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Abstract Physical separation of soil into different

soil organic matter (SOM) fractions is widely used to

identify organic carbon pools that are differently

stabilized and have distinct chemical composition.

However, the mechanisms underlying these differ-

ences in stability and chemical composition are only

partly understood. To provide new insights into the

stabilization of different chemical compound classes

in physically-separated SOM fractions, we assessed

shifts in the biomolecular composition of bulk soils

and individual particle size fractions that were incu-

bated in the laboratory for 345 days. After the

incubation, also the incubated bulk soil was fraction-

ated. The chemical composition of organic matter in

bulk soils and fractions was characterized by 13C-

CPMAS nuclear magnetic resonance spectroscopy

and sequential chemical extraction followed by GC/

MS measurements. Plant-derived lipids and lignin

were abundant in particulate organic matter (POM)

fractions of sand-, silt-, and clay-size and the mineral-

bound, clay-sized organic matter. These results indi-

cate that recent conceptualizations of SOM stabiliza-

tion probably understate the contribution of plant-

derived organic matter to stable SOM pools. Although

our data indicate that inherent recalcitrance could be

important in soils with limited aggregation, organo-

mineral interactions and aggregation were responsible

for long-term SOM stabilization. In particular, we
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observed consistently higher concentrations of plant-

derived lipids in POM fractions that were incubated

individually, where aggregates were disrupted, as

compared to those incubated as bulk soil, where

aggregates stayed intact. This finding emphasizes the

importance of aggregation for the stabilization of less

‘recalcitrant’ biomolecules in the POM fractions.

Because also the abundance of lipids and lignin in

clay-sized, mineral-associated SOM was substantially

influenced by aggregation, the bioavailability of

mineral-associated SOM likely increases after the

destruction of intact soil structures.

Keywords Incubation � Physical fractionation �
GC/MS � 13C NMR � CuO � Soil organic matter

Introduction

Soil organic matter (SOM) is composed of a multitude

of biomolecules with different residence times, rang-

ing from a few minutes to more than thousands of

years (Schimel et al. 1994; Torn et al. 1997; von

Lützow et al. 2007; Amelung et al. 2008). The

turnover time of SOM components has been shown

to be influenced by different stabilization mechanisms,

including: (i) resistance against decomposition

because of the inherent chemical characteristics of

biomolecules, (ii) decreased bioavailability due to the

development of soil aggregates separating organic

matter (OM) from decomposers, and (iii) stabilization

of OM in organo-mineral associations by chemical

surface reactions (Sollins et al. 1996; Christensen

2001; von Lützow et al. 2006).

In studies investigating the mechanisms of organic

C (OC) stabilization and sequestration in soils, it has

become common practice to separate bulk soil by

physical means (e.g., density and size of particles or

aggregates) into fractions that have different OM

characteristics (e.g., residence times, turnover times,

and chemical composition) (e.g., Angst et al. 2016b;

Hassink et al. 1997; Mueller et al. 2009). Based largely

on these studies, it is often asserted that: (i) the

persistence of SOM is due mostly to physico-chemical

interactions like selective stabilization by organo-

mineral association and occlusion of OM inside

aggregates (Schmidt et al. 2011), and (ii) inherent

recalcitrance of certain organic biomolecules is not

important for the long-term stabilization of SOM

(Marschner et al. 2008; Kleber 2010). For example,

lignin constitutes a major plant input to SOM (Kögel-

Knabner 2002) and has commonly been regarded as

relatively resistant to decomposition because of its

aromaticity (Krull et al. 2003; Rasse et al. 2005).

However, it does not appear to be selectively preserved

in many mineral soil horizons, evidenced by a deple-

tion of lignin and aromatic C forms in fine-sized

mineral fractions (Rumpel et al. 2004; Mikutta et al.

2006) and no relative accumulation of lignin inside

aggregates (Poirier et al. 2005). In contrast, lipids/

aliphatics (Rumpel et al. 2004) and commonly easily

degradable carbohydrates (Rumpel et al. 2010) were

shown to accumulate in mineral fractions. Particularly,

plant-derived bound lipids such as cutin and suberin

might be selectively preserved in low-density, partic-

ulate OM fractions (POM), due to a possible inherent

recalcitrance of those biopolymers (Filley et al.

2008a, b; Pisani et al. 2014), or in mineral-associated

OM fractions, due to selective interactions with mineral

surfaces (Rumpel et al. 2004; Clemente et al. 2011;

Carrington et al. 2012). Recalcitrance might play a

greater role, as compared to physico-chemical mech-

anisms of stabilization, in particulate organic matter

fractions and in coarse textured soils with lower levels

of aggregation and reactive mineral surfaces. These soil

type specific differences are probably one reason why a

consensus about the relative importance of the different

stabilization mechanisms is still absent (e.g., Moni

et al. 2010; Schrumpf et al. 2013). Another reason for

the persistence of uncertainties about the roles of

recalcitrance vs. organo-mineral association and aggre-

gation derives from the fact that there are very few

published observations on the dynamics of different

biomolecule types during SOM mineralization (e.g.,

Feng and Simpson 2008). Commonly, SOM mineral-

ization and bioavailability are evaluated by measuring

respired CO2 of incubated soils over time (e.g., Alvarez

et al. 1998; Stemmer et al. 1999; Spaccini et al. 2000).

The sole consideration of CO2 respiration rates,

however, does not allow insights into mechanisms

responsible for the stabilization or respiration of certain

OM constituents. This lack of molecular-level studies

hinders the ability to model and predict the response of

soil C pools to environmental change reliably (Camp-

bell and Paustian 2015).

Here, to provide new insights into SOM stabiliza-

tion and the role of inherent recalcitrance and
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aggregation, we uniquely combined physical soil

fractionation, soil incubations, and comparative chem-

ical analyses of SOM composition. In a previous study

by Mueller et al. (2014), both naturally aggregated

bulk soil and individual particle-size fractions from

the same soil were simultaneously incubated. The

incubated bulk soil was subsequently separated into

fractions resembling those used for the individual

particle-size incubations (Mueller et al. 2014). By

quantifying various plant-derived biomolecules in the

fractions separated by Mueller et al. (2014), we were

able to study the role of inherent recalcitrance and

bioavailability for the chemical composition of each

individual fraction, where aggregates were disrupted

prior to incubation, and the’combined’ fractions

within the bulk soil, where aggregation was intact.

