, differences in the relative abundance of these 

variables were tested using the Kruskal Wallis test. The Dunn test with 
the Benjamin-Hochberg method was used as a post-hoc test to find 
which fractions are significantly different from each other. A difference 
was considered significant when p < 0.05. 

The individual pyrolysis products were analysed by principal 
component analysis (PCA; Barré et al., 2018; Klein et al., 2022; Lopes- 
Mazzetto et al., 2018; Rovira and Grasset, 2019; Wang et al., 2016). 
PCA is an ordination technique to reduce the dataset to a few dimensions 
(i.e., new variables corresponding to a linear combination of the origi
nals or principal components) that maximize the variance. 

3. Results and discussion 

3.1. Comparison of sample classes 

The medians of the pyrolysis compound groups (Table 2) and other 
soil properties (Table 1) were compared for five samples classes, i.e., soil 
depth (0–5 cm vs 25–30 cm), forest type (deciduous vs spruce stands), 
soil process domain (Exchange vs Aluminium Domain), geological for
mation (Arlon vs Luxembourg), and SOM fraction (Bulk, POM, WEOM, 
BE, HA, FA). A significantly higher C content was found in the topsoil 
(3.5 %) compared to the subsoil (0.7 %) (Table 1). The amount of WEOM 
followed the total C content (CWEOM, Table 1) and both were positively 
correlated (r2 = 0.88), which is in agreement with other studies (Kaiser 
and Kalbitz, 2012; Kalks et al., 2020). A significant difference in CWEOM 
was found for the topsoil between deciduous (77.3 mg/l) and coniferous 
(142.4 mg/l) stands (Table S3), confirming a higher influence of over
story species close to the surface (Chuman et al., 2020; Girona-García 
et al., 2019; Grüneberg et al., 2014; Vesterdal et al., 2013). The relative 
amount of base-extractable SOM showed no significant differences for 
sample classes (CBE, Table 1). The base-extractable fraction was the 
largest SOM pool, with medians reaching around 50 % for CBE, while the 
relative amount of POM was around 20 % (Table 1). Soils under spruce 
showed a significantly higher relative contribution from POM (23.8 %) 
as compared to deciduous trees (22.5 %). 

A significantly higher C/N and lower δ13CWEOM were observed in the 
topsoil as compared to the subsoil (Table 1), which confirms a larger 
relative contribution from microbial-derived material to the subsoil C 
(Šantrůčková et al., 2000; Sollins et al., 2009). A significant difference in 

Table 2 
Medians of compound groups for different sample classes, including fraction, soil depth, forest stand type, soil process domain and geological formation. The bold 
numbers indicate significant differences between the medians calculated by means of the Kruskal-Wallis test. For the fractions, the Dunn test was performed as a post- 
hoc. Fractions with the same letter are not significantly different from each other. Pyrolysis products that contribute to a group are given in Appendix A.    

Carbohydrates Lignin products N-containing compounds Phenols Aromatic productsc 

Fraction POM 29.8 (b) 8.4 (c) 11.6 (b) 15.9 (a) 34.2 (b) 
WEOM 50.9 (ac) 0.5 (b) 22.6 (a) 6.3 (b) 15.2 (a) 
BE 47.4 (a) 2.9 (a) 25.1 (a) 10.5 (a) 14.4 (a) 
HA 30.3 (b) 5.7 (ac) 25.6 (a) 16.0 (a) 20.8 (a) 
FA 68.1 (c) 0.9 (b) 22.2 (a) 5.1 (b) 4.0 (c) 
Bulk 27.7 (b) 0.1 (b) 19.5 (a) 3.7 (b) 51.5 (b)  

Soil deptha Topsoil 42.3 5.5 14.5 14.0 15.8 
Subsoil 41.6 1.3 25.4 9.7 20.2  

Forest stand typea Deciduous 40.0 1.8 22.8 10.4 19.5 
Spruce 45.7 2.4 13.4 10.4 16.1  

Soil process domaina, b Aluminium 41.7 2.1 18.5 11.2 18.9 
Exchange 41.9 2.4 20.5 9.2 16.5  

Geological formationa Arlon 41.9 2.9 18.3 9.7 15.8 
Luxembourg 41.7 2.1 19.1 10.7 18.6  

a Medians were calculated without Bulk samples, due to the low reliability of the Bulk pyrograms (for an explanation see Section 3.2). 
b The soil process domain refers to the conditions before forest conversion, after conversion to spruce all plots shifted to the Aluminium Domain. 
c Aromatic products included benzenes, benzofurans, and PAHs. 
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C/N between forest types was only observed in the topsoil (C/N = 15.2 
in deciduous and 22.8 in spruce, Table S3). This difference between 
forest types in the topsoil is indicative for a lower microbial activity in 
the topsoil under spruce, which might have amplified the effect of dif
ferences in litter quality on soil C/N (Cools et al., 2014). 

