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Bodenkunde, Wissenschaftszentrum Weihenstephan für Ernährung, Landnutzung und Umwelt, TU München, D-85350 Freising-

Weihenstephan, Germany, and dSwedish University of Agricultural Sciences, Department of Soil Sciences, Box 7014, S-750 07

Uppsala, Sweden

Summary

We studied the quantitative and qualitative changes of soil organic matter (SOM) due to different land

uses (arable versus grassland) and treatments (organic manure and mineral fertilizer) within an agricul-

tural crop rotation in a long-term field experiment, conducted since 1956 at Ultuna, Sweden, on a Eutric

Cambisol. The organic carbon (OC) content of the grassland plot was 1.8 times greater than that of the

similarly fertilized Ca(NO3)2 treated cropped plots. The comparison of two dispersion techniques (a low-

energy sonication and a chemical dispersion which yield inherent soil aggregates) showed that increasing

OC contents of the silt-sized fractions were not matched by a linear increase of silt-sized aggregates. This

indicated saturation of the aggregates with OC and a limited capacity of particles to protect OC

physically. Thermogravimetric analyses suggested an increase of free organic matter with increasing

OC contents. Transmission FT-IR spectroscopy showed relative enrichment of carboxylic, aromatic,

CH and NH groups in plots with increasing OC contents. The silt-sized fractions contained the largest

SOM pool and, as revealed by 13C NMR spectroscopy, were qualitatively more influenced by the plant

residue versus manure input than the clay fractions. Alkyl and O-alkyl C in the silt-sized fractions

amounted to 57.4% of organic carbon in the animal manure treated plots and 50–53% in the other

treatments.

Introduction

Maintaining or increasing soil organic matter (SOM) is justi-

fied both from an agronomic and a climatic perspective

because it affects the capacity of the soil to sustain crop

growth, is an important factor in decreasing soil compaction

and erosion, and is also a source and possible sink of atmo-

spheric CO2-C (Paustian et al., 1997). Understanding the pro-

cesses that control SOM dynamics is the key to SOM

management. Land use and agricultural management practices

such as crop rotation, soil tillage and organic amendments can

affect SOM by influencing both the quantity and quality of

crop residues that are returned to the soil; they also influence

the rate of decomposition of added residues and native SOM

(Gregorich et al., 1994; Haynes & Beare, 1996).

The present paper aims at a better understanding of how

organic amendments are stabilized in agricultural crop rota-

tions based on a long-term experiment involving a permanent

grassland plot located at Ultuna, Sweden, and started in 1956.

Basic data on the turnover of C, N and S, temporal changes of

�13C and �15N values in bulk soil and particle size fractions, and

changes in physical soil properties and enzyme activities, have

been reported previously (Gerzabek et al., 1995, 1997, 1999,

2001a, 2001b, 2002; Haberhauer et al., 2001; Kirchmann et al.,

1996; Kirchmann et al., 2004; Kirchmann & Gerzabek, 1999).

Based on an earlier sampling of the Ultuna long-term experi-

ment in 1998, Gerzabek et al. (2001a, b) and Kirchmann

et al. (2004) discussed the quantitative changes of organic

matter in particle size fractions in detail. The main conclusions

were that: (i) input of organic matter of different stability

applied at the same rate of OC (2000 kg OC ha�1 year�1)

results in tremendous differences in organic carbon (OC)

stocks after four decades of treatment, such that green manure

plots exhibit 50% of the OC contents of peat plots; (ii) the silt-

sized fraction is the largest carbon storage pool (followed by
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the clay-sized fraction), being very responsive to changes of

OC quantity; (iii) a transfer of silt-sized OC to clay-sized OC

exists independent of whether organic matter is applied or not;

(iv) the clay-sized OC is the ultimate pool for stabilized OC

with greatest natural abundances of 13C and 15N; and (v) the

type of treatment does not significantly change bacterial

diversity.

The present study aims additionally at chemical character-

ization of the SOM in bulk soil and size separates, and at

linking this information to changes in the SOM pool sizes

obtained by physical fractionation. We then extend the study

to an adjacent permanent grassland plot. The significantly

different SOM contents in the treatments are due to various

amounts of organic matter input and varying recalcitrance of

this material. We addressed the question of whether the latter

is reflected by the SOM characteristics as revealed by Fourier

Transformed-Infrared Spectroscopy (FT-IR) (Antil et al.,

2005) and 13C-NMR spectroscopy (Leifeld & Kögel-

Knabner, 2005) and thermogravimetric (TG) analysis.