We especially aimed to track the fate of lignin and

aliphatics like cutin- and suberin-derived monomers

because these plant-derived biomolecules are major

inputs to SOM, which are considered ‘recalcitrant’

over at least short time scales (from days to months),

and are often used to characterize and trace the sources

of SOM (Kögel-Knabner 2002; Jansen et al. 2006;

Crow et al. 2009; Angst et al. 2016c). To the best of

our knowledge, these compounds have not been

studied before in a comparative incubation of bulk

soil and individually incubated SOM fractions, an

approach that also has great potential for investigating

stabilization mechanisms of other biomolecule com-

pounds in SOM, such as amino or neutral sugars.

Materials and methods

The experimental design of the present study, includ-

ing methodological details for the fractionation,

incubation, C, N, and NMR measurements, has been

published by Mueller et al. (2014). That study focused

on heterotrophic respiration of 13CO2 and 14CO2.

Here, to set the analyses used in this study into a

comprehensive context and enable the reader to

interpret the data properly, we include a brief

description of the experiment and previously con-

ducted analyses.

Soil material

Soil was sampled in 2005 at the Höglwald located in

Southern Germany (48�1702400N, 11�0402400E), an

even-aged Norway spruce forest (Picea abies (L.)

Karst) established in 1925. The soils at the site were

mainly composed of Quartz, while Illites and primary

Chlorites were also abundant; Smectites and Kaolin-

ites were only found in trace amounts. The soil

samples were randomly taken from the Ah horizon

(40.7% sand, 39.4% silt, 19.9% clay; 75.3 ± 19.2 mg

C/g soil) of an acidic Albic Luvisol (IUSS Working

Group WRB, 2014) at ten subplots (within a

20 9 20 m area) to account for natural variability.

The samples were air dried, sieved to \2 mm, and

combined to a composite sample for further analyses.

To test representativeness, the samples from the ten

subplots were analysed for C/N ratio (21.1 ± 1.2) and

pH value (pH in H2O: 3.5 ± 0.1; pH in CaCl2:

2.8 ± 0.1). The coefficients of variation were always

B5.7%, suggesting the subsamples and composite

sample are representative of the typical soil conditions

at the site (Mueller et al. 2014).

Physical fractionation

The soil was fractionated by particle size and density

to obtain distinctively different SOM fractions. A

detailed description of the fractionation protocol is

given elsewhere (Mueller et al. 2014). Briefly, the air

dried and sieved (\2 mm) bulk soil was saturated with

deionized water and subjected to a two-step ultrason-

ication. According to Amelung and Zech (1999), a

two-step soil structure break up scheme was used to

avoid the rupture and translocation of larger OM

particles of coarse and medium sand size into finer

fractions. In the first step, 60 J/ml were applied to the

soil–water mixture and subsequently the coarse- and

medium-sized SOM fractions (200–2000 lm) were

separated via wet-sieving (mesh-size of 200 lm). In

the second step, 440 J/ml were applied to break up

stronger bound smaller aggregate structures. The fine

sand fraction (C63 lm, B200 lm) was separated after

the second ultrasonication step with a sieve of 63 lm

mesh-size. After the fractionation, the sand fractions

were recombined. The combined fine silt and clay

fraction (\6.3 lm) was separated from the coarse and

medium silt fractions ([6.3–63 lm) via sedimenta-

tion. We combined the fine silt and clay fraction

because their chemical composition and degree of

organo-mineral association is similar (Mueller et al.

2014; Angst et al. 2016c), whereas the time for

sedimentation is reduced by a factor of 10 compared to
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the sedimentation of the clay fraction (\2 lm) only.

The obtained sand (63–2000 lm), silt (6.3–63 lm),

and clay (\6.3 lm) fractions and the bulk soil were

used for the subsequent incubation experiment. The

incubated bulk soil was fractionated after the incuba-

tion as described above.

At the end of the incubation, aliquots (replicated) of

each fraction were saturated with a density solution

(sodiumpolytungstate 1.8 g/cm3), shaken, and cen-

trifuged. The floating particulate POM was collected

using a water jet pump. These steps were repeated

until no additional POM was floating in the density

solution. To remove excessive salt from the remaining

soil matrix, the soil fractions with a density greater

than 1.8 g/cm3 (i.e., the ‘mineral’ fractions) were

repeatedly washed with de-ionized water until the

electrical conductivity of the eluted water fell below 5

lS/cm. By applying this procedure, we obtained sand-,

silt-, and clay-sized POM (termed ‘sand POM’, ‘silt

POM’, and ‘clay POM’) and mineral fractions (termed

‘sand MIN’, ‘silt MIN’, and ‘clay MIN’). Because the

C content of the sand MIN and silt MIN were

negligibly small (Table 1; Mueller et al. 2014), we

focused our analyses and interpretations on the sand

POM, silt POM, clay POM and clay MIN fractions.

Incubation experiment

Bulk soil (n = 3) was incubated for 345 days and

subsequently fractionated according to the procedure

described in the ‘‘Physical fractionation’’ section. Si-

multaneously, the three SOM fractions (sand, silt, and

clay fraction, n = 3 for each) obtained from fraction-

ation of non-incubated bulk soil were individually

incubated for the same amount of time (345 days).

This approach enabled us to investigate different

stabilization mechanisms separately (individually

incubated fractions) and in interaction with each other

(incubated bulk soil). The bulk soil and SOM fractions

were incubated under the same conditions. A detailed

description of the experimental setup is given by

Mueller et al. (2014). Briefly, the bulk soil and the

three SOM fractions were mixed with acid-washed

(10% HCl) and annealed quartz sand (ratio 1:2.5, w:w)

to increase the air-filled pore space. The maximum

water-holding capacity was determined by draining

steel rings (9 cm3) filled with aliquots of each sample

on a porous plate for 2 h at 10 hPa. The maximum

water-holding capacity was then calculated by differ-

ence of the dry and drained soil materials. Each sample

was inoculated with 100 ll of a soil solution obtained

from the pre-incubation of a mixture of 10 soils to

assure a wide microbial variety. For an optimal

nutrition, a nutrient solution according to Ingestad

and Lund (1986) was added to the samples containing

both macro- and micronutrients. The samples were

incubated in 1 L air-tight glass bottles for 345 days in

triplicate at a constant temperature of 20 �C. The

water content was initially adjusted to 70% of

maximum water holding capacity and, if needed,

water was added to sustain this level of water

saturation. We thus studied the fate of SOM in

different particle-size fractions under optimal condi-

tions for soil microorganisms, to some extent

Table 1 Content of the sand, silt, and clay POM and sand, silt, and clay mineral fractions (MIN) per g dry soil and respective SOC

contents before and after the incubation for bulk soil (incub. bulk) and individually incubated fractions (incub. fract.)

Content mg/g dry soil SOC mg/g before SOC mg/g after

Incub. bulk Incub. fract.

