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a b s t r a c t

It is increasingly recognized that a detailed understanding of the impacts of land use on soil carbon pools
and microbially mediated carbon dynamics is required in order to accurately describe terrestrial carbon
budgets and improve soil carbon retention. Toward this understanding, we analyzed the levels of bio-
markers including phospholipid fatty acids, amino acids, monosaccharides, amino sugars, and several
indicators of labile and stabilized carbon in soil samples from a long-term agricultural field experiment.
Our results imply that the composition of soil organic carbon (SOC) strongly depends on both the applied
fertilization regime and the cultivated crop. In addition, our approach allowed us to identify possible
mechanisms of microbial growth and contributions to soil carbon storage under different long-term
agricultural management regimes.

Amino acids and monosaccharides were quantitatively the most dominant biomarkers and their levels
correlated strongly positively with microbial biomass. The relative contributions of the studied bio-
markers to the total SOC varied only slightly among the treatments except in cases of extreme fertil-
ization and without any fertilizer. In case of extreme fertilization and with alfalfa as crop type, we found
evidence for accumulation of microbially derived monosaccharides and amino acids within the labile OC
pool, probably resulting from soil C saturation. Interestingly, we also found an accumulation of micro-
bially derived monosaccharides and amino acids in completely unfertilized plots, which we assumed to
be caused by the smaller pore space volume and subsequent oxygen limitation for microbial growth.
Mineral fertilization also had substantial effects on soil organic N when applied to plots containing al-
falfa, a leguminous plant. Our results demonstrate that over-fertilization, fertilizer type, and the culti-
vated crop type can have major impacts on the turnover and composition of soil organic carbon, and
should be considered when assessing management effects on soil C dynamics.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Terrestrial ecosystems represent the largest global pool of
organic carbon (Batjes, 1998; Janzen, 2005). There is an increasing
need to understand the cycling and storage potential of organic
carbon in terrestrial ecosystems to mitigate climate change and
improve sustainability, especially in agriculturally managed sys-
tems since these represent around 40% of all land on earth (Smith
et al., 2008). Efficient management of carbon and nitrogen flows
will be required to reduce CO2, CH4, and N2O emissions due to
agriculture and to increase carbon stocks in agricultural ecosystems
(IPCC, 2007). However, it is difficult to evaluate the efficiency of a
specific management strategy if one cannot account for all of the
factors that may affect the dynamics of C and N in the soil and their
interactions with one-another. One such factor is the use of organic
and inorganic fertilizers, which directly or indirectly increase the
input of C into the soil and change the availability of nutrients, the
soil structure, and the abiotic conditions in the soil environment
(Campbell et al., 1991; Marschner et al., 2003). The crop type can
also influence soil organic carbon (SOC) turnover due to the
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different physiological and morphological characteristics of
different plant species. Important characteristics can include root
architecture, nutrient demand, water use efficiency, and the
quantity and composition of root exudate (Dakora and Phillips,
2002; Jastrow et al., 2007; Marschner, 2012). Due to the close in-
teractions between plants and soil microorganisms, plantemicrobe
interactions and the growth, activity and composition of crop-
specific microbial communities have profound effects on C and N
dynamics. A well-known example of this is that legumes are often
used in agriculture to improve the availability of N and other
mineral nutrients based on their ability to form symbioses with N-
fixing bacteria and arbuscular mycorrhizal fungi (Paustian et al.,
1997a; Wilson et al., 2009; Lal, 2010).

Investigations of soil properties using pyrolytic techniques (Py-
FIMS, Py-GC-MS) have demonstrated that fertilization and crop
rotation affect the SOC composition by altering C and N dynamics
within or between several organic carbon pools (Schmidt et al.,
2000; Leinweber et al., 2008). The organic carbon (OC) content of
non-protected or labile carbon pools is affected directly by the
supply of new nutrients and microbial growth, and can be rapidly
degraded (Wander, 2004). Management-induced effects on the
availability of C, N and P or the oxygen content, pH or temperature
of the soil can change the rates of microbial metabolism and
decomposition, which can result in quantitative and qualitative
changes in the labile OC pool (Tiedje et al., 1984; Knorr et al., 2005;
Davidson and Janssens, 2006; Curiel Yuste et al., 2007; Rousk et al.,
2009; Hartman and Richardson, 2013). Since rates of OC production
and utilization may compensate each other, variations in contents
of total labile OC may not be measurable. Even though the total
labile OC content may not change, the decomposition and incor-
poration of plant derived labile OC into microbial biomass may
cause a shift in the proportions of OC from different sources,
resulting in an altered composition of SOC.