Significant differences in the relative abundance of compound 
groups were found for all fractions (Table 2). The POM fraction showed 
a high relative abundance of lignin products, phenols, and aromatic 
products (i.e. benzenes, benzofurans and PAHs; Table 2), corroborating 
the general consensus that POM contains a high proportion of litter, 
roots, and charcoal (Christensen, 2001; von Lützow et al., 2007). The 
low relative contribution from lignin products and phenols in the WEOM 

fraction reflects the low aqueous solubility of macromolecular lignin 
(Kaiser et al., 2004; Schellekens et al., 2017). A relative accumulation of 
N-containing compounds can be indicative of a higher contribution from 
microbial necromass (Kallenbach et al., 2016) and was evidenced in the 
WEOM and base-extractable fractions (BE, HA, FA). The BE and WEOM 
fractions were similar in relation to their high relative contribution from 
carbohydrates, N-containing compounds, and aromatic products, while 
they differed in relative abundance of lignin products and phenols for 
which the BE had values in between that of WEOM and POM. The HA 
fraction showed a higher contribution from lignin products, phenols, 
and aromatic products than FA, while the FA fraction had the highest 
contribution from carbohydrates (Table 2). A high relative abundance of 

Fig. 2. Representative pyrograms of bulk mineral soil samples (Bulk) in comparison with organic fractions POM, WEOM, and BE for subsoil and topsoil of spruce 
forest soils (all are from plot 21). 
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carbohydrates in FA was also found by Preston et al. (1994), and could 
be related to their solubility in acid because of their high polarity (Saiz- 
Jimenez et al., 1979; Schnitzer and Khan, 1972). The compound groups 
in the pyrolysates from the Bulk samples showed the lowest relative 
abundance of lignin products (0.1 %) and phenols (3.7 %) and a high 
relative abundance of aromatic products (51.5 %, Table 2). This 
different composition in the Bulk samples compared to all organic 
fractions will be further discussed in Section 3.2. 

The relative abundance of compound groups was further compared 
for soil depth, forest stand type, soil process domain, and geological 
formation in Table 2. Accordingly, deciduous stands had a significantly 
higher contribution from N-containing compounds than the coniferous 
ones, suggesting an increased proportion of plant material as a result of 
decreased microbial activity in spruce stands (Buresova et al., 2021). 
The differences between the geological formations and the soil process 
domains were not significant. Regarding soil depth, the relative contri
bution from lignin products was significantly higher in the topsoil while 
in the subsoil a significantly higher relative abundance of N-containing 
compounds was found. This difference probably reflects a higher rela
tive contribution from plant- and microbial-derived material at the 
topsoil and subsoil, respectively. This interpretation is confirmed by C/N 
and δ13CWEOM (Table 1). A positive correlation between C/N and the 
total relative amount of N-containing compounds was found for the 
base- (i.e., BE, HA, FA; 0.81 < r2 < 0.84) and water-extractable (WEOM; 
r2 = 0.34) fractions. The fact that such a correlation was not observed in 
the case of POM and Bulk samples (r2 < 0.03) is probably inherent to the 
relatively intact plant material that makes up the POM fraction, and due 
to analytical constraints during pyrolysis of the mineral Bulk samples. 
Therefore, pyrolysates of the Bulk samples are discussed separately 
(Section 3.2). 

3.2. Py-GC/MS of bulk mineral soil samples 

The pyrograms of the bulk mineral soil compared to the SOM frac
tions showed large peaks at low RTs independently of soil depth and 
forest stand type, and their intensity rapidly decreased for molecules 
with higher RT (Figs. 2 and S2). Furthermore, 10 products, all with high 
RT, were absent from all the Bulk pyrolysates, and an additional 19 were 
absent from the Bulk pyrolysates of subsoil samples (Appendix A; 
Fig. S2). The few peaks with higher RT present in Bulk pyrolysates were 
all PAHs (Appendix A). The poor representation of compounds with 
higher RT in the Bulk pyrolysates thus disregarded a number of 
important molecular tracers, such as products from lignin (#26–38), 
cellulose (#22), and microbial material (#23–24, #40, #44–45; Ap
pendix A) (e.g., Vancampenhout et al., 2016). Furthermore, the peak 
intensity was low (as visualised in comparison with the baseline in 
Fig. 2), with on average between 2 % and 10 % of that of the SOM 
fractions (calculated by the sum of all quantified peak areas before 
normalisation; Kaal et al., 2009). Increasing the amount of sample to the 
pyrolyser did not improve signal intensity. 