Fractions Sand POM 29.6 ± 10.6 315.5 ± 23.0a** 183.1 ± 15.3b** 182.3 ± 14.7b**

Sand MIN 331.9 ± 4.9 bdl 0.8 ± 0.04a 0.8 ± 0.03a

Silt POM 47.0 ± 0.2 344.3 ± 6.2a 294.0 ± 27.4a 291.9 ± 26.1a

Silt MIN 298.8 ± 6.8 2.2 ± 0.5a 2.4 ± 0.2a 2.4 ± 0.1a

Clay POM 53.2 ± 4.5 289.3 ± 12.2a 254.2 ± 25.3a 256.6 ± 24.9a

Clay MIN 239.6 ± 18.1 100.7 ± 28.9a 99.1 ± 6.5a 97.7 ± 5.5a

Letters (a, b) indicate significant differences between initial, incub. bulk, and incub. fract

** p\ 0.05

bdl Below detection limit

Data partly taken from Mueller et al. (2014)
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offsetting possible nutrient limitations encountered in

soils such as investigated in the present study.

The SOM fractions obtained from the incubated

bulk soil are termed ‘bulk soil fractions’ and the

individually incubated SOM fractions are termed

‘individually incubated fractions’ in the following

chapters.

Determination of C and N contents and 13C NMR

spectroscopy

Aliquots of the individually incubated and bulk soil

fractions, including both incubated and non-incubated

material, were ground and C and N contents were

measured in duplicate via dry combustion (Vario EL

CN Analyzer). All samples were free of carbonates

(Mueller et al. 2014), thus the measured C concentra-

tions equaled the organic C concentrations. Ground

aliquots of the incubated and non-incubated fractions

were also measured by solid-state 13C CPMAS NMR

spectroscopy on a Bruker DSX 200 spectrometer

(Bruker BioSpin GmbH, Karlsruhe, Germany). The

samples were spun in zircon oxide rotors around a

magic angle at a speed of 6.8 kHz. The contact time

was set to 1 ms. Chemical shifts were referenced to

tetramethylsilane (TMS = 0 ppm) and shift regions

were integrated as follows: -10 to 45 ppm (alkyl C),

45–110 ppm (O/N-alkyl C), 110–160 ppm (aryl C),

and 160–220 ppm (carboxyl C).

Soil OM characterization by sequential extraction

and GC–MS

Solvent-extractable lipids were recovered from all

samples by using a Dionex ASE 200 to perform

accelerated solvent extraction. The extraction cells

were filled with sand that was previously ashed, then

the cells were pre-extracted with a mixture of

dichloromethane (DCM):methanol (MeOH) (9:1,

v:v) at a pressure of 1200 psi and a temperature of

100 �C. After the pre-extraction, enough sand to fit the

sample was poured out of the cell. Then, the sample

was placed in the cell between two pre-extracted glass

fiber filters. Free space between the top of the sample

and the cell cap was filled again with pre-extracted

sand. The samples were extracted 49 with

DCM:MeOH (9:1, v:v), 39 at a pressure of 1000 psi

and a temperature of 75 �C and then 19 at a pressure

of 1200 psi and a temperature of 100 �C. All samples

were dried by applying a gentle flow of nitrogen gas to

the headspace of sample vials. Extracted lipids were

then stored in DCM and refrigerated (*4 �C) until

further analysis.

We used alkaline cupric oxide to release lignin-

derived compounds from incubated and non-incubated

soil fractions. Our methods were similar to those

developed by Hedges and Ertel (1982), Goñi and

Montgomery (2000), and Filley et al. (2008a, b). The

sample material (containing at least 2–5 mg OC) was

weighed into 10-ml Monel reaction vessels (‘‘mini-

bombs’’) together with 50 mg of ammonium iron (II)

sulfate hexahydrate (Fe(NH4)2(SO4)2�6H2O), 300 mg

of pre-extracted cupric oxide and enough 2 M sodium

hydroxide (NaOH) solution to almost fill the reaction

vessel. The bombs were sealed with Teflon lined lids,

shaken to mix the sample, and subsequently heated to

155 �C at 4.2 �C per minute held for 150 min. After

cooling, 100 ll of trans-cinnamic acid recovery

standard were added to each sample and the whole

content of each bomb was transferred to centrifuge

tubes by repeated washing of the bombs with NaOH

solution. The tubes were centrifuged for 5–10 min at

4000 rpm. The supernatant NaOH was pipetted into

separate vials and acidified with 6 M, DCM extracted

HCl. The solution was 49 extracted with ethyl acetate,

dried under N, and stored in the fridge after the

addition of 500 ll pyridine.

Lipids and phenols in the ASE extracts and those

recovered after the alkaline cupric oxide oxidation

were measured on a Hewlett-Packard (HP) 6890 GC

coupled to a HP 5973 quadrupole mass spectrometer

with electron impact ionization. Aliquots of each

sample in pyridine (50 ll) were combined with 10 ll

of internal standards in pyridine (3,4-dimethoxyben-

zoic acid and 12-hydroxyoctadecanoic acid). Acids

and alcohols were converted to their trimethylsilyl

derivatives by adding 50 ll of a derivatizing agent

(bistrimethylsilyltrifluoroacetamide, BSTFA) and

heating for 15–30 min. at 60 �C. Analytes were

separated on a 30 m fused silica column with a

diameter of 0.25 mm (Agilent J&W DB-5). Helium

was used as carrier gas with a flow of 1.5 ml/min for

the ASE extracts and 1.3 ml/min for the analytes

recovered after alkaline cuprix oxide oxidation. All

analytes were injected in pulsed splitless mode with an

injector temperature of 320 and 300 �C, respectively.

The temperature program of the GC oven for the

analytes in ASE extracts was as follows: 100 �C initial
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temperature (held for 2 min), to 170 �C at 8 �C/min,

to 200 �C at 1.5 �C/min, to 200 �C at 1.5 �C/min, to

250 �C at 4 �C/min, to 300 �C at 6 �C/min, to 320 �C
(held for 10 min) at 10 �C/min. The temperature

program of the GC oven for the analytes recovered

after alkaline cuprix oxide oxidation was as follows:

100 �C initial temperature (held for 2 min.) to 172 �C
at 8 �C/min, to 184 �C at 4 �C/min, to 320 �C (held

for 10 min.) at 10 �C/min. The scan range was m/

z 50–550 and ionization energy was 70 eV.

