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Abstract The interaction between minerals and organic mat-
ter (OM) is a key to the turnover of OM in soils. In particular,
clay minerals, iron oxides and charcoal are considered as
important constituents affecting the sequestration of carbon
(C) and nitrogen (N). Here, we incubated pre-produced artifi-
cial soils (842 days) and a natural soil (Ap, Luvisol) with 13C-
and 15N-labelled plant litter over 63 days to follow OM
turnover and the formation of organo-mineral associations
regarding different compositions (montmorillonite (MT), illite
(IL), montmorillonite + charcoal (MT+CH), illite + ferrihy-
drite (IL+FH)). The microbial biomass, salt extractable organ-
ic C, the isotopic C and N composition in the bulk soil and the

soil fractions (combined density and particle size fraction-
ation) were determined. By comparison of the artificial soils
with the natural soil, we were able to show that the produced
soil-like systems have OM dynamics comparable to the natu-
ral soil. We found out that the decomposition of the added
plant litter was affected by the type of claymineral that formed
the artificial soils, as the soil MT exhibited a slower
mineralisation compared to IL, which was in line with a lower
microbial biomass. Although a high specific surface area
(SSA) provides a high sequestration capacity for C and N,
smaller amounts were sequestered in theMTsoil with a higher
SSA compared to the soil IL. We suppose that a more inten-
sive decomposition is associated with a higher microbial
biomass and thus leads to higher amounts of microbial prod-
ucts sequestered in the clay-sized fraction. Charcoal and fer-
rihydrite had no additional effect in this experiment.

Keywords Clayminerals . Turnover . Organo-mineral
associations . Incubation . Stable isotopes . Artificial soils

Introduction

The decomposition of organic matter (OM) and the seques-
tration of organic carbon (C) and nitrogen (N) in soils received
a high interest during the last decades due to its relevance for
the global carbon cycle. The frequently discussedmechanisms
involved in the protection of OM against decomposition in
soils are the following: (i) selective preservation due to recal-
citrance of OM, (ii) spatial inaccessibility of OM against
decomposer organisms, and (iii) stabilisation by interaction
with mineral surfaces (Sollins et al. 1996; von Lützow et al.
2006). In early studies, it was found that small mineral parti-
cles are important for the sequestration of residues during
decomposition (Jenkinson 1977; Sørensen 1981). Sørensen
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(1981) supposed that clay particles increase the content of OM
in soils by forming organo-mineral associations which partly
protect OM against biodegradation. The protection of OM
against microbial degradation was often referred to the avail-
ability of mineral surfaces capable for adsorbing OM and the
formation of a soil matrix influencing the substrate availability
(Baldock and Skjemstad 2000; Oades 1984). Although the
sequestration of C and N by small particles is well established,
the effect of different minerals on the OM turnover and the
formation of organo-mineral associations remain an open
question.

Soil mineralogy has been shown to be important for the
determination of the amount of organic C stored in soils and
its turnover time (Barré et al. 2014; Torn et al. 1997). The
interaction between small mineral particles and OM is likely
affected by the soil mineralogy due to the different specific
surface areas (SSAs) and the surface charge of the various
minerals in soils (Feng et al. 2013; Six et al. 2002). Six et al.
(2002) found out by regression analyses that soils dominated
by 1:1 clay minerals (kaolinite) exhibited a lower sequestra-
tion of organic C compared to soils dominated by 2:1 clay
minerals (illite, montmorillonite, vermiculite). On the con-
trary, Wattel-Koekkoek et al. (2001) did not find differences
in organic C concentrations between soils containing 2:1 and
1:1 clay minerals. Saidy et al. (2012) revealed by analysing
sand-clay mixtures supplemented with an OM solution that
the organic Cmineralisation was significantly affected by clay
mineralogy, as they observed a higher organic C
mineralisation in the presence of kaolinite than in the presence
of illite or smectite. Bruun et al. (2010) concluded from
analysing the basal soil respiration in tropical soils of different
mineralogy that smectitic soils had a lower stabilising effect
on soil organic C than allophanic and kaolinitic soils. Thus,
our current knowledge about the effect of soil mineralogy on
the storage of OM is based on limited and conflicting data.
However, it is usually accepted that the soil OM sequestration
by minerals decreases in the following order: allophane >
smectite > illite > kaolinite (Bruun et al. 2010; von Lützow
et al. 2006). But, direct studies on the effect of clay mineral-
ogy on soil OM dynamics are rare (Feng et al. 2013). Inves-
tigations especially considering differences between montmo-
rillonite and illite are even neglected, although these clay
minerals provide different characteristics, e.g. cation exchange
capacity (CEC) and SSA.

One difficulty in analysing the relation between mineralo-
gy and OM stabilisation in natural soils is the association of
specific mineral species with different climatic conditions,
which alter the soil OM dynamics (Feng et al. 2013). Another
impediment is the complexity of natural soil systems, which
hampers finding a direct link between the clay mineralogy to
OM characteristics and the comparability of natural soils with
different clay mineralogy. Therefore, artificial soils provide an
effective tool for studying the interaction between minerals,

OM and microorganisms, as they serve as simplified systems
of known composition and initial conditions (Babin et al.
2013; Guenet et al. 2011; Pronk et al. 2013). Pronk et al.
(2012) produced artificial soils from well-known compounds
under defined conditions during an incubation time of
18 months. The authors showed that macro-aggregates and
organo-mineral associations were formed quickly (90 days)
from clean model materials. Using these soils, Pronk et al.
(2013) observed no differences neither in the mineralisation
nor in the organic C quantity and quality between artificial
soils with different mineralogical compositions after a single
manure application and short development times of the
artificial soils. Vogel et al. (2014a) found evidence for higher
organic C contents in artificial soils containing montmorillon-
ite compared to artificial soils formed from illite after an
additional manure application and longer development time.
Accordingly, when incubating pure minerals with an organic
substrate, no effect of the different mineralogy on the organic
C dynamics could be found (Pronk et al. 2013), but after
additional OM input and a longer incubation time, a trend to
higher organic C values in the artificial soils with montmoril-
lonite became apparent (Vogel et al. 2014a). This raised the
question whether the clay mineralogy affects the amount,
composition and dynamics of soil OM in pre-produced artifi-
cial soils with additional OM input and longer development
times.

A general problem in many studies analysing the effect of
clay mineralogy on soil organic C and N dynamics is the fact
that the mineralisation of added litter is not differentiated from
the stabilisation of OM in the fine fractions. Thus, confounded
effects of mineralogy on both processes are often observed
and cannot be discussed independently. The combination of
density and particle size fractionation with isotopic labelling
allows to obtain a process-oriented understanding about the
fate of litter-derived C and N through various soil fractions
and the development of organo-mineral associations. In this
study, we determined the fate of OM during fresh litter de-
composition in a short-term incubation by following the la-
belled litter and the distribution of organic C and N in fine-
sized fractions. By using pre-produced artificial soils with
defined mineral compositions for an incubation experiment
with 13C- and 15N-labelled plant litter in combination with a
fractionation approach, we were able to differentiate the com-
plex processes affecting C dynamics, i.e. OM mineralisation
and concurrent processes, leading to stabilisation of organic C
and N in the fine fractions.