Materials and methods

Site description and soil sampling

The field experiment is in central Sweden near Uppsala (60�N,

17�E; elevation 14 m above mean sea level) on a Eutric

Cambisol (FAO). The parent material consists of postglacial

clay with illite as the main clay mineral. The mean annual

temperature is 5.5�C and the mean annual precipitation is

660 mm. A complete documentation of the experiment and

compilation of data can be found in Kirchmann et al. (1994).

In 1956, the soil (0–20 cm depth) had 15 g kg�1 of organic C,

1.7 g kg�1 of total N, and a pH of 6.6. The present pH values

range from 5.6 to 6.5 in the different treatments. The CEC of

selected treatments ranges from 109 (fallow) to 221 (grassland)

mmolcþ kg�1. The plots are very homogeneous with respect to

soil texture (coarse sand, 2000–200 mm, 43 g kg�1; fine sand,

200–63 mm, 195; silt, 63–2 mm, 526; clay, < 2 mm, 236). Only

the grassland plot exhibits slightly greater clay and smaller

sand contents. The area was used as arable land prior to

the experiment, animal manure being applied as fertilizer.

The experimental design consists of 14 treatments, laid out

with four replicates in a randomized block design, the only

difference between plots being the type of amendment. The

individual plots (2 � 2 m) were separated by pressure-treated

wooden frames. Four of the treatments, fallow (continuous

bare fallow), no N (plots did not receive N fertilizers),

Ca(NO3)2 (80 kg N ha�1 year�1), and animal manure (well

decomposed), were selected for the study. The application of

animal manure, analysed before use, was based on equal

amounts of ash-free OM amounting to an average of

2000 kg C ha�1 year�1. The OM was added by hand in the

autumn of 1956, 1960 and 1963, and thereafter every second

year. Tillage was performed by hand to a depth of 20 cm. Each

year in spring, all plots (including bare fallow) received a

dressing of 20 kg P ha�1 in the form of Ca-superphosphate

and 35–38 kg K ha�1 in the form of potassium chloride. The

following crops were grown alternatively in an irregular order:

cereals (mainly barley, Hordeum vulgare L., with some oat,

Avena sativa L., and spring wheat, Triticum aestivum L.) total-

ling 70% of the experimental period; rape crops (fodder rape,

oilseed rape, Brassica napus L., mustard, Sinapis alba L.)

totalling 25%; and fodder beet (Swedish turnip, Beta vulgaris

L. var. Crassa) 5%. At every harvest, the above-ground por-

tion of the crop was completely removed. Topsoil samples

(0–20 cm) were taken in October 2000 at several places in

each plot with an auger, mixed and air-dried. Samples were

taken only from four treatments (fallow, no N, Ca(NO3)2 and

animal manure) out of the seven treatments commonly fol-

lowed under the arable system. Three replicate plots were

sampled for each of the four treatments. In addition, for

comparison with the arable system, we also sampled in an

adjacent long-term grass ley (used as a meteorological station)

consisting mainly of English ryegrass (Lolium perenne L.)

established in 1973; it was fertilized with recommended levels

of inorganic blended fertilizer (N, P and K) and regularly cut

two to three times each summer with the harvest remaining in

place.

Size fractionation was accomplished with sieved samples

(� 2 mm) as described in detail by Stemmer et al. (1998). To

minimize destruction of labile particulate OM, the soil-water

suspension was dispersed using low-energy sonication

(0.2 kJ g�1 output energy) and then fractionated by a combi-

nation of wet sieving and repeated centrifuging. The micro-

aggregates in the silt-sized fraction are preserved by this

method and the impact on enzyme activities is very small

(Stemmer et al., 1998). Carbon and nitrogen and the abun-

dance of stable C-isotopes were measured according to

Gerzabek et al. (2001a, b). Bulk soil samples were also sub-

jected to chemical dispersion to obtain texture fractions. In

contrast to the sonication dispersion, this method destroys

microaggregates.