The identification and quantification of the analytes

was done following Mueller KE et al. (2012b) and Filley

et al. (2008a, b). For quantification of most analytes

(n = 73), the peak areas of target ions were normalized

to an internal standard (3,4-dimethoxybenzoic acid or

12,x-hydroxyoctadecanoic acid) and the concentrations

estimated by comparison with peak areas of external

standards (quantified separately at seven different con-

centrations). Analytes that could not be directly quan-

tified by a standard compound of the same identity were

either quantified by extrapolation or interpolation using

equations fit to the response factors of homologous

compounds (Chaurasia et al. 1995) or by comparison

with standard compounds of similar structure; this

method of quantification was used for 6 compounds

present in the ASE extracts and 12 compounds recovered

after alkaline cuprix oxide oxidation. The average

recovery of the trans-cinnamic acid was 81%

(SD = 3%) with a minimum recovery of 75%. Cutin

monomers, suberin monomers, other plant-derived

lipids, and lignin monomers were identified according

to previously published data (Mueller KE et al. 2012b;

Otto et al. 2005; Angst et al. 2016a, b; Otto and Simpson

2006; Spielvogel et al. 2014). Briefly, plant-derived

lipids in the ASE extracts were n-alkanoic acids (n-

acids)[C20 with an even chain length, a,x-alkanedioic

acids (diacids) C12–C22 with an even chain length, x-

hydroxy alkanoic acids and mid-chain substituted

hydroxy alkanoic acids (subsumed under hydroxyacids),

n-alcohols[C20 with an even chain length, and n-

alkanes C25–C31 with an uneven chain length. Plant-

derived lipids in the CuO extracts were hydroxyacids and

a,x-alkanedioic acids with an even chain-length CC16.

Statistics and calculations

From the NMR spectra, the alkyl C to O/N-alkyl C

ratio was calculated as a proxy for the degree of

decomposition of a sample because more resistant

aliphatic components (alkyl C) tend to relatively

increase during decay compared to more easily

degradable cellulose, hemicellulose and proteins (O/

N-alkyl C) (Baldock et al. 1997). Further, the molec-

ular mixing model (Nelson and Baldock 2005) was

applied to the spectra to infer the relative contribution

of different biomolecules (carbohydratesNMR, pro-

teinsNMR, ligninNMR, and lipidsNMR).

To evaluate the origin and alteration of lignin during

incubation, we calculated different proxies from lignin

derived compounds: the ratios between syringyl to

vanillyl (S/V) and cinnamyl to vanillyl (C/V) type

monomers (Ertel and Hedges 1984; Otto and Simpson

2006), the ratios between lignin-derived phenolic acids

and their corresponding aldehydes for vanillyl (Ac/Al)V

and syringyl (Ac/Al)S (Ertel and Hedges 1985), the ratio

between q-coumaric and ferulic acids (F/C) (Ziegler

et al. 1986), and the ratio between 3,5-dihydroxyben-

zoic acids and vanillyls (Prahl et al. 1994).

To identify if the chemical composition of SOM in

each soil fraction changed significantly during the

incubation experiment, we used one-way analysis of

variance (ANOVA) followed by TukeyHSD tests to

assess differences in SOM chemical composition

between the initial, non-incubated samples and the

individually incubated and bulk soil fractions. The

ANOVA models were run using R 3.0.3 (R Core Team

2015). The Bartlett-test was used to test the variables

for homoscedasticity. Differences between treatment

means are reported as significant (p\ 0.05) or

marginally significant (p\ 0.1).

Results

Carbon content and chemical composition

as derived from NMR spectra

The SOC contents before the incubation were highest

for the POM fractions, followed by the clay MIN

fraction (Table 1). The decrease in SOC at the end of

the incubation was only significant (p\ 0.05) for the

sand POM, while the silt and clay POM only showed a

trend of decreasing SOC contents. The SOC content of

the clay MIN fraction did not change at all. Notably,

there were no significant differences between individ-

ually incubated and bulk soil fractions (Table 1).

The NMR spectra of all samples (Online Resource

1) showed a dominance of alkyl and O/N-alkyl C
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compared to aryl and carboxyl C (Fig. 1). In the sand

POM, O/N-alkyl C clearly dominated the spectra,

indicating the relative freshness of the material, which

was also supported by high amounts of carbohy-

dratesNMR present in this fraction (Table 2). The degree

of OM degradation progressed to the silt and clay

POM, evidenced by increasing alkyl/O/N-alkyl C

ratios (Fig. 1) and high amounts of aliphatic lipidsNMR

with concurrently lower amounts of carbohydratesNMR

(Table 2). In contrast, the clay MIN showed a relatively

Fig. 1 Integration regions (carboxyl, aryl, O/N-alkyl, and alkyl

C) obtained from 13C NMR spectra for the initial, non-incubated

SOM fractions (initial), the bulk soil fractions (incub. bulk), and

individually incubated fractions (incub. fract.). The numbers

above the bars depict the alkyl/O/N-alkyl C ratio for the

respective treatment. Significant differences between the initial,

non-incubated fractions and the different incubation treatments

are indicated by different letters above the bars (a, b). *p\ 0.1,

**p\ 0.05, n = 3 for each bar
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balanced contribution of alkyl and O/N-alkyl C

(Fig. 1), which was also mirrored by lower amounts

of lipidsNMR and higher amounts of carbohydratesNMR

in this fraction compared to the silt and clay POM

(Table 2). The relative amount of ligninNMR decreased

from the sand POM to the silt POM, clay POM, and

clay MIN. Interestingly, the relative amount of the

chemical compound classes and biomolecule compo-

nents did not significantly change after 345 days of

incubation compared to the initial material; this was

true for both the individually incubated and bulk soil

fractions (Fig. 1; Table 2) with only few exceptions:

the alkyl C and the relative amount of lipidsNMR in the

sand POM increased significantly (by 13 and 4.7%,

respectively; p\ 0.1) in the individually incubated

fraction and the relative amount of ligninNMR

decreased significantly (p\ 0.05) in the individually

incubated clay POM (Fig. 1; Table 2).

Despite the absence of significant changes to the

initial, non-incubated fractions in most cases, there

were some small but notable differences in SOM

composition between individually incubated and bulk

soil fractions. Aryl C and the relative amount of

ligninNMR were significantly lower (by at least 14 and

6%, respectively; p\ 0.05 and p\ 0.1) and alkyl C

and lipidsNMR were significantly higher in individually

incubated clay POM (by 5 and 7.9%, p\ 0.1) and MIN

(by 7 and 8.4%, p\ 0.05) compared to the

corresponding bulk soil fractions (Fig. 1; Table 2). A

trend of higher alkyl C (4% higher) in the individually

incubated fraction was also present in the sand POM

(Fig. 1). The O/N-alkyl C was significantly lower in

individually incubated clay MIN (by 4%, p\ 0.1)

compared to that of bulk soil fractions. Consequently,

alkyl to O/N-alkyl C ratios were also significantly

higher in individually incubated clay MIN but also in

the individually incubated clay POM compared to the

corresponding bulk soil fractions (Fig. 1).