The main objectives of our study were the following:

1. To study the decomposition of added labelled litter re-
garding the mineral composition in pre-incubated artifi-
cial soils

2. To investigate the sequestration of organic C and N de-
pendent on the composition of the artificial soils
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3. To assess the response pattern of the artificial soils
concerning the decomposition of the freshly added litter
material with regard to processes occurring in a natural soil

Material and methods

Material characteristics and experimental set-up

Four artificial soil compositions and a natural soil were used
for our short-term incubation experiment. We used pre-
incubated artificial soils, produced and described in detail by
Vogel et al. (2014a), with compositions varying in the pres-
ence of illite, montmorillonite, ferrihydrite and charcoal. De-
tailed information on the model materials (Table S1) and the
design of the artificial soils incubation were previously de-
scribed by Pronk et al. (2012) and Vogel et al. (2014a). In the
following, the different compositions are indicated by mont-
morillonite (MT), illite (IL), montmorillonite + charcoal

(MT+CH) and illite + ferrihydrite (IL+FH). The artificial soils
have been produced with a microbial inoculum derived from
the Ap horizon of a Luvisol under agricultural use (Scheyern,
Germany) and sterile manure under well-defined conditions.
These artificial soils have been pre-incubated for 842 days
with a second manure addition at day 562. All artificial soils
have been treated in the same way. The artificial soils were
restricted compared to those occurring in nature, and several
factors important for soil formation and aggregation like
wetting/drying and freezing/thawing cycles and the effect of
plants and soil animals were excluded from this experiment to
simplify the system. After 842 days, the soils were
homogenised, sieved to <2 mm and subsequently incubated
with labelled plant litter (Fig. 1). The artificial soils showed
pH values between 7.2 and 7.6 after the pre-incubation of
842 days. Additionally, material from the uppermost 5 cm of a
Luvisol Ap horizon (<2 mm) utilised to generate the microbial
inoculum was used as natural soil material (Fig. 1). The Ap
horizon was characterised by organic C contents of 16.0±
0.8 mg (g soil)−1, N contents of 1.8±0.1 mg (g soil)−1, a C/N

Ap - Luvisol Ar�ficial soil matured over 842 days 

Natural soilMT IL MT+CH IL+FH

unlabelled li�er labelled li�ercontrol

2 hours

7 days

21 days

63 days

A

B

Fig. 1 Scheme of the experimental set-ups. a Development of artificial
soils over 842 days (Vogel et al. 2014a). b Design of the experiment with
litter addition. Four pre-incubated artificial soils with montmorillonite

(MT), illite (IL), montmorillonite + charcoal (MT+CH), illite + ferrihy-
drite (IL+FH) and an Ap horizon of a Luvisol as a natural soil were used
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ratio of 9.0±0.4 and a pH value (CaCl2) of 6.6±0.1. The soil
exhibited clay and silt contents of 16.3 and 58.7 %, respec-
tively, and a sand content of 24.9 %. The Ap horizon showed
an oxalate extractable iron content of 3.3±0.0 mg (g soil)−1

and dithionite extractable iron content of 7.9±0.2 mg (g
soil)−1. The mineral composition of the clay fraction as re-
vealed by X-ray diffraction (XRD) is dominated by illite,
quartz, chlorite and mixed layer minerals. The litter material
derived from a 1:1 mixture of maize (Zea mays) and potato
(Solanum tuberosum) leaves and had an organic C content of
404.2±1.8 mg (g soil)−1, an N content of 23.3±0.0 mg (g
soil)−1 and a C/N-ratio of 17.3±0.1. The plant litter material
was labelled homogeneously. Therefore, plants were grown in
a green house setting using tents made out of airtight trans-
parent plastic (Esperschütz et al. 2011). Air recirculation was
achieved using six fans, which were located in the tent corners
and in the middle of the longitudinal sides of the tent. The CO2

in the tent’s atmosphere was subsequently replaced with
enriched 13CO2 (δ13C+170‰ V-PDB, Air Liquide,
Düsseldorf, Germany). The CO2 within the tent was main-
tained at 350 and 400 μmol mol−1 (monitored by a photo-
acoustic CO2-controller, calibration at 300 to 600 μmol mol−1

±2 %). Using this experimental set-up, an enriched 13C-atmo-
sphere of +140‰ V-PDB was established during the whole
plant growth period. The 15N label was introduced into the
plant biomass by adding 15N ammonium nitrate to the soil as
fertiliser which corresponded to a fertiliser amount of
100 kg ha−1, before plant growth started. The labelled plants
were harvested before flowering after a total growth time of 6
to 8 weeks. The 15N and 13C concentrations of the labelled
plant litter material were 6.1 atom-% and 4.9 atom-%. In
addition, unlabelled litter material was used.

Three treatments were investigated in this study (Fig. 1): (i)
soil with labelled litter, (ii) control treatments without litter
addition, and (iii) a treatment with unlabelled litter was incu-
bated to receive the natural abundance of 13C and 15N. For the
experiment, we homogenised 35 g of the sieved soil (<2 mm)
with 0.350-g litter (<200 μm). The control treatments were set
up in the same way without litter supply. After litter addition,
the soils were incubated for 63 days at 14 °C in the dark and
60%maximumwater-holding capacity. To maintain the water
content, the soil columns were moistened in a 2-day interval
using distilled water. Three replicated samples were taken at
four time points, directly after litter addition (after 2 h), after 7,
21 and 63 days. Only for the natural abundance treatment, one
column per time point was used. Samples were stored air-
dried at room temperature.

Salt extractable organic C and microbial biomass

For the determination of the salt extractable organic C
(SEOC), an aliquot of 5 g of fresh soil was shaken with
20 ml 0.01 M CaCl2 for 45 min. Afterwards, the supernatant

was filtered (4–7 μm, Whatman 595 ½, Bruchsal, Germany).
SEOC was determined on a Total Carbon Analyzer
(Shimadzu TOC 5050, Tokyo, Japan) by catalytic high-
temperature oxidation. Microbial biomass (Cmic) was deter-
mined according to the fumigation-extraction method of
Vance et al. (1987). An aliquot of 5 g of fresh soil was
fumigated for 24 h in a chloroform atmosphere followed by
an extraction as described above. Cmic was calculated as the
difference between Ctotal in fumigated (fum) and non-
fumigated (n-fum) samples using a kEC value of 0.45
(Joergensen 1995).

Atom-% 13C in the extracts was measured via online liquid
chromatography coupled with stable isotope ratio mass spec-
trometry (MAT 253, Thermo Fisher Scientific, Dreieich, Ger-
many) according to Krummen et al. (2004). The atom-% 13C
in microbial biomass (atom-% 13Cmic) was calculated as de-
scribed by Marx et al. (Marx et al. 2007):

13Cmic atom−%ð Þ ¼
atom−%13Cfum � Cfum

� �
− atom−%13Cn− fum � Cn− fum
� �� �

=Cmic

ð1Þ

where 13Cfum and 13Cn-fum are atom-% 13C values of the
fumigated and non-fumigated extracts, respectively, and Cfum

and Cn-fum are the respective C concentrations in milligrams
per litre.

C and N analyses and isotopic measurements

For further analyses, the bulk soil was dried at 40 °C. Aliquots
were ground and homogenised using a vibrating ball mill with
zircon-grinding tools (Fritsch, Pulverisette 23, Idar-Oberstein,
Germany). The samples were free of carbonates; thus, the total
C concentration equals the organic C concentration. Determi-
nation of C, 13C, N and 15N was realised in duplicate, using an
isotope ratio mass spectrometer (IRMS) (Delta VAdvantage,
Thermo Fisher Scientific, Dreieich, Germany) coupled with
an elemental analyser (Euro EA, Eurovector, Milan, Italy).
Appropriate standards were included for normalisation cor-
rection, instrument linearity and precision purposes (Werner
and Brand 2001). Values of the 15N and 13C atom-% excess
were calculated by subtracting the 13C and 15N enrichment of
the respective unlabelled soil (treatments with unlabelled lit-
ter) from the enrichments obtained from the labelled soil. All
calculated concentrations were determined from the atom-%
excess values.

Physical soil fractionation

In order to remove all free-labelled litter and to isolate the
organo-mineral associations, a combined density and particle
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size fractionation was conducted. Approximately 10 g of dry
soil material was saturated with 100 ml of sodium
polytungstate solution with a density of 1.6 g cm−3 and
allowed to settle over night. The floating particulate organic
matter (POM) fraction was extracted using a water jet pump.
The remaining slurry was ultrasonically dispersed (Bandelin,
Sonopuls HD 2200, Berlin, Germany; VS 70 T Sonotrode Ø
13 mmwith a liquid coverage of 1.5 cm) with an energy input
of 200 J ml−1 to disrupt soil aggregates. To remove the Na
polytungstate from the POM, the fractions were washed with
deionised water on a pressure filtration unit. The remaining
organo-mineral fraction was centrifuged several times with
deionised water until an electrical conductivity of <50 μS
cm−3 was reached. The mineral residues were wet-sieved at
63- and 20-μm mesh size to separate the sand- (>63 μm) and
coarse silt-sized fraction (20–63 μm). The soil material
<20 μm was separated into medium and fine silt (20–2 μm)
as well as in clay (<2 μm)-sized fractions via sedimentation.
All fractions were dried (40 °C) and weighed to obtain the
mass proportion of each fraction to the bulk soil.