Sample preparation and analysis for transmission FT-IR

Only the bulk soil and the silt-sized fractions contained enough

total OC for FT-IR measurement. The sieved samples were

powdered in an agate mill. One mg of the homogenized agate-

milled samples was mixed thoroughly with 100 mg of KBr

(FT-IR grade). A pellet (13 mm diameter) was prepared

using a press (15 t cm�2) and immediately put into the sample

holder. FT-IR spectra were recorded with a Perkin-Elmer 2000

FT-IR spectrometer at 22 � 1�C. The resolution was set to

4 cm�1 and the operating range was 400–4000 cm�1. In all

cases, 20 scans per sample were recorded, averaged for each

spectrum and corrected against the spectrum for ambient air

as background. Corrected peak heights were obtained using

the Perkin-Elmer software Spectrum for Windows 1.3 (1996).
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The parameters for each peak were as follows: Base 1/peak/

Base 2 (all in cm�1) 3000/2920/2800; 1800/1730/1700; 1560/

1510/1490; 1490/1450/1400; 1190/1050/900. In order to quan-

tify the relative changes in the FT-IR spectra and for spectral

comparison, relative absorbance (rA) was calculated by divid-

ing the corrected peak height of a distinct peak (e.g.

2920, 1730, 1630, 1510, 1450, 1370, 1270 or 1050 cm�1) by

the sum of the heights of all peaks at 2920, 1730, 1630, 1510,

1450, 1370, 1270 or 1050 cm�1 and multiplying it by 100

(rA ¼ % of the sum of all peak heights from 2920 to

1050 cm�1). The band at about 3400 cm�1 is due to the

stretching vibration of bonded and non-bonded hydroxyl

groups. The band at 2920 cm�1 represents aliphatic C-H

vibrations of aliphatic methyl and methylene groups (Orlov,

1986). The band at 1630 cm�1 can be assigned to C ¼ O

vibrations of carboxylates and aromatic vibrations

(Stevenson, 1982; Piccolo et al., 1992). The band at 1450 cm�1

can be attributed to CH and NH (amide II) bending motions,

molecular skeleton vibrations and to C–O bond vibrations

(Hesse et al., 1995). A sharp and intense band in the 1050 cm�1

region indicates the presence of polysaccharides (Inbar

et al., 1989) and Si-O vibrations of clay minerals. Bands at

3630 (Si-O-OH), 800, 780, 700, 650, 590, 530 and 470 cm�1 are

due to inorganic materials such as clay and quartz minerals

(Orlov, 1986).

Thermal analysis

The soil samples were subjected to simultaneous thermal ana-

lysis (STA), which combines, in one measurement, thermogra-

vimetry (TG) with dynamic differential calorimetry (DSC).

The TG method determines the change in the mass of a

sample as a function of temperature, whilst DSC monitors

difference in heat flow to or from a sample and to or from a

reference as a function of temperature, while the sample is

subjected to a controlled temperature programme. For all

measurements a Netzsch STA 429 (Netzsch, Selb, Germany)

instrument with a DSC sample tray was used. Sample cup

material was Pt-Rh alloy. Sample size was 50 mg of air-dried

bulk soil sample. The soil samples were heated to a maximum

of 1050�C, and the heating rate was 20�C minute�1. During

analysis the oven was flushed with synthetic air at a flow rate

of 100 cm3 minutes�1.

Solid state 13C-NMR spectroscopy

The chemical composition of the SOM was determined by

cross polarization magic angle spinning (CPMAS) 13C-NMR

spectroscopy (Bruker DSX 200 at a frequency of 50.32 MHz).

A ramped 1H-pulse starting at 100% to 50% of the initial

power was given during a contact time of 1 ms to circumvent

spin modulation during the Hartmann-Hahn contact. A pulse

delay of 250 ms and a magic angle spinning speed of 6.8 kHz

was used. Between 200 000 and 400 000 scans were

accumulated. Line broadening between 100 and 150 Hz was

applied. The 13C-chemical shifts were calibrated relative to

tetramethylsilane (0 p.p.m.). The areas for different 13C reso-

nances were assigned according to Knicker & Lüdemann

(1995) as follows: �10–45 p.p.m. alkyl C, terminal methyl

groups, methylene groups in aliphatic rings and chains;

45–110 p.p.m. O-alkyl C, methoxyl groups and C6 of some

polysaccharides (45–60 p.p.m.), C2–C5 in hexoses, C of some

amino acids, higher alcohols and the aliphatic part of lignin

structures (60–90 p.p.m.), anomeric C of carbohydrates, C-2,

C-6 of syringyl units of lignin (90–110 p.p.m.); 110–160 p.p.m.

aromatic C, aromatic C–H and C–C carbons and guaiacyl C-2,

C-6 in lignin (110–140 p.p.m.), aromatic COR or CNR groups

(140–160 p.p.m.); 160–220 p.p.m. carboxyl C, carboxyl C, car-

bonyl C and amide C. Replicates of NMR-measurements were

not performed due to the long measurement times. However,

former studies showed standard deviations of less than 10%

(Diekow et al., 2005).