The low signal intensity and the shift towards products of low mo
lecular weight (MW) are typical outcomes of interactions between 
organic and inorganic components during the pyrolysis process (Eom 
et al., 2012; Wang et al., 2022). Reactive minerals such as clay, Ca, K, Fe 
and Al can cause rearrangements, cyclization and selective retention 
(Nierop and Van Bergen, 2002; Zegouagh et al., 2004) and explains the 
low relative abundance of lignin products (0.1 %) and the high relative 
abundance of aromatic products (51.5 %) (Table 2). 

To test whether the molecular information provided by the Bulk 
samples was informative enough to interpret the effects of environ
mental processes on soil C in this sample set, a PCA was applied to the 
pyrolysates from the Bulk samples (Fig. S3). The scores showed an effect 
of soil depth on PC1 (with exception of three deciduous topsoil samples), 
and, independently of soil depth, a strong clustering according to plot 
(PC2–PC4) and thus to lithological differences in the mineral fraction of 
those samples. The loadings showed that this plot clustering was caused 

by a separation of low MW aromatic products (benzenes) and lignin 
products on PC1, and high positive loadings of aromatic products on PC2 
and PC3 (Fig. S3a, b). 

Thus, the arguments given in Section 3.1 on the relative contribution 
from lignin products (lowest) and aromatic products (highest) (Table 2) 
together with the strong plot clustering in PCA (Fig. S3) and the absence 
of many products with high MW in Bulk pyrolysates (Appendix A), 
suggest a dominant influence of the mineral matrix on Bulk pyrolysates. 
Using THM-TMAH, Brock et al. (2019) also observed a dominance of 
plot location on the content and composition of cutin, suberin and 
lignin, using bulk mineral soil samples from plots in the Gaume and 
Luxembourg (including our plots 8, 12, 25 and 36; Table S2). Such 
location effects were absent in the first four principal components of the 
PCA applied to the organic SOM fractions (see Sections 3.3 and 3.4). This 
suggests that, although THM-TMAH is less sensitive for catalyst effects 
than pyrolysis without methylation (Py-GC/MS), mineral-induced re
actions in pyrolysis methods obtained from bulk mineral soil samples 
may confound the ecological interpretations for samples collected from 
soils on different parent materials and taken at different depths. 

3.3. Soil process recognition by PCA applied to pyrolysates of organic 
SOM fractions 

A detailed multivariate interpretation of differences in molecular 
composition in the organic SOM fractions was performed by PCA. The 
shared variation of all pyrolysis products in the loadings was used to 
interpret the process reflected by each individual component. There
after, this interpretation was used to evaluate the relative effects (Klein 
et al., 2022) of soil depth, decomposition, and litter input material for 
the different SOM fractions (Section 3.4). The first four components 
explained more than 71 % of the total variance of the dataset. The 
projections of the scores and loadings are given in Fig. 3. 

3.3.1. Identification of the main trends using PCA loadings 
Most carbohydrates and some N-containing compounds (#40, 

#44–46, #48–49) had negative loadings on PC1. Pyrolysis products 
with high positive loadings on PC1 (Fig. 3a) are indicative of plant 
(lignin products) and burnt (benzenes, benzofurans, and PAHs; Kaal 
et al., 2009; Morf et al., 2002) materials, thus sharing aromatic macro
molecules as their source. 

Pyrolysis products with negative loadings on PC2 include lignin- 
derived products, catechol derived from tannin (#64; Galletti and 
Reeves, 1992), and levoglucosan derived from cellulose (#22; Pouwels 
et al., 1989), which are all hydrophobic plant macromolecules (Kaiser 
et al., 2004). On the other hand, the combination of pyrolysis products 
with positive loadings on PC2 has been linked to hydrophilic materials 
(Schellekens et al., 2017), including products with low MW (#1, 
#14–17) as well as those with polar functional groups, such as ketones 
(#8, #10, #14–15) and aldehydes (e.g., #16–17, #19), and heterocyclic 
aromatic hydrocarbons (#11–13, #43; Appendix A). Thus, PC2 likely 
reflects the aqueous solubility of SOM. 