In particular, the POM and the smaller mineral fractions
(medium and fine silt- and clay-sized fraction) were analysed
in more detail for C, 13C, N and 15N as described above for the
bulk soil samples. Values of the 13C atom-% and 15N atom-%
excess were calculated by subtracting the natural abundance
of the respective fractions of unlabelled soil (fractions of soil
with unlabelled litter) from the enrichments obtained from the
labelled fractions for each time step.

13C CPMAS nuclear magnetic resonance spectroscopy

Clay fractions of each labelled treatment were analysed for
their chemical composition by solid-state 13C CPMAS NMR
spectroscopy (Bruker DSX 200 NMR spectrometer,
Rheinstetten, Germany) using the cross-polarisation magic
angle spinning (CPMAS) technique. A resonance frequency
of 50.33 MHz, a spinning frequency of 6.8 kHz and a contact
time of 1 ms were used. The clay fractions obtained after 2 h
and 63-day incubation were analysed from two independent
replicates, additionally also the labelled litter and a clay frac-
tion from the control treatments. Pulse delays of 0.8 s were
used for all spectra. Depending on the C contents of sam-
ples, 505 scans for the litter and between 10,532 and 163,
545 scans for the clay fractions were accumulated. A line
broadening of 50 Hz was applied. The 13C chemical shifts
were calibrated against tetramethylsilane (0 ppm). The
relative contributions of the various C groups were deter-
mined by integration of the signal intensity in their respec-
tive chemical shift regions and were divided into four
major chemical shift regions (0 to 45 ppm: alkyl-C, 45 to
110 ppm: O-alkyl-C, 110 to 160 ppm: aromatic C, 160 to
220 ppm: carboxyl-C).

Data presentation and statistical analysis

Several statistical models were used to analyse, if our treat-
ments were depending on the soil composition. The models
were fitted using the software environment R (2014). The
other influence factor in our analysis was time. We mainly
applied two approaches to model our measured parameters. In
our first approach, we fitted a linear model to the parameters.
Besides the soil type, we used time as a categorical covariate.
For some of the parameters, we further included an interaction
effect between soil type and time. Since the distribution of the
residuals was not symmetric for all of the linear models under
consideration, we had to transform some of the parameters to
obtain the desired properties of the residuals. Hence, we
applied a Box-Cox transformation to some of the parameters.
In the most general case, our model fitted to the different data
sets was the following:

Y ¼ β0 þ β1⋅DIL þ⋯þ β4⋅Dnaturalsoil þ β5⋅Dt7 þ⋯þ β7⋅Dt63

þβ8⋅DIL⋅Dt7⋯þ β10⋅DIL⋅Dt63 þ⋯þ β19⋅Dnaturalsoil ⋅Dt63 þ ε;

ð2Þ

in which Y is either the parameter of interest itself or the
Box-Cox transformed parameter, Dk is a dummy variable
indicating the soil type k, k∈ {IL,MT+CH, IL+FH,
naturalsoil}, (MT) was chosen as reference category) and
Dt j is a dummy variable indicating the time level j∈{7,21,
63}. To compare the influence of different soil types and time
levels, we conducted a Tukey’s test using the R package
multcomp (Bretz 2011). In case the model included an inter-
action term, we compared different soil types within one time
level and the other way round.

In a second approach, we used time as a continuous
covariate. More precisely, we fitted the following time-
dependent model to the different 13C values, remaining
in the bulk soils over incubation time under consider-
ation

Y ¼ c0;k ⋅ 1 − exp −c1;k ⋅t
� �� �

; ð3Þ

in which Y is the parameter of interest, ci,k, i=0,1 are
unknown coefficients depending on the soil type k∈{MT,IL,
MT+CH,IL+FH,naturalsoil} and t denotes time. The coeffi-
cients were estimated by non-linear least square optimisation
using the function gnls from the R package nlme. In a post hoc
test procedure, the influence of different soil types was
analysed.

In a third approach, we tried to illustrate the differences
between the different soil types and time levels taking simul-
taneously all the 12 recorded parameter values into account. A
single observation is now given by 36 dimensional vectors
consisting of the 12 parameter values for each of the three
replications. The aim was to analyse the potential structure of
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these data sets. We therefore applied the classical multidimen-
sional scaling technique to the Euclidean distance matrix D
computed from the data matrix X. Roughly speaking, the
method computes an m -dimensional representation of our
36 -dimensional observations with m being smaller as 36,
such that

X 20

i¼1

X 20

j¼1
d2i j− d mð Þ

i j

� �2
� 	

ð4Þ

is minimised, where dij is the Euclidean distance between the
soil type time combinations i and j based on all 36 variables
and dij

(m) is the corresponding distance calculated from a m -
dimensional representation. For more details, we refer to
Everitt and Hothorn (2011). The larger the observed dissimi-
larity between two observations, the further apart the corre-
sponding points in the m -dimensional model will be.
Figures were prepared with SigmaPlot software (ver. 11.0,
Systat Software, Erkrath, Germany).

Results

SEOC and microbial biomass (Cmic)

For the artificial soil samples of the control treatments without
litter addition, the SEOC concentrations were in the range of
119.6 to 146.0 μg (g soil)−1 (Table S2), with slightly higher
values in IL soils than in MT. SEOC concentrations in the
natural soil were lower (21.5 ± 8.9 μg (g soil)−1). The highest
SEOC concentrations in all treatments where litter has been
added were measured at the beginning of the incubation
experiment (Table 1). The absolute highest values were found
in soil samples derived from IL and MT+CH, whereas SEOC
concentrations for MT and the natural soil were significantly
lower at this sampling time point (Table 1). The SEOC con-
centrations declined over time. At the last sampling time point,
concentrations were in the range of 14–31 % of the initial
values. The SEOC-13C concentrations followed the same
trend (Fig. S1). The microbial biomass in the control treat-
ments, without litter addition, ranged between 173.9 and

Table 1 Bulk properties of the artificial soils and the natural soil in the treatments with labelled litter

Bulk soil Incubation
time

MT IL MT+CH IL+FH Natural soil

Organic C
mg (g soil)−1

2 h 18.7 ±0.4 A a 16.1 ±0.6 A b 30.4 ±0.6 A c 16.9 ±0.6 A b 19.6 ±0.1 A a

7 days 16.6 ±1.1 B a 16.8 ±0.3 A a 29.5 ±0.4 AB b 16.2 ±0.5 AB a 18.7 ±0.0 AB c

21 days 17.1 ±1.0 B a 14.2 ±0.5 B b 28.8 ±1.1 B c 15.6 ±0.4 AB ab 18.7 ±0.5 AB d

63 days 16.7 ±0.1 B ad 15.3 ±0.5 AB ac 28.8 ±0.4 B b 15.1 ±0.1 B c 17.5 ±0.1 B d

N
mg (g soil)−1

2 h 1.8 ±0.0 A ac 1.6 ±0.1 AB bc 1.9 ±0.1 A a 1.7 ±0.1 A c 1.9 ±0.0 A a

7 days 1.7 ±0.1 B a 1.7 ±0.0 A a 1.8 ±0.0 A ab 1.7 ±0.0 A a 1.9 ±0.0 A b

21 days 1.8 ±0.1 AB ac 1.5 ±0.0 B b 1.8 ±0.1 A a 1.7 ±0.0 A a 1.9 ±0.0 A c

63 days 1.8 ±0.0 AB a 1.6 ±0.1 AB b 1.8 ±0.0 A ac 1.7 ±0.0 A ab 1.9 ±0.0 A c

C/N-ratio 2 h 10.2 ±0.0 A a 10.0 ±0.0 A ac 16.3 ±0.4 A b 9.7 ±0.1 A c 10.1 ±0.0 A ac