Solvent-extractable lipids

The ASE procedure released a number of n-alkanoic

acids (C12 to C23), a,x-alkanedioic acids (C12 to C22),

x-hydroxy alkanoic acids (C12 to C24), mid-chain

substituted hydroxy alkanoic acids (dihydroxy C16 and

trihydroxy C18), n-alcohols (C16 to C30) and n-alkanes

(C25 to C31). Most of these compounds were plant-

derived (70.6 ± 1.1%), independent of the fraction or

incubation treatment (individually incubated or bulk

soil fraction; Fig. 2). The other compounds could not be

unambiguously ascribed to a source and may be either

plant- and/or microbial-derived. The concentration of

lipids was highest in the sand and clay POM

(8.3–11.6 mg/g C) followed by the clay MIN

(4.3–5.3 mg/g C), and silt POM (3.4–3.7 mg/g C;

Fig. 2). The x-hydroxy alkanoic acids and mid-chain

Table 2 Relative amounts

of carbohydrates, proteins,

lignin, and lipids for initial,

bulk soil (incub. bulk) and

individually incubated

fractions (incub. fract.)

The data was derived from

the application of the

molecular mixing model to

the NMR spectra of each

fraction. Significant

differences between initial,

bulk soil, and individually

incubated fractions are

indicated by letters (a, b).

* p\ 0.1; ** p\ 0.05

Relative amount [%]

CarbohydratesNMR ProteinsNMR LigninNMR LipidsNMR

Sand POM

initial 31.7 ± 0.5a 15.0 ± 0.1a 34.8 ± 0.7a 17.1 ± 0.9b*

incub. bulk 27.4 ± 2.2a 12.8 ± 1.2a 38.7 ± 3.8a 20.0 ± 0.5ab*

incub. fract. 29.0 ± 0.4a 15.2 ± 0.4a 32.4 ± 0.6a 21.8 ± 0.3a*

Silt POM

initial 21.2 ± 0.5a* 9.6 ± 0.2a** 14.5 ± 1.4a 52.0 ± 1.0a

incub. bulk 19.0 ± 0.4b* 7.2 ± 0.6ab** 15.1 ± 2.6a 55.8 ± 2.9a

incub. fract. 18.5 ± 0.3b* 5.9 ± 0.1b** 16.0 ± 0.1a 54.0 ± 0.0a

Clay POM

initial 15.7 ± 0.1a 7.7 ± 0.1a 12.1 ± 0.2a** 59.3 ± 1.4ab*

incub. bulk 15.4 ± 0.7a 7.8 ± 1.2a 14.0 ± 0.7a** 58.0 ± 2.9b*

incub. fract. 14.7 ± 0.1a 5.4 ± 0.3a 8.0 ± 0.8b** 67.2 ± 1.1a*

Clay MIN

initial 21.8 ± 1.1a 18.9 ± 0.0a 9.3 ± 0.5ab* 44.9 ± 0.7ab**

Incub. bulk 24.8 ± 1.0a 19.0 ± 0.5a 13.7 ± 1.0a* 40.0 ± 1.9b**

incub. fract. 22.7 ± 0.4a 18.4 ± 0.6a 6.6 ± 1.6b* 48.4 ± 0.8a**
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substituted hydroxy alkanoic acids (subsumed under

‘hydroxyacids’) were the most abundant lipid type in all

fractions, followed by n-alcohols and n-alkanoic acids.

The n-alkanes and a,x-alkanedioic acids were not

abundant (\0.4 mg/g C). There were no significant

differences between the initial, non-incubated fractions

and the fractions from the different incubation treat-

ments. However, there were some trends of potential

interest. In the sand POM, the concentration of total

extractable lipids and plant-derived lipids tended to be

lower in bulk soil fractions (by at least 27%) compared

to initial, non-incubated and individually incubated

fractions, predominantly due to lower concentrations of

hydroxyacids (Fig. 2). In the clay POM, concentrations

of hydroxyacids, n-alkanoic acids and n-alcohols

tended to be higher in individually incubated fractions

(by at least 13%). In contrast, concentrations of plant

lipids in the clay MIN tended to be higher in bulk soil

Fig. 2 Total lipid concentrations (all lipids) and plant lipid

concentrations (summed and split into different lipid types) for

the initial, non-incubated SOM fractions (initial), the bulk soil

fractions (incub. bulk), and individually incubated fractions

(incub. fract.). Since outliers were removed from the initial, non-

incubated clay POM fractions, we could not calculate any

statistics between that data point and the incubation treatments.

However, the lipid data obtained for the initial, non-incubated

clay POM conform to the general observed trend. Significant

differences between the treatments are indicated by different

letters above the bars (a, b). *p\ 0.1
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fractions compared to initial, non-incubated and indi-

vidually incubated fractions (by 29%). Here, concen-

trations of hydroxyacids and a,x-alkanedioic acids

were significantly lower (at least 34%, p\ 0.1) in

individually incubated fractions (Fig. 2).

CuO oxidation products

In addition to the single-ring phenol compounds

vanillyl (V), syringyl (S), cinnamyl (C) (sum = VSC),

and their aldehyde, ketone, and acid substitutions, the

CuO oxidation released several aliphatic n-alkanoic

acids (C12 to C18 with even chain-length), a,x-alkane-

dioic acids (C12 to C18 with even chain-length), and

hydroxyacids (x-hydroxy alkanoic acids C14 to C18 and

mid-chain substituted hydroxy alkanoic acids C15 to

C18) (Fig. 3). The larger part of these compounds

(63 ± 1.8%), especially the hydroxyacids and a,x-

alkanedioic acids with an even chain-lengthCC16, were

plant-derived (Otto and Simpson 2006; Mueller KE

et al. 2012b; Angst et al. 2016a, b). The a,x-alkanedioic

acids \C16 and the n-alkanoic acids could not be

unambiguously assigned to a plant origin and may also

derive from microorganisms. The concentration of total

CuO oxidation products was highest in the silt and clay

POM (102.3–130.2 mg/g C), followed by sand POM

(69.2–85.0 mg/g C) and clay MIN (59.1–76.2 mg/g C).