PC3 separates N-containing compounds (#39–52, positive loadings) 
from lignin products (#26–38, negative) (Fig. 3b), a difference 
commonly interpreted to reflect contributions from microbial and plant 
biomass, respectively (see Section 3.1). Within the lignin group, the 
highest negative loadings on PC3 were found for moieties with a C3 alkyl 
side chain (#30, #37) and 4-vinylguaiacol (#29) that are indicative for 
relatively intact lignin (Nierop et al., 2001; van der Hage et al., 1993) 
whereas corresponding moieties with an oxygenated alkyl side chain 
(#31, #38) have low negative or positive loadings and reflect degraded 
lignin (Nierop et al., 1999). The combination of more transformed plant 
material and a relatively higher contribution from microbial material 
suggests that PC3 reflects the degree of SOM decomposition. 

PC4 clearly separated the lignin products into two groups (Fig. 3b): 
all guaiacyl products had positive loadings (#26–32) along this axis, 
while syringyl products had negative ones (#33–38). Guaiacyl and 
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syringyl lignin is often used to infer the origin of the plant input mate
rial, as deciduous species contain both lignin types while in coniferous 
species mainly guaiacyl is found (Hedges and Mann, 1979; Thevenot 
et al., 2010). The separation of products thus suggests that PC4 reflects 
input material, i.e., deciduous vs spruce. 

3.3.2. Compositional differences between the different SOM fractions by 
PCA scores 

The clear clustering of SOM fractions in the PC1–PC2 scores pro
jection highlights the dominant influence of the SOM fractionation 
method on its molecular composition (Fig. 3c), which was also evident 
by the significant difference in the relative abundance of chemical 
groups (Table 2). 

The POM samples had the highest positive scores on PC1 of all 

fractions, and predominantly negative scores on PC3 (Fig. 3c, d). For 
PC1 this reflects its operational character, i.e., it isolates the light frac
tion that mainly consists of plant fragments and charcoal, thereby 
explaining the grouping of lignin and aromatic products (Fig. 3a, 
Table 2). The negative scores on PC3 reflect that the light fraction rep
resents relative intact SOM (i.e., plant material) in comparison with the 
total SOM pool. On both components the POM was associated with high 
relative contribution from lignin products and low relative contribution 
from N-containing compounds (Table 2). 

Regarding the base-extractable fractions, the BE was evidently situ
ated in between HA and FA on PC1 to PC3. The FA showed the lowest 
variation and was associated with carbohydrates on PC1 and PC3, which 
is in line with the high solubility of those compounds in acids. The HA, 
on the other hand, was associated with a larger contribution from lignin 

Fig. 3. Loadings (a, b) and scores (c, d) of the PC1–PC2 and PC3–PC4 projections from PCA applied to all samples from the SOM fractions. Pyrolysis products that 
correspond to the codes in the loadings are given in the Appendix A. For the scores, SOM fraction and soil depth clearly group on PC1–PC2 but are scattered in 
PC3–PC4 projection. More detail on trends in PC3–PC4 projection is given in Fig. 4. The asterix behind the plot numbers indicates that the soil is on the Aluminium 
Domain; note that the soil process domain under spruce refers to the conditions before forest stand conversion. 
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products on both PC1 and PC2 (Fig. 2; Table 2). This compositional 
difference between HA and FA in terms of lignin and carbohydrates is 
already well established in the literature (Keeler et al., 2006; Preston 
et al., 1994). 

In addition to the obvious link between hydrophilic compounds and 
the WEOM on PC2 (Fig. 3a), the WEOM showed the largest variation of 
all SOM fractions in all principal components (Fig. 3c, d). This is in 
agreement with previous results of similar fractions obtained from 
tropical forest soils (Barreto et al., 2021) and may reflect the dynamic 
and temporal nature of WEOM, as dissolved organic matter is easily 
reworked by microbes and continuously precipitates and sorbs on soil 
components (Kaiser and Kalbitz, 2012; Roth et al., 2019). 