7 days 9.8 ±0.1 B a 9.9 ±0.1 A a 16.2 ±0.1 A b 9.3 ±0.1 B c 9.9 ±0.1 A a

21 days 9.5 ±0.1 BC ac 9.5 ±0.0 B ac 16.4 ±0.2 A b 9.3 ±0.1 B a 9.8 ±0.1 A c

63 days 9.5 ±0.0 C ad 9.5 ±0.1 B a 16.1 ±0.1 A b 9.1 ±0.1 B c 9.2 ±0.1 B cd

SEOC
μg (g soil)−1

2 h 520.7 ±8.5 A a 725.3 ±36.8 A b 736.0 ±47.1 A b 624.8 ±7.9 A c 164.6 ±3.1 A d

7 days 312.4 ±59.7 B a 303.2 ±25.3 B a 226.7 ±8.9 B b 284.6 ±39.1 B ab 48.8 ±2.7 B c

21 days 201.2 ±12.2 C a 225.8 ±34.8 C a 161.1 ±3.2 BC a 189.3 ±13.5 C a 20.3 ±3.5 B b

63 days 161.1 ±23.5 C ab 213.5 ±7.4 C a 127.9 ±16.7 C b 189.5 ±14.0 C ab 23.8 ±7.1 B c
13C
μg (g soil)−1

2 h 120.1 ±15.3 A a 142.1 ±8.1 A ab 146.8 ±12.4 A b 131.4 ±12.2 A ab 145.2 ±8.6 A b

7 days 119.9 ±15.4 A a 108.0 ±14.6 B ab 95.4 ±7.6 B b 117.2 ±3.3 A ab 109.2 ±4.7 B ab

21 days 98.5 ±5.7 AB ab 76.2 ±9.5 C a 83.6 ±3.4 BC ab 84.8 ±4.3 B ab 100.4 ±6.2 B b

63 days 80.9 ±5.0 B a 60.5 ±3.7 C a 71.9 ±3.6 C a 68.6 ±2.3 B a 68.2 ±1.2 C a
15N
μg (g soil)−1

2 h 12.6 ±0.7 A a 13.9 ±0.9 A a 14.5 ±0.5 A a 13.9 ±0.8 A a 14.7 ±0.7 A a

7 days 13.2 ±1.7 A ab 12.5 ±1.0 A ab 11.4 ±1.1 B a 14.1 ±0.1 A b 12.1 ±0.8 B ab

21 days 13.9 ±0.8 A a 10.3 ±1.2 B b 11.0 ±0.3 B b 12.9 ±0.6 A a 13.0 ±1.2 AB a

63 days 13.7 ±0.2 A a 10.2 ±0.1 B b 12.7 ±0.5 AB a 12.2 ±0.2 A ab 11.8 ±0.6 B ab

The determined organic C, N, SEOC, 13 C and 15N concentrations as well as C/N ratios of the artificial soils and the natural soil at the different incubation
times. Values are shown as mean with standard deviation of three independent replicates. Capital letters point to significant differences between time
points (n=3; p<0.05). Lowercase letters point to significant differences between soils at this time point (n=3; p<0.05)
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342.1 μg (g soil)−1 (Fig. 2), whereas the highest values were
measured in the natural soil (Fig. 2, n=12, p<0.01).
Concentrations in the control treatment did not differ
significantly in the artificial soils (Fig. 2, n=12,
p<0.01). Due to the litter addition, a two to four times
increase in microbial biomass was observed in all sam-
ples because of the litter addition reaching concentrations
of 598.3 to 818.4 μg (g soil)−1 (Fig. 2) and thereby
accounted for 2 to 5 % of the total organic C in the
respective soils. The amounts of microbial biomass were
significantly affected by the different soil mixtures
(Fig. 2). Highest concentrations were found in soil sam-
ples from IL, which were significantly different to the
artificial soils MT and IL+FH (Fig. 2, n=12, p<0.01),
where the lowest values were measured. Interestingly, the
litter application did not increase the microbial biomass
in the natural soil to the same extent as in the artificial
soils. The 13C label in the microbial biomass decreased
in all artificial soils over the incubation time (Fig. S2a)
from 15 to 3 %. For the natural soil, higher values were
only found at the early incubation phase (Table 1;
Fig. S2b).

Decomposition of added labelled litter

The amounts of organic C in the different soil mixtures varied
between 14.2 and 30.4 mg (g soil)−1 and decreased slightly

during the incubation in all soils. After 63 days, 13 % of the
initial organic C was mineralised in the natural soil. In the
artificial soils MT, IL, MT+CH and IL+FH, 10, 11, 9 and
14% of the initial organic C weremineralised. Overall highest
organic C values were found in the artificial soils containing
charcoal. The total N content did not differ between the
various soils (1.5 to 1.9 mg (g soil)−1) and was not affected
by the incubation time of the respective soil (Table 1). The
litter decomposition with simultaneous mineralisation of or-
ganic C and storage of N was also reflected by decreasing C/N
ratios in all soils over the incubation time (Table 1), except for
the soil MT+CH.

The added labelled litter was rapidly mineralised in all
soils, which is indicated by a much faster decrease of the
13C, which remained in the bulk soil compared to the total
organic C (Table 1) and followed an exponential decay
over the incubation time in all soils (Fig. 3). A significant
decrease in the 13C residues was found between the first
and second time sampling time point mainly for the artifi-
cial soils IL, also for MT+CH as well as the natural soil
(n=3; p<0.001). In contrast, the artificial soil MT showed
a significant difference in 13C concentration only after
63 days, compared to the first time step (n=3; p<0.001).
Overall, after 63 days, 60 % of the initial 13C was
mineralised in the artificial soil IL, whereas in the artificial
soil MT, only 47 % was mineralised. For the other soils
after 63 days of incubation, 53, 55 and 55 % of the initial
13C were mineralised in the artificial soils MT+CH, IL+FH
and in the natural soil, respectively.
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Distribution of total organic C and N in soil fractions

The total mass recovery of the soil fractionation was 97 ± 2 %.
The recovery of organic C in the soil fractions in relation to the
organic C of the bulk soil samples was 91 ± 5 %. Organic C
concentrations in the POM fraction were in the range of 0.3 to
5.5 mg (g soil)−1. The medium and fine silt-sized fractions
contained 1.9 to 7.8 mg organic C (g soil)−1 and 0.20 to
0.42 mg N (g soil)−1, respectively (Table S3). The organic C
concentrations in the clay-sized fraction ranged from 4.1 to
9.4 mg (g soil)−1. The N contents in the clay-sized fraction
showed values of 0.60 to 1.20 mg (g soil)−1 (Table 3).
Throughout all fractions, the clay-sized fractions showed the
highest organic C and N concentrations, while exhibiting the
lowest C/N ratios (Fig. 4a, b, Table 3). With percentages of 49
to 61% of the bulk soil organic C and N, these fractions stored
the highest amounts of organic C and N of all fractions in the
natural soil. In the artificial soils, the organic C and N con-
centrations in the clay-sized fractions accounted for 21 to
38 % of the bulk organic C and 34 to 44 % of the bulk N,
respectively. The distribution of organic C and N within the
soil fractions was influenced by the different soil composi-
tions (Fig. 4a, b). The artificial soil MTshowed the significant
highest organic C and N concentrations in the POM fraction
compared to the other soils, except for the organic C concen-
trations in the soil MT+CH (Fig. 4a, b, n=12; p<0.05). The
amounts of organic C and N contained in the POM fractions
were lowest in the soil IL compared to all artificial soils. The
natural soil had the smallest concentrations of organic C and N
in the POM fraction, as this soil exhibited all in all a low

mass-% contribution of POM. Overall, the artificial soils IL
and MT exhibited significant differences in the concentration
of organic C and N accumulated in the clay-sized fraction
(Fig. 4a, b, n=12; p<0.05). The artificial soils IL andMT+CH
showed the highest amounts of stored organic C and N in the
clay-sized fraction. However, the natural soil revealed highest
organic C and N concentrations compared to all other soils
(Fig. 4a, b).