Conversely, OC in protected carbon pools is more resistant to
depletion and such pools exhibit low turnover rates. Factors that
impede the decomposition of organic constituents include forma-
tion of stable complex chemical structures, physical protection by
occlusion into micro-aggregates, and chemical protection by
interaction with minerals and metal ions (Sollins et al., 1996;
Lützow et al., 2006). Microorganisms can enhance the proportion
of OC in the protected pool by producing complex organic com-
pounds and promoting aggregate formation around fungal hyphae
or bacterial exopolysaccharides. While estimates of total soil
organic C are generally based on the size of the protected or sta-
bilized OC pool, most C models predict that SOC levels increase
linearly with C input, which has been confirmed for a large number
of long-term agricultural field experiments (Paustian et al., 1997b;
Huggins et al., 1998; Kong et al., 2005). However, the protective
capacity of the soil may be limited, especially if it was originally rich
in OC, resulting in C saturation, or in other words, a limit to
observed linear responses despite further increase of C input
(Hassink, 1997; Hassink et al., 1997; Six et al., 2002; Wiesmeier
et al., 2014). It is currently not entirely clear how saturation of
the protected pool affects OC turnover within the non-protected OC
pool. In addition, little is known about how microbial mediation of
OC stabilization and cycling are influenced by the impact of fertil-
ization on plantemicrobe interactions. To address these questions,
it is necessary to consider physical, chemical and microbiological
factors simultaneously.

Biomarkers such as phospholipid fatty acids (PLFA) and amino
sugars (AS) have been used extensively to study environmental im-
pacts on living microbial communities and the accumulation of
microbial residues, respectively (Bossio et al., 1998; Guggenberger
et al., 1999; Amelung et al., 2001; Amelung, 2003; Jangid et al.,
2008). Although monosaccharides (MS) and amino acids (AA) are
ubiquitous in the biosphere, they can also be used as biomarkers for
microbially derivedC andN to someextent. For instance, proportions
of bacterial to plant derivedmonosaccharides can be reflected by the
ratios of C6:C5 (mannose þ galactose)/(xylose þ arabinose) and
deoxyC6:C5 (rhamnose þ fucose)/(xylose þ arabinose) (Murayama,
1984; Oades, 1984). For amino acids, meso-Diaminopimelic acid as
well as D-enantiomers of alanine and glutamic acid build up the
peptidoglycane layer of bacterial cell walls and have been used to
indicate bacterial residues (Grant and West, 1986; Amelung, 2001;
Amelung and Zhang, 2001). However, it is important to recall that
MS and AA account for a significant proportion of both microbial
biomass C and SOC and TN (Neidhardt et al., 1990; Senwo and
Tabatabai, 1998; Friedel and Scheller, 2002; Martens et al., 2004).
At present, little is known about the mechanisms that are respon-
sible for the stabilization or destabilization of the biomarkers
mentioned above, and the factors that govern thesemechanisms are
similarly challenging to understand.

Our aim in this study was to investigate the effects of long-term
fertilization on C and N dynamics under different crop types, and
the resulting impacts on SOC composition. This was done using an
integrated approach in which chemical and physical parameters
were monitored along with four separate biomarkers: PLFA, AS,
MS, and AA. We hypothesized that high C inputs due to the long-
term addition of organic and/or mineral fertilizer would enhance
the stabilization of AA, MS and AS in the soil and increase the
contribution of C from the selected biomarkers to the total SOC.We
also expected the crop type to influence SOC composition by
affecting OC decomposition rates, via plant-induced changes in
the availability of labile OC and mineral nutrients, interactions
with associated microbial communities, and changes in soil
structure.
2. Materials and methods