Statistical analysis

We undertook an analysis of variance (ANOVA) with

STATISTICA 6.0 (at http://www.statsoft.com). Within the

STATISTICA 6.0, after calculating ANOVA, we applied the

Duncan multiple range test to compare significance differences

within the treatments. Single linkage agglomerative cluster

analysis with Euclidian distances was performed.

Results

Table 1 gives an overview of OC and N contents in bulk soils

and particle-size fractions in the differently treated plots. Both

organic C and total N concentrations in bulk soil samples

from the upper 20 cm of the profile responded significantly

to 44 years of different treatments under both the arable and

grassland system. Compared with 1956 (15 g OC kg�1 soil,

1.7 g N kg�1 soil) the fallow treatment lost approximately

31% and 37% of its original organic C and total N concentra-

tions, respectively, whereas the animal manure treated plots

and the grassland system exhibited a much greater SOC level.

The SOC and total N concentrations remained fairly constant

in plots treated with Ca(NO3)2. OC and N accumulated sig-

nificantly under the grassland system compared with the ara-

ble plots in general and with the Ca(NO3)2 plot in particular

(which closely approximates the fertilization regime of the

grassland).

When comparing arable and grassland systems with respect

to C and N distribution in particle-size fractions, the largest

differences were found in the sand-sized fractions, with much

greater portions of OC present in grassland. Differences in N

were less distinct in this respect. In the grassland system, sand

fractions exhibited greater C:N ratios than in the arable sys-

tem. However, only small differences were observed in the fine

fractions (silt and clay) of both systems.
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Characteristics of soil organic matter

Previous papers showed that the 13C and 15N natural abund-

ances in bulk soil and particle size fractions were influenced

significantly by the management systems and the treatments

within the arable system (Gerzabek et al., 1997, 2001a, b). In

1956, organic C in bulk soil had an initial �13C value of

�26.3% and �15N values were around 8.4–8.9%. The grass-

land topsoil, sampled in 2000, had the following mean �13C

values (in % � SD, n ¼ 3): bulk, �27.12 � 0.05; coarse sand,

�27.74 � 0.26; fine sand, �27.88 � 0.04; silt, �26.99 � 0.04;

clay, �26.43 � 0.16. The �15N values were: bulk, 9.36 � 0.25;

coarse sand, 8.00 � 0.07; fine sand, 8.13 � 0.04; silt,

10.01 � 0.14; clay, 9.31 � 0.22. Compared with the fallow

plots (�13C ¼ �25.9% � 0.02 in bulk soil) and the initial

soil, the grassland plots exhibited more negative delta values

for C. The grassland plot showed significantly smaller �13C

values than all arable plots.

The �13C values of the grassland plot are dominated by the

plant residue input, and shoots had �13C values of approxi-

mately �27.1 � 0.9% (Gerzabek et al., 1997). These values

are best reflected by the coarse size separates. Cluster analysis

of all isotopic data of particle size separates (not shown)

revealed least similarity of the isotopic pattern of the grassland

system with all other treatments.

Figure 1 shows examples of transmission FT-IR spectra of

bulk soil under fallow and grassland. In general, the spectra of

the bulk soil and the silt-sized fraction in both systems are

comparable and show the same peak pattern. Intense bands

were recorded at about 3400 cm�1 (bonded and non-bonded

hydroxyl groups) and at 1630 cm�1 (C ¼ O vibrations of

carboxylates and aromatic vibrations). Other clearly visible

bands were at 2920 cm�1 (aliphatic C-H vibrations) and at

1450 cm�1 (CH and NH (amide II) bending motions, molecular

skeleton vibrations and carbon oxygen bond vibrations). A

sharp and intense band was recorded in the 1050 cm�1 region

(polysaccharides and Si-O vibrations of clay minerals). The

changes in the relative absorption of selected bands in the

bulk soil and silt fraction as a response to treatments within

the arable vs. the grassland system are summarized in Table 2.

The arable and grassland systems differed significantly and

these differences were similar in both the bulk soil and the

silt fractions. The relative absorption of the band at 1630 cm�1

(carboxylic groups and aromatic groups) and 1450 cm�1 (CH

and NH (amide II) groups) was greater in the grassland than

in the arable system. However, the relative absorption of the

band at 2920 cm�1 (C-H vibrations) was greater in the arable

system, especially in the bulk soil. For the band at 1050 cm�1

(Si-O vibrations), relative absorption was less in the grassland

versus the arable system.