Litter-derived organic C and N in the soil fractions

The amounts of 13C in the POM fraction showed a decrease
over the incubation time (Table 2). The highest 13C and 15N
amounts in the POM fraction were observed in the artificial
soil MTafter 63 days. The lowest 13C and 15N amounts in this
fraction were found in the soil IL and the natural soil at this
time. The 13C and 15N label was already detectable in medium
and fine silt as well as in the clay-sized fractions in the earliest
samples. During the incubation, the 13C declined significantly
in the medium and fine silt-sized fraction in all soils
(Table S3), except for the soil MT. The 15N increased signif-
icantly (n=3; p<0.01) from the first to the second sampling
time step (except for composition IL+FH). At a later time, the
15N amounts decreased in the soils IL, MT+CH, IL+FH and in
the natural soil (Table S3). For the artificial soil MT, no
significant decrease was observed. The 13C amounts in the
clay-sized fractions were between 15.5 and 50.4 μg (g soil)−1

(Table 3). The highest amounts of 13C were found between 7
and 21 days after incubation start. The 15N got enriched in all
soils in the clay-sized fraction over the incubation time
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(Fig. S3). After 63 days, the soil MT showed the highest 13C
and 15N amounts in the POM fraction. The 13C amounts in the
POM fractions with regard to the soil composition showed the
highest values in the artificial soils MT and IL+FH (Fig. 5a).
The soil MT revealed also the highest 15N amounts in the
POM fraction (Fig. 5b). Overall, the most litter-derived 13C
and 15N were found in the clay-sized fraction (Fig. 5a, b). The
soil MT and IL+FH accumulated the lowest 13C amounts in
the clay-sized fraction (Fig. 5a). In contrast, IL and MT+CH
revealed significantly higher 13C amounts. The highest
amounts of 13C and 15N were stored in the clay-sized fraction
of the natural soil (Fig. 5a, b).

Chemical composition of organic C in the clay-sized fractions
observed by solid-state 13C NMR spectroscopy

In Table 4, the chemical composition of organic C as relative
intensities of the chemical shift areas in the litter and the clay-
sized fractions of all soils at the beginning of the incubation
and after 63 days of incubation are summarised from two
independent replicates. Representative spectra of the soils
after 63 days are demonstrated in Fig. S4. The integration of
the chemical shift regions showed high relative intensities of
O/N-alkyl-C (66 %) in the litter and alkyl-C (22–30 %) in the

clay-sized fractions. Generally, lower intensities were found
for carboxyl-C (11–15 %) and aryl-C (7–20 %) (Table 4). The
contribution of O/N-alkyl-C to the chemical composition of
organic C decreased from 66 % in the litter to 38–42 % in the
clay-sized fractions at the end of the incubation. The relative
intensity of alkyl-C increased in this order from 16 % in the
litter over 22–26 % in clay-sized fractions after 2 h, to 27–
30 % in clay-sized fractions after 63 days. Compared to the
litter, the clay-sized fractions had less O/N-alkyl-C
(polysaccharides) and more aryl- and alkyl-C. This is also
reflected by the higher alkyl-C to O/N-alkyl C ratio in the
clay-sized fractions (Table 4). Overall, no differences between
the chemical composition of organic C in the artificial soil
compositions could be seen, except for the aryl-C intensity of
the artificial soil MT+CH generated by the charcoal in this soil
composition.

Differences between artificial soils and the natural soil

The multidimensional scaling plot of the control treatment
(five measured values) visualised that due to the higher or-
ganic C concentrations and higher C/N ratios, the soil MT+
CH did not cluster together with the other artificial soils. Here,
the dissimilarities between the soils were higher than the

Table 2 Properties of the POM fraction in the artificial soils and the natural soil

POM fraction Incubation time MT IL MT+CH IL+FH Natural soil

Organic C
mg (g soil)−1

2 h 5.5 ±1.1 a 2.7 ±0.6 a 3.3 ±0.7 a 3.8 ±0.3 a 0.9 ±0.2 a

7 days 4.8 ±1.9 a 2.7 ±0.3 a 3.3 ±1.4 a 3.8 ±0.9 a 1.8 ±1.5 a

21 days 4.0 ±0.4 a 2.3 ±0.6 a 4.7 ±0.6 a 3.6 ±1.1 a 0.4 ±0.2 a

63 days 5.1 ±0.1 a 2.2 ±0.3 a 3.7 ±0.9 a 3.3 ±0.1 a 0.3 ±0.1 a

N
mg (g soil)−1

2 h 0.47 ±0.08 a 0.24 ±0.05 a 0.26 ±0.04 a 0.33 ±0.03 a 0.04 ±0.01 a

7 days 0.46 ±0.20 a 0.25 ±0.03 a 0.24 ±0.08 a 0.36 ±0.09 a 0.11 ±0.09 a

21 days 0.40 ±0.04 a 0.20 ±0.05 a 0.33 ±0.02 a 0.35 ±0.11 a 0.03 ±0.01 a

63 days 0.51 ±0.01 a 0.21 ±0.03 a 0.26 ±0.05 a 0.31 ±0.01 a 0.02 ±0.00 a

C/N ratio 2 h 11.5 ±0.9 a 11.6 ±0.2 a 12.6 ±0.8 a 11.7 ±0.2 a 21.3 ±1.4 a

7 days 10.7 ±0.5 ab 11.0 ±0.5 ab 13.9 ±1.1 a 10.5 ±0.2 b 17.0 ±4.8 a

21 days 10.0 ±0.0 b 11.2 ±0.3 ab 14.1 ±1.0 a 10.4 ±0.3 b 15.2 ±4.2 a

63 days 10.1 ±0.2 b 10.5 ±0.2 b 14.1 ±0.8 a 10.7 ±0.2 b 16.7 ±4.6 a
13C
μg (g soil)−1

2 h 36.9 ±26.5 a 16.4 ±1.7 a 20.3 ±7.0 a 27.7 ±2.6 a 10.8 ±1.9 a

7 days 21.9 ±8.2 a 10.2 ±3.2 b 9.3 ±3.8 ab 16.1 ±5.3 b 5.3 ±1.7 b

21 days 11.4 ±2.1 a 4.2 ±2.4 c 7.8 ±2.8 b 10.2 ±5.7 b 1.1 ±0.3 c

63 days 18.3 ±1.8 a 0.8 ±0.1 c 3.5 ±1.6 b 6.6 ±2.1 b 0.4 ±0.1 c
15N
μg (g soil)−1

2 h 3.3 ±2.7 a 0.7 ±0.3 a 0.7 ±0.8 a 1.6 ±0.3 a 0.4 ±0.1 ab

7 days 2.5 ±1.5 a 2.0 ±0.6 b 3.1 ±2.1 a 1.6 ±0.5 a 1.2 ±0.7 a

21 days 1.2 ±0.2 a 0.9 ±0.4 a 1.7 ±0.5 a 1.6 ±1.0 a 0.2 ±0.0 b

63 days 2.6 ±0.1 a 0.2 ±0.0 a 0.8 ±0.4 a 0.9 ±0.3 a 0.2 ±0.0 b

The determined organic C, N, 13 C and 15N concentrations as well as C/N ratios are shown for the artificial soils and the natural soil at the different
incubation times. Values are given as mean with standard deviation of three independent replicates. Lowercase letters point to significant differences
between time points (n=3; p<0.05)
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sampling time point. Thus, the soil MT+CH and the natural
soil exhibited the highest dissimilarities compared to the soils
MT, IL and IL+FH (Fig. 6a). The multidimensional scaling

plot of the treatment with labelled litter (34 measured values)
indicated a higher effect of the sampling time points than the
influence of different soil compositions (Fig. 6b). Thus, the

Table 3 Properties of the clay-sized fraction in the artificial soils and the natural soil