2.1. Study site description and sampling

The experimental basis for the study was the Static Fertilization
Experiment Bad Lauchst€adt (SFEBL), Sachsen-Anhalt (Germany).
This long-term experiment was initiated in 1902 in order to
investigate the effects of organic and mineral fertilization on crop
yield, crop quality, and soil fertility. The experiment's soil type is a
Haplic Chernozem (FAO) (USDA: Mollisol) consisting of 21.0% clay,
67.8% silt and 11.2% sand. The mean annual temperature and pre-
cipitation at the site are 8.8 �C and 480 mm, respectively
(K€orschens, 2002). A comprehensive description of the experi-
mental site and treatments has been given by K€orschens (2002).
The crop rotation is sugar beet, spring barley, potatoes, and winter
wheat. On one of the six strips of the experiment, legumes have
been included in the rotation since 1924, replacing sugar beet and
spring barley every 7th and 8th year. Since 1970 alfalfa (Medicago
sativa L.) has been the only legume species cultivated during this
7th and 8th year legume rotation. The level of mineral fertilization
(NPK) depends on the crop that is being cultivated and the amount
of farmyard manure (FYM) that is applied, and ranges from 60 to
170 kg ha�1 yr�1 N, 12 to 60 kg ha�1 yr�1 P, and 50 to
230 kg ha�1 yr�1 K. Farmyard manure is applied every second year
during the cultivation of root crops (i.e. potatoes or sugar beet).
When alfalfa is cultivated, it generally follows winter wheat and
receives farmyard manure and only PK in the mineral fertilized
treatments before seed drilling. The treatment effects on soil
organic carbon and nitrogen as well as on crop yields are proved on
the basis of repeated soil samplings (annually or biannually since
the 70th of the last century) and annual measurements of crop
yields and nutrient uptake by the crops and documented in a range
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of research articles (Kandeler et al., 1999; B€ohme and B€ohme, 2006;
Merbach and Schulz, 2012).

This work focused on five different fertilizer treatments and an
unfertilized control treatment (NIL). The five fertilization regimes
were: mineral fertilizer alone (NPK), 20 t FYM ha�1 2yrs�1 (FYM1),
20 t FYM ha�1 2yrs�1 plus NPK (FYM1þNPK), 30 t FYM ha�1 2yrs�1

(FYM2), and 30 t FYM ha�1 2yrs�1 plus NPK (FYM2 þ NPK). The
influence of the crop type as a biotic factor was investigated by
sampling soil from one strip that was cultivated with alfalfa and
another that was cultivated with sugar beet (Beta vulgaris L.) at the
time of sampling, for each of the fertilization treatments listed
above. Because the specific crops we sampled were fromwithin the
context of long-term management that was equal, with the
exception of the 7th and 8th year alfalfa cultivation on the alfalfa
strip, we were able to investigate both a long-term and immediate
influence of including alfalfa in crop rotations. Further, while “sugar
beet” is discussed, it must be noted that our sampling of sugar beet
represents both immediate effects of this crop, and long-term ef-
fects of a crop rotation absent of alfalfa. Five representative sub-
samples per treatment were taken from the plough horizon
(0e20 cm) at the end of cultivation (June 2010 for alfalfa, October
2011 for sugar beet). Soil samples were sieved to<2mm, and stones
and visible plant residues were removed. Portions of the fresh and
sieved soil were frozen at �20 �C immediately after the sampling
for biomarker analysis (see below). Mineral N was analysed in fresh
and frozen soil samples. Other chemical parameters were deter-
mined using air-dried soil samples.
2.2. Chemical and physical characterization of the soil

2.2.1. SOC, TN and labile OC and N
Total carbon (TC) and total nitrogen (TN) were determined via

combustion in a C/H/N analyser (Vario El III, Elementar-Hanau). No
inorganic C was detected, so the reported TC values represent the
total soil organic carbon (SOC).

Hot water extraction was performed to quantify the labile OC
pool, i.e. the potentially mineralizable and decomposable fraction
of the total SOC (Weigel et al., 1998). This was done by boiling a soil/
water suspension (1:5, w/v) for 1 h under reflux, according to the
method of Schulz (2002). After cooling to room temperature, 0.1 ml
of 1 M MgSO4 was added to facilitate soil sedimentation, followed
by centrifugation for 10 min at 6700 g to obtain clear extracts. All
water extracts were filtered (0.45 mm Minisart single-use syringe
membrane filters RC 25, PP-housing, Sartorius AG, G€ottingen, Ger-
many) prior to the determination of their hot water extractable C
and N (HWC, HWN) concentrations (mg kg�1), which was done
using an elemental analyser for liquid samples (Micro N/C and
Multi N/C, Analytik Jena, Germany).
2.2.2. Additional soil chemical parameters
Fresh soil samples from each treatment were used for the

determination of the pH, ammonium-N (NH4
þ-N), and nitrate-N

(NO3
- -N). NH4

þ-N and NO3
--N were extracted with 1 M KCl (1:4 w/

v, soil: KCl) from10 g soil by shaking for 1.5 h. After sample filtration
(Whatman Schleicher & Schuell 595 1/5 Ø 270 mm), the concen-
trations of NH4

þ-N and NO3
�-Nweremeasured using a flow injection

analyser (FIAstar 5000, Foss GmbH, Rellingen, Germany). The soil
pH was measured from slurries prepared bymixing 25ml of 0.01 M
CaCl2 and 10 g of air-dried soil. The soil bulk density was deter-
mined by measuring five soil cores of 5 cm depth and 5.6 cm
diameter that were taken from each plot after removing the up-
permost 10 cm of soil. This was done to ensure that the measured
bulk density was representative of the ploughing layer, which is
located 10e15 cm below the soil surface.
2.3. Analysis of biomarkers