The TG-analysis yielded reasonable estimates for soil

organic matter (Table 3), which were positively correlated

Table 1 Response of OC and N contents of bulk soil and particle-size fractions to different long-term treatments 44 years after start of the field

experiment. (means � standard errors, n ¼ 3 replicate plots)

Bulk soil

Coarse sand

> 200 mm
Fine sand

200–63 mm
Silt

63–2 mm
Clay

2–0.1 mm
Recovery1

%

g OC kg�1 bulk soil

Fallow 10.33 � 0.38a2 0.21 � 0.00a 0.48 � 0.03a 7.36 � 0.25a 2.01 � 0.13� 97

No N 12.74 � 0.13b 0.22 � 0.03a 0.77 � 0.09b 8.92 � 0.29b 2.26 � 0.05ab 96

Ca(NO3)2 14.55 � 0.34c 0.27 � 0.00a 0.96 � 0.05c 10.38 � 0.01c 2.43 � 0.24b 97

Animal manure 21.51 � 0.25d 0.43 � 0.00b 1.59 � 0.04d 14.97 � 0.37d 3.33 � 0.18c 95

Grassland 25.85 � 0.25e 1.37 � 0.11c 1.61 � 0.05d 17.13 � 0.34e 4.60 � 0.11d 96

g N kg�1 bulk soil

Fallow 1.08 � 0.02a 0.01 � 0.001a 0.04 � 0.006a 0.76 � 0.01a 0.25 � 0.01� 99

No N 1.20 � 0.02b 0.01 � 0.000b 0.07 � 0.019ab 0.84 � 0.02a 0.25 � 0.00a 97

Ca(NO3)2 1.45 � 0.05c 0.02 � 0.002c 0.07 � 0.001ab 1.08 � 0.06b 0.29 � 0.02b 100

Animal manure 2.01 � 0.04d 0.02 � 0.002d 0.18 � 0.027c 1.39 � 0.01c 0.35 � 0.02c 97

Grassland 2.46 � 0.02e 0.04 � 0.002e 0.09 � 0.012b 1.78 � 0.06d 0.55 � 0.01d 100

1Sum of fractions of bulk soil C and N.
2Different letters within columns indicate significance at P < 0.05.
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Figure 1 FTIR spectra of bulk soil of the fallow treatment and the

grassland plot.
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with the OC contents derived from the elemental analyser. The

SOM values derived from the weight loss in two peaks (mean

temperature c. 330�C and 440�C) showed the following regres-

sion function with the OC values obtained by measurements

using the elemental analyser: SOM (%) ¼ 1.68 OC (%)

(R2 ¼ 0.95, n ¼ 6, P < 0.01). Note that the temperature inter-

val of the main peak shifted between the differently treated soil

samples. The end temperature remained fairly constant at

416�C, whereas the starting temperature varied between 200

and 223�C and tended to decrease with increasing SOM

contents.

Figure 2 provides two solid-state 13C NMR spectra that are

representative for the silt- and clay-sized fractions. The silt-

sized fractions are dominated by O-alkyl C (110–45 p.p.m.)

followed by aromatic C (160–110 p.p.m.) (Table 4). The clear

signal between 160 and 140 p.p.m. is probably caused by

O-aryl C and indicates the presence of lignin derivatives.

This is supported by the pronounced resonance line between

60 and 45 p.p.m. in the chemical shift region of methoxyl C.

Given the C/N ratios between 8 and 11 (calculated from Table 1),

some N-alkyl C is also contributing to this chemical shift

region. The main difference in the SOM composition of the

Table 2 Mean relative absorbance (n ¼ 2 replicate plots, 20 scans per sample) in percentage of the sum of all selected peak heights of the FT-IR

spectra of bulk soil and silt-sized fraction after 44 years of different treatments

Relative absorbance as percentage of sum of selected peaks

2920/cm–1 1630 1450 1050

Bulk soil

Fallow 1.35g1 2.67a 0.11b 95.87bc

No N 0.62cd 2.90ab 0.12bc 96.36c

Ca(NO3)2 0.77ef 3.26bc 0.15bcd 95.82b

Animal manure 0.81f 3.16bc 0.17cd 95.86bc

Grassland 0.67de 4.80d 0.26e 94.27a

Silt-sized fraction

Fallow 0.41a 2.46a 0.04a 97.09d

No N 0.50ab 2.50a 0.06a 96.94d

Ca(NO3)2 0.55bc 3.46c 0.10b 95.89bc

Animal manure 0.56bc 3.37c 0.12bc 95.95bc

Grassland 0.54bc 4.77d 0.20d 94.48a

1Different letters within columns indicate significance at P < 0.05.