Clay-sized fraction Incubation time MT IL MT+CH IL+FH Natural soil

Organic C
mg (g soil)−1

2 h 5.5 ±0.5 a 5.9 ±0.2 a 5.2 ±0.5 a 5.0 ±0.5 a 9.0 ±0.3 a

7 days 4.1 ±0.5 b 5.5 ±0.2 a 6.7 ±0.4 b 5.3 ±0.2 a 9.4 ±0.2 a

21 days 5.2 ±0.4 a 6.0 ±0.3 a 6.1 ±0.2 ab 5.4 ±0.5 a 8.9 ±0.4 a

63 days 4.8 ±0.1 ab 6.1 ±0.2 a 6.4 ±0.7 ab 5.1 ±0.5 a 8.8 ±0.1 a

N
mg (g soil)−1

2 h 0.66 ±0.05 a 0.69 ±0.05 a 0.56 ±0.05 a 0.59 ±0.05 a 1.15 ±0.04 a

7 days 0.52 ±0.06 b 0.67 ±0.03 a 0.72 ±0.04 b 0.64 ±0.02 a 1.20 ±0.03 a

21 days 0.64 ±0.03 a 0.72 ±0.04 a 0.66 ±0.01 ab 0.66 ±0.06 a 1.14 ±0.03 a

63 days 0.60 ±0.01 ab 0.73 ±0.03 a 0.71 ±0.08 b 0.63 ±0.06 a 1.15 ±0.01 a

C/N ratio 2 h 8.3 ±0.1 a 8.6 ±0.5 a 9.3 ±0.3 a 8.4 ±0.1 a 7.9 ±0.1 a

7 days 8.0 ±0.1 b 8.1 ±0.1 a 9.3 ±0.1 a 8.3 ±0.1 a 7.9 ±0.0 a

21 days 8.2 ±0.2 b 8.4 ±0.0 a 9.2 ±0.2 a 8.3 ±0.1 a 7.8 ±0.1 a

63 days 8.1 ±0.1 b 8.3 ±0.1 a 8.9 ±0.1 a 8.1 ±0.1 a 7.6 ±0.1 a
13C
μg (g soil)−1

2 h 21.2 ±2.4 a 28.1 ±2.6 a 25.3 ±3.6 a 20.8 ±2.4 a 32.7 ±2.3 a

7 days 15.5 ±2.5 b 31.5 ±1.7 a 39.6 ±4.9 b 28.2 ±2.0 b 50.4 ±5.7 b

21 days 26.0 ±1.1 a 32.1 ±2.3 a 33.5 ±0.5 ab 28.7 ±2.1 b 45.4 ±2.7 b

63 days 22.6 ±1.0 a 30.7 ±1.2 a 35.2 ±6.1 ab 27.1 ±1.8 b 35.8 ±1.3 a
15N
μg (g soil)−1

2 h 2.0 ±0.2 a 2.7 ±0.3 a 2.6 ±0.3 a 2.1 ±0.2 a 3.3 ±0.3 a

7 days 1.9 ±0.3 b 3.3 ±0.1 a 4.3 ±0.7 b 3.9 ±0.3 b 5.3 ±0.9 b

21 days 4.3 ±0.2 c 4.5 ±0.3 b 4.4 ±0.2 b 5.0 ±0.3 c 6.2 ±0.2 b

63 days 4.2 ±0.2 c 4.7 ±0.1 b 5.2 ±0.9 b 5.0 ±0.3 c 5.8 ±0.2 b

The determined organic C, N, 13 C and 15N concentrations as well as C/N ratios are shown for the artificial soils and the natural soil at the different
incubation times. Values are given as mean with standard deviation of three independent replicates. Lowercase letters point to significant differences
between time points (n=3; p<0.05)
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natural soil and the artificial soils did not differ greatly with
respect to the litter decomposition and the distribution of the
label in the soil fractions.

Discussion

The decomposition of fresh litter affected by soil mineralogy

In our experiments, the added 13C- and 15N-labelled litter was
rapidly mineralised in all soils, which was revealed by the
decrease of 13C in the POM fraction and the bulk soil. The
mineralisation of the added labelled litter was affected by the
mineralogy, as we found a significant difference in amount as
well as curve progression of the 13C label remaining in theMT
and IL soil (Table 1, Fig. 3). Significantly higher 13C and 15N

amounts in the POM fraction of the soil MTwere in line with
this observation (Fig. 5a, b). At the end of the incubation,
60 % of the initial 13C was mineralised in the IL soil and only
47 % in the MT soil. The natural soil as well as the artificial
soils MT+CH and IL+FH showed no differences in the de-
crease of the 13C label over the incubation time (Fig. 3) and
exhibited almost the same intermediate portion (55, 53, 55 %)
of mineralised 13C at the end of the incubation time. On the
whole, we found a faster decomposition of the added litter in
the artificial soil with illite compared to the artificial soil with
montmorillonite, whereas the other soils showed no differ-
ence. Several mechanisms on how mineralogy affects the
mineralisation of organic materials in soils are discussed.
For instance, it is assumed that clay minerals may directly
interact with microbes, thereby altering the rate of the micro-
bial metabolism, modifying the solution environment and
binding extracellular enzymes, and thus modify their activity

Table 4 The chemical composition of the organic C in the clay-sized fraction of each artificial soil and the natural soil after the incubation start and at
the end of the incubation (63 days) analysed by solid-state 13C CPMAS NMR spectroscopy, as well as of the litter added in the beginning

Chemical composition
of organic C

Integrated area (ppm) Litter Incubation time MT IL MT+CH IL+FH Natural soil

Carboxyl-C 160-220 % 11 2 h 13 ±0 13 ±1 13 ±1 12 ±2 13 ±1

63 days 15 ±0 15 ±0 15 ±1 13 ±0 14 ±1

Aryl-C 110-160 7 2 h 18 ±2 15 ±1 21 ±3 17 ±3 18 ±1

63 days 15 ±0 15 ±1 20 ±3 15 ±0 17 ±1

O/N-Alkyl-C 45-110 66 2 h 45 ±0 46 ±2 42 ±3 47 ±3 46 ±0

63 days 41 ±0 41 ±1 38 ±2 42 ±0 42 ±0

Alkyl-C 0-45 16 2 h 24 ±2 26 ±0 23 ±1 24 ±2 22 ±1

63 days 29 ±0 30 ±0 28 ±2 30 ±0 27 ±1

Alkyl-C/ 0.2 2 h 0.5 ±0.0 0.6 ±0.0 0.5 ±0.0 0.5 ±0.0 0.5 ±0.0

O-Alkyl-C ratio 63 days 0.7 ±0.0 0.7 ±0.0 0.7 ±0.0 0.7 ±0.0 0.6 ±0.0

The values of the soils are presented as mean with a standard deviation of two independent replicates
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and consequently the degradation of OM (Sollins et al. 1996;
Stotzky 1967, 1986). Physical protection of OM by the inter-
action with minerals also plays an important role for the
decomposition of OM, as this results in physical or chemical
inaccessibility of OM to the decomposer organisms (Baldock
and Skjemstad 2000; Oades 1984). In our study, the SEOC
followed a fast decrease over the incubation time and was
probably used as easily available substrate by microorganisms
(Table 1, Fig. S1). Directly after the incubation start, the soil
MT exhibited the lowest litter-derived 13C-SEOC concentra-
tions (Fig. S1). Differences in the sorption capacity of the
diverse clay minerals may have an effect on the decomposi-
tion of OM. Thus, the observed lower SEOC values directly
after the incubation start could indicate that the easily avail-
able organic C was more and/or stronger bound to the soil MT
and therefore protected from microorganisms. Saggar et al.
(1996) assumed that stabilisation of OM by adsorption on soil
surfaces is the principal mechanism controlling the OM de-
composition. The authors attributed a more rapid decomposi-
tion to lower surface areas, as in their experiment, and the 14C
decomposition was lower in smectitic soils (Saggar et al.
1996). But although the montmorillonite had a higher SSA
and smaller SEOC concentrations, we did not find higher
amounts of the label in the fine-sized fractions of the artificial
soils with montmorillonite compared to illite (Fig. 5a).We can
thus conclude that the size of SSA and the sorption of the
labelled OM on those are not decisive for the mineralisation,
as we further did not find a reduced mineralisation in the IL+
FH soil with a high SSA due to the ferrihydrite in this mixture.