All fractions were dominated by VSC phenols and

hydroxyacids. Similar to the solvent-extractable lipids,

the concentrations of compounds released upon CuO

oxdation did not show significant differences between

initial, non-incubated fractions and the fractions from

the different incubation treatments. Exceptions to this

general pattern were observed for the silt POM, where

concentrations of n-alkanoic acids were significantly

higher after the incubation (by at least 16%, p\ 0.1),

and the clay MIN, where concentrations of hydroxy-

acids were significantly lower (by on average 43%,

p\ 0.05) after the incubation (Fig. 3). Further,

although the differences were not significant, POM in

individually incubated sand, silt and clay fractions had

consistently higher concentrations of total CuO oxida-

tion products (at least 10% higher) compared to the

corresponding bulk soil fractions. The concentrations of

VSC and/or hydroxyacids that tended to be higher in

individually incubated fractions were mainly responsi-

ble for this trend.

There were also few significant differences

between fractions for the ratios calculated from CuO

oxidation products (Table 3, p\ 0.05). The (Ac/Al)S

ratio of sand POM that was significantly higher in the

individually incubated fraction and the F/C ratio that

was significantly lower in the individually incubated

clay POM and significantly higher in the clay MIN

incubated within bulk soil. The S/V and C/V ratios

were always below a value of 0.5.

Discussion

Initial chemical composition of the SOM fractions

The concentrations of compounds released by the CuO

oxidation were approximately tenfold the concentra-

tions released upon ASE, indicating a higher contri-

bution of bound lipids and lignin-derived compounds

to SOM compared to solvent-extractable lipids. All

initial, non-incubated soil fractions were dominated by

plant-derived lipids, especially hydroxyacids (Figs. 2 ,

3). This was also the case for individually incubated

and bulk soil fractions. The bound hydroxyacids were

derived from the lipid biopolymers cutin and/or

suberin (Kolattukudy et al. 1975; Kolattukudy

1980, 1981). A dominance of cutin- over suberin-

derived compounds can be inferred from the fact that

spruce needles have been found to be enriched in x-

hydroxy alkanoic and mid-chain substituted hydroxy

alkanoic acids, whereas spruce roots were depleted in

mid-chain substituted hydroxy alkanoic acids and low

in x-hydroxy alkanoic acids (Angst et al. 2016a). The

concentrations of VSC phenols in our samples were

similar to, but slightly higher than those observed by

Guggenberger et al. (1994) for particle size separates

under spruce. The dominance of vanillyl units in VSC

confirmed the recent spruce vegetation as source for

the lignin compounds (Sjöberg et al. 2004; Thevenot

et al. 2010). The S/V and C/V values of the POM and

MIN fractions were similar to those reported for

gymnosperms (Goni and Hedges 1992), suggesting the

characteristic lignin pattern of the source vegetation

has to some extent been preserved in the SOM of the

present soil, as also observed by Otto and Simpson

(2006).

Apart from those similarities, distinct chemical

differences between the fractions were particularly

evident in the NMR data (Fig. 1; Table 2) that depict

the overall chemical composition of the SOM frac-

tions. The sand POM was dominated by O/N-alkyl C
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and carbohydratesNMR, whereas amounts of alkyl C

and lipidsNMR were considerably higher in the silt and

clay POM. This finding is also mirrored by the alkyl/

O/N-alkyl C ratios that increased from the sand to the

silt and clay POM, indicating an increasing degree of

degradation and a lower bioavailability for smaller

POM (Wagai et al. 2009; Mueller et al. 2014). The

clay MIN showed a lower degree of aliphaticity

compared to the silt and clay POM that was probably

caused by a higher amount of microbial-derived

compounds (Golchin et al. 1996), also mirrored by a

higher amount of carbohydratesNMR and proteinsNMR

in the clay MIN compared to the silt and clay POM.

This inference was also supported by low C/N ratios

around 15 (Mueller et al. 2014), approximating the

C/N ratio of the microbial biomass. However, consid-

erable amounts of plant-derived lipids along with VSC

in the clay MIN (Figs. 2, 3) indicate that plant-derived

compounds substantially contribute to the mineral-

associated SOM. Recently, many authors have sug-

gested that SOM, or mineral associated OM in

particular, is dominated by microbial-derived OM

Fig. 3 Concentrations of total CuO oxidation products along

with concentrations of n-alkanoic acids (n-acids), a,x-alkane-

dioic acids (diacids), x-hydroxy alkanoic acids and mid-chain

substituted hydroxy alkanoic acids (subsumed under hydroxy-

acids), and VSC for the initial, non-incubated SOM fractions

(initial), the bulk soil fractions (incub. bulk), and individually

incubated fractions (incub. fract.). Significant differences

between the treatments are indicated by different letters above

the bars (a, b). *p\ 0.1, **p\ 0.05
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(Grandy and Neff 2008; Schmidt et al. 2011; Miltner

et al. 2012; Cotrufo et al. 2013; Kallenbach et al.

2016), but our results and others show that cutin- and

suberin-derived lipids might be selectively preserved

in relatively stable mineral associated OM pools

(Carrington et al. 2012; Clemente et al. 2011; Filley

et al. 2008a, b; Pisani et al. 2014; Rumpel et al. 2004).

We thus suggest not to undervalue the contribution of

plant-derived compounds to stabilized SOM. Further,

the relative amounts of ligninNMR decreased from the

sand to the silt and clay POM and clay MIN, which is

in line with decreasing yields of VSC for the same

fractions (Fig. 3; Table 2). These outcomes indicate

that CuO oxidation and NMR spectroscopy yield

comparable results and lignin does not necessarily

accumulate relative to other biomolecules in POM or

MIN fractions investigated in this study. These

findings correspond to recent conceptualizations stat-

ing that supposedly recalcitrant OM (like lignin) is not

necessarily more stable than other, more labile OM in

soil (Marschner et al. 2008; Cotrufo et al. 2013).

However, our study and others likely underestimate

the contribution of phenols to mineral-associated OM

because substantial amounts of lignin may not be

released during CuO oxidation due to strong interac-

tions with mineral surfaces (Hernes et al. 2013).

Minimal changes in chemical composition of SOM

fractions after long-term incubation

Notably, statistically significant shifts in the chemical

composition of OM during the year-long incubation

were absent (Figs. 2 and 3; Table 1). This suggests all

the investigated compounds were mineralized with

similar rates, independent of chemical characteristics

like aromaticity or aliphaticity. These results are, at

least to some extent, inconsistent with assertions of

higher inherent recalcitrance of aliphatic (Baldock

et al. 1997; Lorenz et al. 2007; Bonanomi et al. 2013)

and aromatic compounds (Krull et al. 2003; Schöning

et al. 2005) compared to e.g., carbohydrates. A

different stability of aliphatic compounds and carbo-

hydrates is also responsible for changes in the alkyl/O/

N-alkyl C ratio calculated from NMR spectra; with

one exception, this ratio did not change significantly in

the two incubation treatments compared to the initial,

non-incubated SOM fractions (Fig. 1). The only

significant increase of the alkyl/O/N-alkyl C ratio

was detected in the sand POM, which is assumed to be

the most bioavailable fraction (Mueller et al. 2014).