2.3.1. Phospholipid fatty acids
Phospholipid fatty acids were analysed using a modified variant

of the method described by Bligh and Dyer (1959). In brief, soil
samples (2 g each) were extracted three times using a chlor-
oformemethanolecitrate buffer mixture (2:4:1.8 v/v/v). After
phase separation, the chloroform layer dried under a flow of N2 and
re-dissolved in a smaller 300 ml volume of chloroform. Phospho-
lipids were then separated from neutral- and glycolipids by solid
phase extraction columns pre-conditioned with chloroform
(SPE-SI; Bond 207 Elute, Varian, Palo Alto, USA). Phospholipids
were converted into fatty acid methyl esters by mild alkaline
methanolysis in a KOH solution prior identification and
quantification.

Individual PLFA peaks were identified and quantified using
coupled gas chromatography-mass spectrometry (GCeMS) with a
13:0 internal standard (Vestal and White, 1989; Zelles et al., 1992;
Frostegård and Bååth, 1996). To ensure that PLFA-C levels could
also be used to represent microbial biomass C, only phospholipid
fatty acids with alkyl chains of fewer than 20 carbon atoms were
considered.

2.3.2. Amino acids
For the determination of amino acids, 2 g of soil was hydrolysed

with 6 M HCl for 22 h at 110 �C (Macko et al., 1997). Trans-4
(aminomethyl) cyclohexanecarboxylic acid was added to each
sample prior to hydrolysis as an internal standard, at a concentra-
tion of 400 mg per sample. The hydrolysates were then filtered (GF6,
Schleicher & Schuell, FRG), dried (Multivapor P-12, Büchi, Essen,
Germany) and redissolved in 4 ml 0.1 M HCl. Prior to the first pu-
rification step a cation exchange resin DOWEX 50W-X8 (50e100
mesh) was filled in a glass column and prepared with 2 M NaOH,
followed by 2 M HCl. Finally distilled water was added until the
eluate was neutral (Boas, 1953). After the samples had passed the
column, the resin was washed with 0.1 M oxalic acid (pH 1.6e1.8),
0.01 M HCl, and distilled water. Amino acids were eluted from the
column by an excess of 2.5 M NH4OH (Amelung and Zhang, 2001).
The eluates were dried under a flow of N2 after which the samples
were redissolved in 0.1 M HCl and mineral particles were removed
by centrifugation for 15 min at 4200 g. The carboxyl groups of the
amino acids were esterified using acetyl chloride in isopropanol,
and their amino groups were trifluoroacetylated using trifluor-
acetic anhydride in dichloromethane. The derivatized amino acids
were then re-purified by the addition of phosphate buffer and
chloroform, followed by centrifugation for 10 min at 11000 g (Ueda
et al., 1989). The lower, organic phase was dried again under an N2
stream. The final extracts were redissolved in 500 ml of an 8:1 ethyl
acetate: hexane mixture prior to GCeMS analysis. Individual amino
acids were identified and quantified with reference to a standard
mixture.

2.3.3. Monosaccharides
Monosaccharides were determined as described previously

(Amelung et al., 1996). In brief, 10 ml of 4 M trifluoracetic acid was
added to 0.5 g of soil and the resulting suspension was heated for
4 h at 105 �C. Myo-inositol (100 mg) was used as an internal stan-
dard and added to the mixture prior to hydrolysis. After filtration
(GF6, Schleicher & Schuell, FRG), the hydrolysates were evaporated
to dryness (Multivapor P-12, Büchi, Essen, Germany) and redis-
solved in 10 ml of water. To remove humic-like material, iron, and
amino sugars, samples were passed through XAD-7 resin, eluting
with 15 ml of water, followed by a further purification step using a
cation exchange resin (Dowex 50W-X8). Saccharides were released
from the resin by washing with 20 ml of water, after which the
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eluate was freeze dried. Sugar oxime derivatives were prepared by
mixing the dried samples with 200 ml of the derivatisation reagent
(a 20 mg ml�1 solution of O-methylhydroxylamine hydrochloride
in pyridine) and heating the resulting mixture at 75 �C for 30 min.
BSTFA (400 ml) was then added, and the mixture was maintained at
75 �C for another five minutes. Analyte recovery was determined
using 3-Omethylglucose as a second standard (200 ml per sample at
a concentration of 5mg in 25ml N-methyl-pyrrolidone), whichwas
added to the samples just before derivatization. A standardmixture
of D-(þ)-xylose, L-(þ)-arabinose, L-(þ)-rhamnose, L-(�)-fucose, D-
(þ)-mannose, D-(þ)-galactose and D-(þ)-glucose was used to
identify and quantify individual monosaccharides.