The microbial biomass in the artificial soil MTwas signif-
icantly lower than in the artificial soil IL (Fig. 2). As the
mineralisation of OM is carried out by the soil microflora, it
was assumed that this process is at least partly regulated by the
size, activity and diversity of the microbial population
(Fontaine and Barot 2005). The supply of fresh organic sub-
strate increased the size of the decomposer population, which
was shown by the increase in microbial biomass of the la-
belled treatment compared to the control without litter addi-
tion (Fig. 2). As the amount of microbial biomass in the
control treatments was comparable for all artificial soils, it
seems that the growth of soil microorganisms induced by the
substrate addition was less in the soil MT (Fig. 2). Recently,
Wei et al. (2014) found out that higher clay contents promote
the OM decomposition by sustaining a greater microbial
biomass. The lower microbial biomass is in agreement with
the slower mineralisation rates in MT soil and hence seems to
be the reason for the slower decomposition of the added litter.
In the literature, contradictory effects of montmorillonite on
the degradation of OM are reported (Filip 1973; Haider et al.
1970). An inhibiting effect of higher montmorillonite concen-
trations due to limitations in O2 diffusion was reported by
Stotzky (1986). Filip (1973) stated in a review that clay
minerals of the smectite group were usually found to reduce

the rate of decomposition and promote the C accumulation in
soils. On the other hand, it was also indicated in the literature
that montmorillonite stimulates microbial activity and there-
fore the decomposition of OM, but this was mainly attributed
to the buffering capacity of montmorillonite (Haider et al.
1970; Kunc and Stotzky 1974; Stotzky and Rem 1966).
Although an effect of the mineral compositions on the estab-
lishment of different microbial communities was observed
(Babin et al. 2013; Ding et al. 2013), we were not able to
detect an effect of mineralogy on the OM decomposition in
previous studies (Pronk et al. 2013; Vogel et al. 2014a). For
this reason, it is unlikely that direct effects of the clay mineral
surfaces, either directly on the activity of the microorganisms
or indirectly by sorption on the mineral surfaces, are respon-
sible for the difference in decomposition. Moreover, the use of
stable isotope tracing allowed us to observe the difference in
decomposition between IL and MT soils. However, we as-
sume that the structural development in the artificial soils after
several OM additions may provide a potential reason for the
reduced decomposition in the artificial soil MT. As the aggre-
gation of soils is supposed to affect OMdynamics by influenc-
ing the microbial activity (Sollins et al. 1996), the structural
development of the artificial soils could serve as possible
explanation for the differences in decomposition. Aggregates
physically protect soil OM by forming physical barriers be-
tween microbes, their enzymes and the substrates which alto-
gether controls the microbial turnover (Six et al. 2002). Vogel
et al. (2014a) showed that artificial soils with montmorillonite
exhibited more macro-aggregates than the artificial soils with
illite after two OM additions and a development of more than
2 years. As the litter was mixed with the soils at the beginning
of the experiment, the reduced growth of the microbes in the
soil MTmight be explained by higher aggregation resulting in
an inaccessibility of substrate to the microorganisms.

Although we regarded charcoal and ferrihydrite as impor-
tant constituents, the partly substitution of the clayminerals by
charcoal and ferrihydrite had no additional effect on the de-
composition in this experiment. Charcoal particles were con-
sidered as important constituents by providing surfaces
supporting microbial growth and activity, leading to enhanced
decomposition (Lehmann et al. 2011; Wardle et al. 2008).
However, contradictory data have been published about the
effect of charcoal on the decomposition of OM, and the
mechanisms as well as the effects behind this remain to be
determined (Sohi et al. 2010). In our experiment, the charcoal
showed no effect on the decomposition, possibly due to the
fact that the charcoal used in the experiment is highly aromatic
(Pronk et al. 2012). Sorption of organic substrates to mineral
particles like ferrihydrite could provide an important mecha-
nism by which the bioavailability and capability for biodeg-
radation through soil microflora are reduced (Jones and Ed-
wards 1998). However, we did not find an effect of the iron
oxide on the decomposition of the added labelled litter. This
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could be due to the relatively high crystallinity of the ferrihy-
drite and the pH of around 7, which probably made the
ferrihydrite less reactive than respective minerals occurring
in natural soils. We can conclude that the surfaces of the
additional charcoal and ferrihydrite had no additional effect
on the decomposition of the freshly added litter material in this
experiment.

To sum up, the OM decomposition was significantly af-
fected by the clay mineral composition in the artificial soils, as
the soil MT showed a slower mineralisation rate than the soil
IL. The SSA of the respective minerals seems not to be
decisive for the decomposition of OM in this experiment.
The slower decomposition of OM in the artificial soil MT is
supposedly caused by its lower microbial biomass. Neverthe-
less, it has to be kept in mind that the differences in decom-
position between the two clay minerals are small.

Sequestration of organic C and N differs in the small-sized
fractions and depends on soil mineralogy

The litter-derived 13C and 15N labels were found in all fine
mineral fractions shortly after the start of the incubation ex-
periment (Table 3, Table S3). Thus, our data demonstrate a
fast formation of new organo-mineral associations. Right from
the beginning, the labelled litter-derived OM got attached to
the particles of the medium and fine silt-sized fraction, al-
though it got lost rapidly thereafter over the incubation time.
Hence, the medium and fine silt-sized fraction appeared as a
transient fraction for the litter-derived organic C and N. The
13C concentrations in the clay-sized fractions firstly got
enriched over the incubation time, which was then followed
by a small decrease, while the 15N concentrations increased
over the whole experimental time in the clay fraction of all
soils (Table 3). This was also reflected by a slight decrease in
the C/N ratios of the clay-sized fraction, indicating an enrich-
ment of N in the accumulated OM (Table 3). The accumula-
tion of 15N in the clay-sized fraction followed a growth curve
over the incubation time (Fig. S3), suggesting that the chem-
ical composition of the OM becomes dominated to a greater
extent by microbial residues and metabolites. Consequently,
the development of new organo-mineral associations in our
experiment can be divided into two phases. The first phase
reflects an instantaneous development of organo-mineral as-
sociations, indicated by an immediate enrichment of 13C and
15N in the fine organo-mineral fractions, which possibly re-
sulted from leaching of soluble litter-derived OM and sorption
to the fine mineral fractions after water addition. The second
phase was driven by transformation and maturation of added
OM by microbial activity, as demonstrated by the specific
progression of 13C and 15N.

Generally, the clay-sized fractions showed the highest
amounts of organic C and N as well as the highest litter-
derived 13C and 15N amounts per gram of soil (Figs. 4, 5),

but with a substantial effect of the varying mineral composi-
tion on the organic C and N sequestration. The soils IL and
MT+CH accumulated the highest amounts of label in the clay-
sized fraction compared to the other artificial soils (Figs. 4 and
5). Significant differences in the amount of organic C and N
and the litter-derived 13C accumulated in the clay-sized frac-
tion were observed between the artificial soils IL and MT
(Figs. 4a, b and 5a), with the soil IL sequestering more organic
C and N in the clay-sized fraction. This is in contrast to a
laboratory incubation experiment by Sørensen (1972), in
which different clay minerals and 14C-labelled carbohydrates
were added to soil-sand mixtures. The authors found a greater
contribution of carbohydrate-derived amino acids in montmo-
rillonite than in illite and kaolinite mixtures (Sørensen 1972).
Even though it was supposed that clays favour more and/or
stronger organic C-clay interactions due to their larger SSA
(von Lützow et al. 2006; Wattel-Koekkoek et al. 2003), we
found that the soil IL stored more organic C and N in the clay-
sized fraction than the soil MT with a higher SSA. As we
observed lower amounts of organic C and N in the clay-sized
fraction of the soil MT containing montmorillonite with a
higher SSA than illite, it is likely that the SSA is of minor
importance for the sequestration of organic C and N in our
experiment. It has to be kept in mind that over the long
preparation time of the artificial soil materials of more than
2 years, organo-mineral associations have already developed,
which may react differently compared to the clean mineral
surfaces and controlled OM binding in soils, although there
might be enough free mineral surfaces available. Vogel et al.
(2014b) found that already existing OM clusters were decisive
for the accumulation of new OM in the fine fraction of a
structured soil, rather than the large proportion of free mineral
surfaces. The differences we found in our early artificial soil
experiments with the results presented here on more devel-
oped artificial soils might indicate that freshly added pure
minerals react differently compared to minerals already incor-
porated in a soil-like structure.