3.4. Ecological information enclosed in the different SOM fractions by 
PCA scores 

To evaluate how decomposition and input material were expressed 
in each SOM fraction, the scores of PC3 and PC4 are also presented 
individually (Fig. 4). This graphical representation allows the identifi
cation of consistent trends, even if averages are not significantly 
different. Similarly, differences between top- and subsoil are visualised 
in Fig. S4. 

3.4.1. Molecular changes with soil depth 
All SOM fractions showed consistent differences between top- and 

subsoil samples on PC1, PC2 and/or PC3 (Figs. 3c, d and S4). On PC1, a 
consistent difference between top- and subsoil was exclusively observed 
in the HA fraction, with more positive scores for topsoil samples 
compared to the corresponding subsoil samples (Fig. S4a). This reflects a 
larger proportion of aromatic macromolecules (and/or lower proportion 
of carbohydrates) in the HA of the topsoil samples (Fig. 3a). In contrast, 
the WEOM generally showed more positive scores for subsoil samples on 
PC1 (Fig. S4a), which can be explained by increased oxidation and 
fragmentation of macromolecules in the subsoil that increases their 
hydrophily (Crawford and Crawford, 1984; Guggenberger et al., 1994). 
These differences between the WEOM and the base-extractable fractions 
is explained by the alkaline conditions during extraction of the latter 
that increase the polarity of macromolecules such as lignin via 

deprotonation of acidic functional groups. 
A shift according to soil depth indicated by PC2 was consistent for all 

SOM fractions with more negative values for the topsoil (Fig. S4b), and 
highlights the importance of influx or generation of hydrophilic SOM in 
the subsoil (Guggenberger et al., 1994; Toosi et al., 2012). The shift was 
clearly observed in the WEOM, BE and HA, less pronounced in the FA, 
and absent in the POM fraction. 

Except for the POM, all fractions showed more positive scores on PC3 
for the subsoil, reflecting the expected lower proportion of plant mate
rial and increased SOM decomposition with depth (Fig. S4c). The 
opposite trend in the POM fraction (consistently more positive scores for 
topsoil samples) likely reflects slower decomposition in the subsoil, e.g. 
due to nutrient and oxygen constraints (Six et al., 2002). This may also 
explain the absence of differences between top- and subsoil in the of 
POM on the other PCs (Figs. 3c, d and S4a–d), and reflects the property 
of POM being relatively undecomposed. 

3.4.2. Molecular information related to decomposition evaluated by PC3 
scores 

PC3 showed a clear and consistent shift between the topsoil and the 
subsoil reflecting an increased degree of decomposition with depth as 
discussed in Section 3.4.1. To evaluate the effect of forest stand type on 
SOM decomposition, PC3 scores are compared separately for top- and 
subsoil (Fig. 4a, b). 

In the topsoil, the difference between broadleaved and coniferous 
stands was clearly evidenced on PC3 (Fig. 4a), indicating a slower SOM 
decomposition in the topsoil under spruce stands (Buresova et al., 2021; 
Desie et al., 2021; Hansson et al., 2013; Vesterdal et al., 2008). The POM 
and FA fractions showed little difference between forest stand types. 
This is explained by their operational fractionation procedure that re
sults in a relatively homogenous but specific SOM pool in terms of 
decomposition, consisting mainly of plant fragments (POM) or carbo
hydrates and N-containing compounds (FA). 

In the subsoil, the effect of forest type on PC3 was less evident and 
both coniferous and deciduous stands displayed similar scores for sam
ples from corresponding plots, which reflects that the influence of forest 
type on SOM decomposition decreases in deeper soil layers (Brock et al., 
2019; Chuman et al., 2020; Cools et al., 2014; Grüneberg et al., 2014). 

Fig. 4. Scores of PC3–PC4 presented individually for subsoil and topsoil to visualise differences between forest stand type. The corresponding loadings are given in 
Fig. 3b. The scores are the same as those in Fig. 3d, but presented differently. With this alternative presentation of scores, differences and similarities in ecological 
factors are visualised between SOM fractions (i.e., to which extend are ecological factors expressed in the SOM fractions?). PC3 and PC4 reflected SOM decomposition 
state and input material, respectively. Note that the soil process domain under spruce refers to the conditions before forest stand conversion. Samples were connected 
with dotted lines to better visualise trends. 
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This decrease in influence of forest type with soil depth can be attributed 
to the transformation of SOM into microbial necromass (Prescott and 
Vesterdal, 2021). Alternatively, the effect of forest conversion may not 
yet have affected SOM composition at 25–30 cm depth. 