Here, also SOC contents significantly decreased

during the incubation (Table 1). However, the change

in chemical composition of the sand POM was

Table 3 Ratios for the different fractions (initial = non-incu-

bated, incub. bulk = bulk soil fractions, incub. fract. = indi-

vidually incubated fraction) calculated from the CuO oxidation

products ± SE: syringyl/vanillyl (S/V), cinnamyl/vanillyl (C/

V), ratio of phenolic acids and their corresponding aldehydes

for vanillyl (Ac/Al)V and syringyl (Ac/al)S, ferulic acid/cou-

maric acid (F/C), and 3,5-dihydroxybenzoic acid/vanillyls (3,5-

OHdB/V)

Ratio

S/V C/V (Ac/Al)V (Ac/Al)S F/C 3,5-OHdB/V

Sand POM initial 0.04 ± 0.004 0.11 ± 0.004 2.3 ± 0.06 0.7 ± 0.02b 2.20 ± 0.10 0.05 ± 0.006

incub. bulk 0.04 ± 0.002 0.09 ± 0.001 2.0 ± 0.09 0.7 ± 0.02b 2.30 ± 0.17 0.06 ± 0.004

incub. fract. 0.03 ± 0.003 0.11 ± 0.004 2.3 ± 0.07 0.8 ± 0.01a 2.30 ± 0.17 0.07 ± 0.003

Silt POM initial 0.05 ± 0.003 0.36 ± 0.008 2.8 ± 0.04 0.9 ± 0.03 0.30 ± 0.00 0.07 ± 0.005

incub. bulk 0.05 ± 0.001 0.35 ± 0.009 2.8 ± 0.01 0.8 ± 0.06 0.30 ± 0.01 0.04 ± 0.010

incub. fract. 0.04 ± 0.002 0.34 ± 0.001 2.8 ± 0.01 0.9 ± 0.03 0.30 ± 0.00 0.06 ± 0.002

Clay POM initial 0.05 ± 0.002 0.34 ± 0.040 2.8 ± 0.02 0.9 ± 0.10 0.42 ± 0.01a 0.06 ± 0.010

incub. bulk 0.06 ± 0.003 0.30 ± 0.010 2.8 ± 0.03 0.8 ± 0.02 0.40 ± 0.01a 0.05 ± 0.005

incub. fract. 0.05 ± 0.003 0.36 ± 0.020 2.8 ± 0.11 1.0 ± 0.12 0.37 ± 0.01b 0.06 ± 0.009

Clay MIN initial 0.05 ± 0.005 0.15 ± 0.010 3.1 ± 0.02 0.9 ± 0.00 0.73 ± 0.03b 0.07 ± 0.002

incub. bulk 0.05 ± 0.000 0.12 ± 0.007 3.1 ± 0.02 1.0 ± 0.04 0.90 ± 0.03a 0.07 ± 0.004

incub. fract. 0.04 ± 0.002 0.12 ± 0.005 2.9 ± 0.04 1.0 ± 0.03 0.77 ± 0.01b 0.07 ± 0.007

Different letters (a, b) following SE-values indicate significant differences (p\ 0.05) between initial, incub. bulk, and incub. fract
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probably minor because the increase in the alkyl/O/N-

alkyl C ratio did not correspond to the relative amount

of carbohydratesNMR, which did not significantly

change and the relative amounts of lipidsNMR only

slightly increased (Table 2). Similarly, with few

exceptions, ratios of lignin-derived phenols did not

significantly change during the incubation (Table 3),

indicating the chemical composition of residual lignin

was mostly unaltered. A similar result was obtained by

Sjöberg et al. (2004), who did not find a major lignin

alteration of spruce litter after 559 days of incubation.

The acid to aldehyde ratio of syringyl lignin mono-

mers increased slightly for the sand POM when the

sand-sized fraction was incubated alone, providing

further evidence that only the composition of sand

POM was altered by further decomposition during the

incubation.

The properties of the soil used for this study seem to

be at least partly responsible for the minimal changes

in SOM composition during the incubation. Since we

investigated an acidic soil under Norway spruce,

before the incubation the SOM was likely already at an

advanced stage of decomposition with only minor

changes in chemical composition over time, similar to

the late stages of litter decay (Berg 2000; Berg and

McClaugherty 2008). This is supported by the high

initial alkyl/O/N-alkyl C ratios of sand POM (0.45)

compared to those commonly observed for fresh

Norway spruce needles (0.27–0.29; Angst et al. 2016a;

Sjöberg et al. 2004), indicating an advanced stage of

decomposition where bioavailable carbon for further

degradation of lignin and other OM might be limited

(Klotzbücher et al. 2011). Further supporting evidence

for this hypothesis comes from the findings of Mueller

et al. (2014), who measured CO2 respiration rates on

the same SOM fractions used for this study. They

found a comparatively low cumulative respiration rate

that resulted in losses of 1 (silt and clay) to 3% (sand)

of total C during incubation over almost one year. In

contrast, for a less acidic, base-rich soil derived from a

European beech stand (Rendzic Leptosol), the C

respired from sand, silt, and clay fractions after

280 days of incubation were higher by a factor of

3–8 (Bimüller et al. 2014). Similarly, Creamer et al.

(2013) incubated aggregate and free POM fractions

from a Phaeozem vegetated with grass and woody

plant species and found a 5–8 times higher respiration

rate after one year compared to the findings by Mueller

et al. (2014) for the present incubation. Thus, although

our results suggest that inherent recalcitrance had little

impact on the composition of the relatively

stable SOM pools we studied, it is possible that

recalcitrance could play a larger role during earlier

stages of plant litter decomposition, in systems where

nutrients are limited, in less stable SOM pools, or in

different soil types as compared to that investigated in

the present study (Riederer et al. 1993; Clemente et al.

2013; Angst et al. 2016a).

The role of aggregation for POM

Although there were only minor changes in OM

composition during the incubation, in the bulk soils,

there were clear indications of a restricted bioavail-

ability of SOC on the molecular level, as was also

observed for the SOC mineralization in intact soil

structures of the same soils (Mueller et al. 2014).