Whereas the differences in the amount of sequestered or-
ganic C and N in the clay-sized fraction depended on the
mineralogy, the quality of the organic C bound to the min-
erals’ surfaces did not differ (Table 4). This is in contrast to the
assumption that the composition of clay-associated OM is
influenced by the type of clay minerals present, as it was
found that smectite-associated OM is higher in aromatic com-
pounds (Wattel-Koekkoek et al. 2001).

Contrary to our assumption that iron oxides and charcoal
serve as important constituents affecting the sequestration of
C and N, we did not find differences in C and N sequestration
caused by charcoal and ferrihydrite. Sorptive protection by
minerals like ferrihydrite was assumed to be a major mecha-
nism of the organic C sequestration (Kalbitz et al. 2005). But
even though the ferrihydrite in the artificial soil exhibits a high
SSA (Table S1), which could serve as important sorption site,
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we did not find an additional effect of the iron oxide on the
OM sequestration. The pH of the artificial soil IL+FH of
around 7, which is close to the point of zero charge of the
ferrihydrite, could have decreased the affinity of ferrihydrite
for OM.

Overall, we observed a faster mineralisation of the fresh
litter in the artificial soil IL (Fig. 3) and subsequently higher
amounts of organic C, N and 13C in the clay-sized fraction of
this soil (Figs. 4a, b and 5a), although usually, a faster
mineralisation is supposed to be associated with a lower se-
questration of organic C (Six et al. 2002). The lower amounts of
OM sequestered within the artificial soil MT seem to be affect-
ed by the microbial processing of the fresh litter material and its
necessity to transform the freshly added OM in forms that are
more likely generating organo-mineral associations (Miltner
et al. 2012). Consequently, we assume that the faster decom-
position in the soils IL resulted in higher amounts of microbial
metabolites accumulated in the clay-sized fraction and gener-
ated higher amounts of OM sequestered in the soil IL.

As Pronk et al. (2013) and Vogel et al. (2014a) did not find
differences in the amounts of organic C and N in the fraction
<20 μm with respect to the different mineral compositions of
the artificial soils, we suppose that several OM inputs are
necessary, until differences in the OM sequestration regarding
soil mineralogy emerge. It is conceivable that over the longer
production time of the artificial soils used in this experiment, a
soil structure developed which controls the OM sequestration
on the long-term.

Natural versus artificial soils: can artificial soils be used as
model for natural soils?

The development of artificial soils demonstrated the potential to
produce soil-like systems from clean minerals after the addition
of OM and a microbial inoculum, as organo-mineral

associations and aggregates were formed after several months
(Pronk et al. 2012). Nevertheless, there is no doubt that the
natural soil and the artificial soils used in this study differ from
each other with respect to their properties and functions. How-
ever, the question if an artificially produced soil-like system can
be used to study processes occurring naturally in soils remained
open. In our incubation experiment, we compared four artificial
soils with a natural Ap horizon (Luvisol) with a mineral com-
position dominated by chlorite, illite, quartz and mixed layer
minerals in the clay-sized fraction. Although the natural soil
exhibited the highest amount of microbial biomass compared to
the artificial soils in the control treatment, the mineralisation
rate of the added labelled litter showed no difference to the
artificial soils. As mentioned above (‘The decomposition of
fresh litter affected by soil mineralogy’), 55 % of the initial 13C
was mineralised in the natural soil, which was almost the same
percentage found for the artificial soils IL, MT, IL+FH and
MT+FH (60, 47, 55, 53 %). Chotte et al. (1998) observed that
51 to 64 % of the organic C were mineralised after 66 days in
natural soils amended with 14C-labelled glucose, starch, legume
and wheat. In a long-term study, Saggar et al. (1996) reported
that 35 to 52 % of the added material was mineralised in natural
soils. Thus, the mineralisation of organic C in the artificial soils
was in the same range as found for natural soils. As it is likely
that the natural and artificial soils have different microbial
communities, the samemineralisation of the added litter material
in the natural and artificial soils may also confirm the hypothesis
of functional redundancy of soil (Nannipieri et al. 2003).

The multidimensional scaling plot of the control treatment
illustrates the dissimilarities between the artificial soils and the
natural soil caused by the higher organic C and N and micro-
bial biomass as well as the smallest SEOC concentrations in
the natural soil (Fig. 6a). In the treatments with added litter, the
dissimilarities between the sampling time points were higher
than between the different soils. Due to the litter addition, the

Fig. 7 Enhanced decomposition
leads to higher organic C and N
sequestration in fine-sized frac-
tions modified by clay
mineralogy
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natural soil approximated the artificial soils (Fig. 6b); for
example, the microbial biomass in the natural soil was in the
same range of values found for the artificial soil after addition
of the labelled litter. Consequently, the artificial soils seem to
be appropriate as model systems for studying processes oc-
curring in natural soils, as they react similarly in laboratory
incubation experiments.

Conclusion

In our short-term incubation experiment, we could show that
the decomposition of fresh substrate in soils is affected by the
type of clay mineral present. Stable isotope tracing gave us the
opportunity to observe small differences between the pre-
produced artificial soils with illite or montmorillonite. In
general, the artificial soil MT exhibited a slower
mineralisation compared to IL, which was in line with a
smaller microbial biomass in this soil. These small differences
seem to remain hidden, if only total organic C is analysed. In
the present study, high litter amounts were mixed into the
soils, which are in natural soil ecosystems only occurring in
agricultural soils if minimal tillage is used in combination with
green manure application. This was mainly done due to the
thresholds of the used methods. Reduced amounts of added
litter may induce different lower microbial activity patterns
and thus may also influence organic C turnover in bulk soil. It
is an open question which fraction would be affected most by
reduced amounts of applied litter. Here, future studies are
needed to understand the role of litter amount and quality.

Furthermore, we found a differentiation in the OM seques-
tration with regard to the soil composition of the artificial
soils. Usually, a high SSA of a clay mineral is considered to
provide a high storage capacity for organic C and N. However,
we observed a smaller amount of organic C andN stored in the
MTsoil with the higher SSA compared to the soil IL. Charcoal
and ferrihydrite had no additional effect on the sequestration
in this experiment. Hence, the mineral surface area seemed to
be of minor importance for the storage capacity in the small-
sized fractions in our experiment. Certainly, the microbial
biomass was affected by the artificial soil composition. Thus,
the accumulation of microbial residues and products appeared
to be the most important factor influencing the sequestration
of organic C and N in the small-sized fractions, depending on
the microbial biomass. Consequently, the OM stabilisation in
the fine fraction seemed to be determined by the microbial
biomass decomposing OM, which is in turn controlled by the
soil mineralogy (Fig. 7). However, it remains an open question
if the clay minerals affect the microorganisms directly or
indirectly, e.g. by aggregation. As the discrepancies in the
decomposition of the labelled litter between the different clay
minerals are small, we suppose that several OM inputs and

longer development times are needed to reveal a differentia-
tion in the amount of stored organic C and N depending on the
different clay minerals, as we could not find a differentiation
depending on the mineralogy in former studies.

The mineralisation process in a natural soil of such an
incubation experiment was not different to the process in the
artificial soils developed under several OM inputs and more
than 2.5 years of incubation. Thus, it seems possible to produce
soil-like systems with OM dynamics comparable to natural
soils, from secondary minerals incubated with soil microorgan-
isms and repeated substrate addition over sufficient develop-
ment time. Overall, the artificial soils serve as valuable model,
where the interactions of soil minerals and OM decomposition
processes can be studied under well-defined conditions.
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