Table 3 TG DSC�1-analysis of selected bulk soil samples. Weight loss

and the temperature interval of the main weight-loss peak. n ¼ 3

Characteristics of the main peak (DSC)

Organic matter

(weight loss)

% � SE1 from�C2 to�C

Temperature

of maximum

height/�C

Fallow 1.9 � 0.02 223 416 338

Ca(NO3)2 2.4 � 0.03 213 416 342

Animal

manure

3.7 � 0.04 200 417 339

Grassland 4.6 � 0.05 201 416 337

1 Standard error.
2 Mean standard deviation: 1.9�C.

Silt Fraction - Animal Manure Treatment

Clay Fraction - Animal Manure Treatment

(a)

(b)

carboxyl C
aromatic C

O-alky C alky C

carboxyl C
aromatic C

O-alky C alky C

/ppm

350 300 250 200 150 100 50 0 –50 –150–100

/ppm

350 300 250 200 150 100 50 0 –50 –150–100

Figure 2 CPMAS 13C-NMR spectra of the silt- and clay-sized parti-

cles of the animal manure treatment 44 years after start of the field

experiment.
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silt-sized fractions caused by the different treatments is a

smaller aromatic-C content in the grassland (24%) and animal

manure plot (23%) than in the samples from fallow, no N and

Ca(NO3)2 (27–29%). Comparable aromatic-C proportions of

20% and 28% were recently reported for the silt-sized frac-

tions of a grassland soil and an arable soil in southern

Germany (Leifeld & Kögel-Knabner, 2005). No trend can be

discerned with respect to the content of alkyl C (45–0 p.p.m.)

and carboxyl C (220–160 p.p.m.). For clay-sized fractions

pronounced differences were found in the aromatic-C con-

tents, which were small for animal manure (19.5%) and fallow

(21.2%) and greater for the other treatments (more than 25%).

A similar pattern of carbon type distribution was found for

fallow and animal manure.

The organic matter composition of the silt- and clay-sized

fraction differed within a given treatment. The largest relative

deviations in this respect were up to 7% alkyl-C, 8% aromatic-

C and 5% carboxyl-C for fallow, fallow and animal manure,

respectively, In most cases carboxyl-C was more and O-alkyl

less prominent in the clay-sized particles than in the silt-sized

separates.

Discussion

Particle-size fractionation provides evidence for chemical

stabilization of soil organic matter in addition to physical

protection

Following the conceptual model of Six et al. (2002), a further

development of an earlier model provided by Jenkinson &

Rayner (1977), the protective capacity of a given soil consists

of two components: chemical stabilization based on the inter-

action of SOM with clay and silt particles and physical protec-

tion based on compartmentalization between substrate and

microbes due to microaggregate formation. Much evidence

has been provided for the concept of a ‘protective capacity’

in soils (e.g. Hassink, 1997; Stemmer et al., 1999). In contrast,

the idea of a selective enrichment of recalcitrant molecule

classes contained in plant residues like lignin or the phenols

in soil derived during decomposition of fresh OM has received

less support in the most recent literature (e.g. Rumpel et al.,

2004).

Our findings clearly support Hassink’s (1997) proposed

decrease in additional ‘protective capacity’ of soil particles

with increasing organic matter content in soil. Figure 3

shows the relationship between the OC content in silt-sized

particles and the absolute amount of silt-sized aggregates.

These were obtained as differences between the ultrasonication

(data not shown) and the chemical dispersion pretreatment

(texture fractions according to the ‘Material and methods’

section), the first preserving stable microaggregates and the

latter yielding primary silt particles. The curve plateau indi-

cates saturation of silt-sized particles with organic matter. The

additional OC in the silt fraction (OC in the silt fraction of the

respective treatment minus OC in the silt fraction of the fallow

treatment) increased from no-N to Ca(NO3)2, animal manure

and grassland (260, 336, 423, 514 mg OC g�1 additional stable

microaggregates, as compared with the fallow treatment,

respectively). Thus, most of the additional OC present in the

silt-sized fraction is probably not stabilized through physical

protection, but must be present as particulate OC or stabilized

by adsorption on mineral surfaces. Recently it was shown that

especially oxide surfaces contribute to the adsorption mechan-

ism (Wiseman & Püttmann, 2005). The TG analysis underlines

this. Bonding of SOM with inorganic material may affect the

temperature of the main weight-loss peak, causing a shift to

higher temperatures (Jocteur Monrozier et al., 1991). In fact,

the thermal transition of SOM occurred at a higher tempera-

ture if SOM contents were small (e.g. bare fallow; Table 3).