Regarding the solvent-extractable lipids, concentra-

tions of especially hydroxyacids, but also n-alkanoic

acids and n-alcohols, tended to be higher in individ-

ually incubated POM fractions (sand and clay POM)

compared the corresponding bulk soil fractions

(Fig. 2). A similar trend was detected in the CuO

oxidation products, where concentrations of VSC

(sand POM, silt POM) and/or hydroxyacids (silt

POM) tended to be higher in individually incubated

POM fractions compared to bulk soil fractions (Figs. 2,

3). Consistent with these trends in molecular-level OM

composition, the NMR data showed a higher relative

amount of alkyl C and thus lipidsNMR in individually

incubated sand (trend) and clay POM (significant) and

a higher alkyl/O/N-alkyl C ratio (significant) in

individually incubated clay POM. Collectively, these

findings indicate that if a soil is aggregated (as for the

incubation of bulk soils), compounds that have

relatively low inherent recalcitrance (polysaccharides,

carbohydrates (von Lützow et al. 2006)) are similarly

stable compared to aliphatic and aromatic compounds

due to an occlusion within aggregates. As a result, no

selective preservation occurs. This applies predomi-

nantly to clay-sized POM, since this fraction has

exclusively been found occluded within aggregates

(Mueller et al. 2009; Wagai et al. 2009). However, if

aggregates are disrupted (as in the individually incu-

bated fractions), inherent recalcitrance determines the

SOC stability. This results in the selective preservation

of plant-derived lipids. These interpretations are

consistent with the results of Mueller CW et al.
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(2012a), who showed that bioavailability is smaller in

intact soils compared to soils after aggregate disper-

sion. It has to be noted that formation of new aggregates

may have taken place during the incubations due to

microbial activity (e.g., Blankinship et al. 2016).

However, any supply of additional OM possibly

promoting aggregate formation, such as root exudates

or particulate OM (Six et al. 2004; De Gryze et al.

2005), was omitted. Thus, the formation of new

aggregates within the fractions should have been

marginal. Interestingly, the ligninNMR significantly

decreased relative to lipidsNMR in individually incu-

bated clay POM (Table 2), pointing to a lower inherent

recalcitrance of lignin as compared to lipids and other

aliphatics. This observation substantiates recent evi-

dences that lignin may not be specifically recalcitrant,

at least under favorable conditions for decomposition

(e.g., low pH and optimal laboratory conditions) and its

stabilization in small POM fractions is to some extent

dependent on occlusion within aggregates.

In accordance with previous assumptions that the

relevance of different mechanisms of SOM stabiliza-

tion varies with soil type and land-management (Six

et al. 2002), we suggest that inherent recalcitrance

could be important for the selective preservation of

OM compounds in soils or soil fractions with limited

aggregation (e.g., organic horizons or sandy mineral

soils; see also Castellano et al. 2015).

The role of aggregation for mineral-associated

SOM

The changes in chemical composition of the clay MIN

showed different dynamics as compared to the POM

fractions. In the ASE extracts, the concentrations of

lipids tended to be higher in bulk soil fractions

compared to those in individually incubated fractions.

More soluble lipids may be leached from the POM

fractions (especially sand-sized POM; Fig. 2) and

stabilized in the clay MIN through interactions with

mineral surfaces. This process is absent in individually

incubated fractions due to a missing supply of poten-

tially mobile lipids from other fractions, here recovered

as solvent-extractable lipids. This process might also

apply to carbohydrates/microbial-derived carbon, since

O/N-alkyl C was significantly higher in bulk soil clay

MIN compared to individually incubated clay MIN

(Fig. 1). Notably, the concentrations of bound hydrox-

yacids, which tended to increase or stay constant for

other soil fractions, decreased significantly in clay MIN

during incubations of bulk soils and individual soil

fractions, perhaps due to a strong binding of a

considerable amount of hydroxyacids to mineral sur-

faces making them non-extractable by base hydrolysis

or CuO oxidation (Feng et al. 2010; Hernes et al. 2013;

Lin and Simpson 2016). The latter inference is

supported by the NMR data, where ligninNMR as well

as lipidsNMR did not significantly change during the

incubation in individually incubated and bulk soil

fractions as compared to the initial fractions.

However, aggregation also seemed to play an

important role for the stabilization of lipids and lignin

in the mineral associated OM. Similar to the clay

POM, the ligninNMR significantly decreased and the

lipidsNMR significantly increased in individually incu-

bated clay MIN as compared to the respective bulk soil

fraction (Table 2). First, these data indicate that the

stability of lignin associated with clay-sized minerals

is to some extend dependent on the incorporation of

the respective organo-mineral association inside

aggregates. Second, the relative increase in lipids

after the disruption of aggregates (in individually

incubated fractions) supports the notion of strong

organo-mineral interactions between clay-sized min-

erals and lipids (e.g., Lin and Simpson 2016).

Conclusions

Although inherent recalcitrance could be important

during earlier stages of SOM decomposition or in soils

with low aggregation, in our study, occlusion of OM

within aggregates and preferential preservation of

cutin/suberin-derived lipids via organo-mineral or

organo–organo interactions were responsible for

long-term SOM stabilization. The importance of

aggregation was particularly highlighted by consis-

tently higher concentrations of plant-derived biomo-

lecules in individually incubated fractions (disrupted

aggregation) as compared to POM fractions from

incubated bulk soils (intact aggregates), where less

recalcitrant biomolecules were protected against

decomposition. Our results indicate that lignin is not

specifically recalcitrant because a higher abundance in

the clay-sized POM was dependent on an intact

aggregation. As also the abundance of lignin and lipids

in mineral-associated OM was substantially influ-

enced by aggregation, our results demonstrate the
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strong interrelation of organo-mineral interactions and

aggregation for the stabilization of SOM. Thus, the

bioavailability of mineral-associated SOC likely

increases after the destruction of intact soil structures.

These results are consistent with recent conceptu-

alizations that emphasize the significance of mineral

matrix interactions for long-term stabilization of

SOM. However, these same conceptualizations of

SOM stabilization probably understate the contribu-

tion of plant-derived OM to stable SOM pools. Future

studies should evaluate the possibility that mineral-

associated OM contains substantial amounts of plant-

derived biomolecules, some of which might not be

released using typical methods such as base hydrolysis

or CuO oxidation due to strong organo-mineral

interactions.
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von Lützow M, Kogel-Knabner I, Ekschmittb K et al (2007)

SOM fractionation methods: relevance to functional pools

and to stabilization mechanisms. Soil Biol Biochem

39:2183–2207. doi:10.1016/j.soilbio.2007.03.007

Wagai R, Mayer LM, Kitayama K (2009) Nature of the ‘‘oc-

cluded’’ low-density fraction in soil organic matter studies:

a critical review. J Soil Sci Plant Nutr 55:13–25. doi:10.

1111/j.1747-0765.2008.00356.x
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