3.4.3. Molecular information related to differences in litter input by PC4 
scores 

In the topsoil, samples from spruce stands had more positive scores 
on PC4 than corresponding deciduous samples (except for WEOM) 
(Fig. 4c). This is in agreement with a dominant effect of forest type on 
the composition of plant-derived SOM obtained with THM-TMAH as 
found previously for this site by Brock et al. (2019), and with the 
traditional use of the syringyl/guaiacyl lignin ratio in SOM as a source 
indicator (Hedges and Mann, 1979; Thevenot et al., 2010). The fact that 
forest stand type was not reflected in the WEOM lignin composition is 
explained by the low aqueous solubility of macromolecular lignin. 

In the subsoil, the difference between deciduous and spruce was not 
evident, except in the POM fraction (Fig. 4d). This can be explained by a 
larger contribution from roots to subsoil SOM, as syringyl/guaiacyl ra
tios are considerably lower for roots compared to leaves and needles 
(Brock et al., 2019). Another explanation could be the predominant 
control of decomposition on SOM composition in the subsoil (Fig. 4b), 
because syringyl lignin is preferentially decomposed over guaiacyl 
lignin (Thevenot et al., 2010). The fact that the difference between 
spruce and deciduous stands was only evident in the least decomposed 
fraction (i.e., the POM; Fig. 4d), together with the similar values for top- 
and subsoil in the POM (Fig. S4d), supports a decomposition effect on 
the lignin source signal, since the degree of SOM decomposition in
creases with soil depth (Rumpel and Kögel-Knabner, 2011). 

3.4.4. Molecular information related to soil process domain 
In Fig. 4 open symbols represent the plots that were classified as 

belonging to the Exchange Domain prior to conversion, while closed 
symbols represent samples from plots already belonging to the 
Aluminium Domain before conversion. After conversion to spruce, all 
stands that were still in the Exchange Domain under deciduous forest, 
shifted to the Aluminium Domain (Desie et al., 2021, 2019). A consistent 
effect of the soil process domain was exclusively present in the subsoil on 
PC4 (Fig. 4): In the POM and, to a lesser extent, the HA and BE, the 
deciduous forest samples from the Exchange Domain were clearly 
separated from those belonging to the Aluminium Domain, whereas the 
samples from spruce all showed positive scores and low variation 
(Fig. 4d). 

Therefore, the shift in below-ground stable state that occurs when 
plots acidify and move from the Exchange Domain to the Aluminium 
Domain as a result of conversion (Brock et al., 2019; Desie et al., 2019), 
was most clearly observed in the subsoil at a molecular level. This 
observation was limited to those SOM fractions with relatively large 
contributions from plant material as indicated by lignin products 
(average proportions between 2.9 % and 8.4 % for POM, HA and BE, and 
between 0.5 % and 0.9 % for WEOM and FA, Table 2). Thus, the effect of 
soil process domain corroborates the vertical decoupling that occurs 
when burrowing soil fauna disappears due to conversion to the 
Aluminium Domain, and no longer incorporates leaf litter into the 
subsoil (Desie et al., 2019). For deciduous plots that were already in the 
Aluminium Domain, this change in SOM composition was not observed 
because bioturbation was already low prior to conversion. 

4. Conclusions 

In this study, we used a reverse fit approach to systematically 
compare several commonly used operationally defined SOM fractions to 
evaluate their ability to detect changes in below-ground functioning 
after forest conversion. 

Pyrograms of bulk mineral soil samples did not prove to be reliable 
for studying the effects of forest stand conversion on SOM composition 

in the study area because of low signal intensity and a shift towards 
unspecific low MW pyrolysis products. 

The fractionation method had a determining impact on relative 
abundances of compound groups, but Py-GC/MS of SOM fractions ob
tained by alkaline extraction (BE, HA, FA) and without it (WEOM, POM) 
provided the same molecules and coherent shifts in terms of decompo
sition, litter input material, and changes in acidity. This indicates that 
potential chemical alteration due to alkaline conditions as proposed by 
Lehmann and Kleber (2015) did not hinder environmental 
interpretations. 