The smaller thermal stability of SOM in samples with greater

Table 4 Relative contribution of different C groups in percentage of

SOC of the different fractions based on the intensity distribution in the

CPMAS 13C-NMR spectra

Alkyl O-alkyl Aromatic Carboxyl & Carbonyl

Silt-sized fraction

Fallow 18.1 32.2 29.2 20.6

No N 20.6 32.4 26.9 20.0

Ca(NO3)2 19.2 33.1 27.7 20.0

Animal manure 22.1 35.3 23.2 19.5

Grassland 20.6 32.8 23.5 23.1

Clay-sized fraction

Fallow 26.6 27.9 21.2 24.3

No N 16.3 29.4 30.5 23.8

Ca(NO3)2 20.4 29.6 27.9 22.1

Animal manure 26.4 30.2 19.5 24.0

Grassland 21.1 33.2 25.7 20.1
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Figure 3 Relation of microaggregates (y, difference between ultrasoni-

cation and chemical dispersion pretreatment) and OC present in the

silt-sized fraction. ( y ¼ �0.1779x2 þ 6.3142x þ 46.123, R2 ¼ 0.998,

P < 0.001); bars are � one standard error. Data points from left to

right: fallow, no N, Ca(NO3)2, animal manure, grassland.
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OC content could indicate a larger portion of free OM not

occluded in mineral associations.

In contrast to the arable plots, the coarse sand fraction in

the grassland plot contained considerably more OC and N.

This observation is supported by findings of Leifeld & Kögel-

Knabner (2005) and Desjardins et al. (1994) and is an addi-

tional indicator for the slower breakdown of fresh OM in the

grassland topsoil; this is further supported by the wide C:N

ratio of the OM in the coarse sand fraction (as calculated from

Table 1).

A general decrease in C:N ratios with smaller particle sizes

has been reported by various authors (Stemmer et al., 1998;

Kandeler et al., 1999; Gerzabek et al., 2001b). Small C:N

ratios measured in fine fractions indicate increasing humifica-

tion of the SOM in the silt- and clay-sized fractions versus the

sand fraction. An additional explanation could be the enrich-

ment of N-rich microbial metabolites in the silt and clay frac-

tions. Such N-rich metabolites are known to be rapidly

included in soil humic fractions (Knowles & Barro, 1981). In

the Ultuna long-term experiment, microbial biomass was

greater in silt- and clay-sized fractions than in the fine-sand

fraction. This could be attributed to a greater microbial diver-

sity in fine fractions, as shown by a terminal restriction frag-

ment length polymorphism analysis, cloning and sequencing of

16 s-RNA genes (Sessitsch et al., 2001).

Differences in FT-IR and NMR spectra

Transmission FT-IR spectroscopy yielded significantly differ-

ent results for the various treatments (Table 2). Cluster analy-

sis of bulk soil and silt-sized fractions (not shown) using the

spectral data from 3000 to 2800, 1800 to 1560, 1490 to 1400,

and 1190 to 900 cm�1, revealed a clear difference between the

arable and grassland system (Figure 1). Within the arable

system, the closest similarity was found between animal man-

ure and Ca(NO3)2 plots and between no-N and fallow plots.

The increase in the relative absorption of the bands at 1630 cm�1

(carboxylic groups and aromatic groups) and 1450 cm�1

with increasing SOM contents indicated a relative enrichment

of carboxylic, aromatic, CH and NH (amide II) groups in bulk

soil and silt-sized samples. The OC contents of the soil samples

could be sufficiently described by three FT-IR bands

(2920 þ 1630 þ 1450 cm�1, Figure 4). We can conclude that

changes in organic moieties as indicated by aliphatic C-H

vibrations (2920 cm�1), C ¼ O vibrations of carboxylates

and aromatic vibrations (1640 cm�1) and CH and NH

(amide II) bending motions (1450 cm�1) contribute signifi-

cantly to total SOC content changes. The present study is the

first to show a quantitative relationship between FT-IR bands

and SOM in bulk mineral soil; to date, this was only known in

organic soil horizons (e.g. Haberhauer et al., 2000).