Overall, effects related to soil depth were observed in all SOM frac
tions. Effects of input material were not identified in the WEOM fraction, 
were evident in the topsoil for base-extractable fractions (HA, FA, BE), 
and equally expressed in both top- and subsoil for the POM. SOM 
decomposition state was expressed in all SOM fractions, except for the 
POM. Thus, although the amount of POM may reflect the degree of 
decomposition of soil C, its molecular composition mainly provided 
information on tree species. The effect of a shift in soil process domain 
was more pronounced in the POM, and to a lesser extent in the HA and 
BE fractions, but absent from the FA and WEOM. We therefore conclude 
that BE and HA provided the most comprehensive environmental and 
ecological interpretation of soil C, while POM highlighted C dynamics 
and soil process domain. Ultimately the choice of fraction(s) thus de
pends on the research question. 
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Hansson, K., Fröberg, M., Helmisaari, H.S., Kleja, D.B., Olsson, B.A., Olsson, M., 
Persson, T., 2013. Carbon and nitrogen pools and fluxes above and below ground in 
spruce, pine and birch stands in southern Sweden. For. Ecol. Manage. 309, 28–35. 
https://doi.org/10.1016/j.foreco.2013.05.029. 

Hedges, J.I., Mann, D.C., 1979. The characterization of plant tissues by their lignin 
oxidation products. Geochim. Cosmochim. Acta 43, 1803–1807. https://doi.org/ 
10.1016/0016-7037(79)90028-0. 

IUSS Working Group WRB, 2015. In: World Reference Base for Soil Resources 2014, 
Update 2015. International Soil Classification System for Naming Soils and Creating 
Legends for Soil Maps, World Soil Resources Reports No. 106. FAO, Rome. https:// 
doi.org/10.1038/nnano.2009.216.  

Justi, M., Schellekens, J., de Camargo, P.B., Vidal-Torrado, P., 2017. Long-term 
degradation effect on the molecular composition of black carbon in Brazilian 
Cerrado soils. Org. Geochem. 113, 196–209. https://doi.org/10.1016/j. 
orggeochem.2017.06.002. 

Kaal, J., Martínez Cortizas, A., Nierop, K.G.J., 2009. Characterisation of aged charcoal 
using a coil probe pyrolysis-GC/MS method optimised for black carbon. J. Anal. 
Appl. Pyrol. 85, 408–416. https://doi.org/10.1016/j.jaap.2008.11.007. 

Kaal, J., Cortizas, A.M., Biester, H., 2017. Downstream changes in molecular composition 
of DOM along a headwater stream in the Harz mountains (Central Germany) as 
determined by FTIR, Pyrolysis-GC–MS and THM-GC–MS. J. Anal. Appl. Pyrol. 126, 
50–61. https://doi.org/10.1016/j.jaap.2017.06.025. 

Kaiser, K., Guggenberger, G., Haumaier, L., 2004. Changes in dissolved lignin-derived 
phenols, neutral sugars, uronic acids, and amino sugars with depth in forested Haplic 
Arenosols and Rendzic Leptosols. Biogeochemistry 70, 135–151. https://doi.org/ 
10.1023/B:BIOG.0000049340.77963.18. 

Kaiser, K., Kalbitz, K., 2012. Cycling downwards – dissolved organic matter in soils. Soil 
Biol. Biochem. 52, 29–32. https://doi.org/10.1016/j.soilbio.2012.04.002. 

Kalks, F., Liebmann, P., Wordell-Dietrich, P., Guggenberger, G., Kalbitz, K., Mikutta, R., 
Helfrich, M., Don, A., 2020. Fate and stability of dissolved organic carbon in topsoils 
and subsoils under beech forests. Biogeochemistry 148, 111–128. https://doi.org/ 
10.1007/s10533-020-00649-8. 

Kallenbach, C.M., Frey, S.D., Grandy, A.S., 2016. Direct evidence for microbial-derived 
soil organic matter formation and its ecophysiological controls. Nat. Commun. 7 
https://doi.org/10.1038/ncomms13630. 

Keeler, C., Kelly, E.F., Maciel, G.E., 2006. Chemical-structural information from solid- 
state 13C NMR studies of a suite of humic materials from a lower montane forest soil, 
Colorado, USA. Geoderma 130, 124–140. https://doi.org/10.1016/j. 
geoderma.2005.01.015. 

Kleber, M., Lehmann, J., 2019. Humic substances extracted by alkali are invalid proxies 
for the dynamics and functions of organic matter in terrestrial and aquatic 
ecosystems. J. Environ. Qual. 48, 207–216. https://doi.org/10.2134/ 
jeq2019.01.0036. 
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