The 13C-NMR data provided more comprehensive informa-

tion about the chemical characteristics of SOM than the FT-

IR spectra. A series of 10 cluster analyses taking into account

either specific spectral areas (not shown) or total spectra from

�10 to 220 p.p.m. (Figure 2) were performed. For the silt-

sized particles, about 3–6% more aromatic C was detected in

plots receiving only root residues or no organic input (fallow,

no N and Ca(NO3)2) than in the grassland and animal manure

plots. Greater aromaticity in the silt fraction, which reflected

land-use change from grassland to arable, was also found for a

sandy Dystric Cambisol in southern Germany (Leifeld &

Kögel-Knabner, 2005), and a subtropical Acrisol in Brazil

(Diekow et al., 2005). The latter was explained by changes in

the microbial communities that alter the quality of the bio-

chemical products.

Compared with the silt-sized fractions of the other treat-

ments, the animal manure shows a slightly greater O-alkyl C

content (Table 4), possibly reflecting a greater input of straw

residues with the manure. The amount of microbial biomass

probably does not result in greater sugar contents because

biomass carbon does not differ significantly between the treat-

ments discussed here (Witter et al., 1993).

Another distinct between-treatment difference in the chemi-

cal composition of the silt-sized fractions was the content of

total alkyl C; the values were 57.4% in the animal manure

treatment and 50–53% in the other treatments (calculated

from Table 4). Correlations and cluster analysis showed the

greatest similarity between those treatments not receiving any

organic inputs or only roots (fallow, no-N and Ca(NO3)2)

(Figure 4, Table 5).

In the clay-sized fractions, the fallow and animal manure

treated plots were the most similar. Ca(NO3)2 showed some

similarity to the last two treatments, and no-N and grassland

were clearly separated (Figure 5). These observations are

quantified by the correlation coefficients shown in Table 5.

Note also the difference between the NMR patterns in silt- and

clay-sized separates of the fallow and animal manure treat-

ment (Table 4). We found a larger difference between the silt-

sized samples (r ¼ 0.87), but closer similarity between the

clay fractions (r ¼ 0.95). NMR-spectra correlation of the
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fractions. P < 0.05
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clay- versus the silt-sized fraction in the fallow treatment was

poorer (r ¼ 0.59) than the correlation between the respective

fractions of the fallow and animal manure treatments.

Considering that the long-term experiment was under standard

agricultural cultivation, including manuring prior to the

experiment in 1956, the clay-sized fraction of the bare fallow

plots (no OM since 1956) apparently preserved the typical

pattern of these animal manure inputs for more than

44 years. The other plots at least received plant residue

input; this also changed the SOM characteristics in the clay

fraction compared with the start of the experiment.

Conclusions

1 The grassland system in which the OM input was only

through crop residues had greater SOC and N concentrations,

and significantly smaller natural abundances of 13C, than the

arable plots. The NMR spectra showed similarities with those

plots receiving only plant residue input.

2 FT-IR spectroscopy revealed a relative enrichment of car-

boxylic, aromatic, CH and NH (amide II) groups in plots with

increasing OC contents.

3 Increasing OC contents in the silt fraction were not followed

by a linear formation of silt-sized aggregates (clay–OM asso-

ciations). Thus, OC in the silt-sized fraction was only partly

stabilized by physical protection. Particulate OC and adsorp-

tion to mineral surfaces were increasingly important, which

was also corroborated by thermogravimetric analyses.

4 13C-NMR patterns revealed that SOM in silt-sized fractions

was more influenced by the amount of plant residue inputs

than SOM in clay fractions.
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Table 5 Correlation coefficients (r) of CPMAS 13C-NMR of the region �10–220 p.p.m. (n ¼ 1212, all values are significant at P < 0.05). GL,

grassland; NoN, no nitrogen plot; CA, Ca(NO3)2; FA, fallow; AM, animal manure

Silt AM Silt FA Silt NoN Silt CA Silt GL

Silt AM – 0.87 0.92 0.92 0.94

Silt FA 0.87 – 0.94 0.96 0.89

Silt NoN 0.92 0.94 – 0.97 0.93

Silt CA 0.92 0.96 0.97 – 0.94

Silt GL 0.94 0.89 0.93 0.94 –

Clay AM Clay FA Clay NoN Clay CA Clay GL

Clay AM – 0.95 0.51 0.62 0.72

Clay FA 0.95 – 0.57 0.66 0.73

Clay NoN 0.51 0.57 – 0.93 0.89

Clay CA 0.62 0.66 0.93 – 0.88

Clay GL 0.72 0.73 0.89 0.88 –
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