The proportion of microbial sugars in the samples was deter-
mined from the ratios of C6:C5 sugars, i.e. (mannose þ galactose)/
(xylose þ arabinose), and deoxyC6:C5 sugars, i.e.
(rhamnose þ fucose)/(xylose þ arabinose), as described by Oades
(1984) and Murayama (1984).
2.3.4. Amino sugars and muramic acid
Amino sugars and muramic acid were extracted as described by

Zhang and Amelung (1996). Myo-inositol (100 mg) was added to a
1 g soil sample as an internal standard and the resulting mixture
was hydrolysed by heating in 10 ml of 6 M HCl at 105 �C for 8 h. The
sample was then filtered (GF6, Schleicher & Schuell, FRG) and
evaporated to dryness (Multivapor P-12, Büchi, Essen, Germany). To
remove salts, the dried samples were neutralized with 0.4 M KOH
and centrifuged at 1750 g for 10 min. The supernatant was then
freeze-dried, redissolved in 3 ml methanol and centrifuged again
for 10 min at 1750 g. N-methylglucamine (100 mg) was added to the
samples immediately prior to derivatisation and used as a standard
to determine the percent recovery. Aldononitrile derivatives of
the amino sugars were prepared according to Guerrant and
Moss (1984) using 300 ml of the derivatisation reagent
(32 mg ml�1 of hydroxylamine hydrochloride and 40 mgml�1 of 4-
dimethylaminopyridine in 4:1 pyridine-methanol). After heating
for 30 min at 75 �C, 1 ml of acetic anhydride was added and the
samples were heated for an additional 20min. Excess derivatisation
reagent was removed by adding 1.5 ml of dichloromethane to the
cooled samples andwashing the organic phase four timeswith 1ml
of 1 M HCl and 1 ml of water each. The organic phase was then
evaporated to dryness and redissolved in 300 ml ethyl aceta-
teehexane (1:1) prior to GCeMS analysis.
Table 1
Abiotic and physical soil properties under the studied treatments.

Treatment SOC TN HWC HWN

% mg kg�1

Alfalfa
FYM2 þ NPK 2.60a 0.21b 751.44a 63.28a

FYM2 2.54ab 0.22b 677.81ab 58.40a

FYM1 þ NPK 2.49ab 0.21bc 647.11b 60.44a

FYM1 2.15c 0.18de 540.84cd 47.82c

NPK 1.93cd 0.16ef 504.42d 40.18d

NIL 1.61d 0.13f 399.64e 30.05f

Sugar beet
FYM2 þ NPK 2.48ab 0.24a 642.68b 63.88a

FYM2 2.31b 0.23ab 614.56bcd 59.51a

FYM1 þ NPK 2.30b 0.23ab 591.13bc 55.49a

FYM1 1.96c 0.19cd 503.92d 51.51b

NPK 1.85cd 0.17de 399.20e 37.35e

NIL 1.68d 0.14f 346.37e 43.31c

SOC ¼ soil organic carbon; TN ¼ total nitrogen; HWC ¼ hot water extractable carbon
manure ha�1 2yrs�1 plusmineral fertilizer; FYM2¼ 30 t manure ha�1 2yrs�1; FYM1þNPK
NPK ¼ mineral fertilizer; NIL ¼ unfertilized control. Values labeled with different supersc
tests (P < 0.05). Multiple comparisons of means were conducted including the treatmen
2.3.5. Gas chromatographic analysis of biomarkers and calculation
of biomarker C and N contents

All of the biomarker derivatives discussed above were deter-
mined by gas chromatographyemass spectrometry (GC-MS) using
a HP 6890 gas chromatograph coupled to a HP 5973 mass-selective
detector (Hewlett Packard, Wilmington, USA). The GC-MS was
equipped with a DB-5ms column (60 m � 0.25 mm � 0.25 mm film
thickness). The temperature programs were adapted individually
for each compound class of interest.

Because the biomarkers considered in this work are groups of
individual compounds, the terms PLFA-C, AA-C, AS-C and MS-C
refer to the summed carbon of individual compounds within the
relevant group (mg carbon per mol compound), expressed in
mg kg�1. AA-N and AS-N were calculated in the same way. Finally,
the carbon and nitrogen contents across biomarkers were summed;
these sums are denoted SCbiomarker and SNbiomarker, respectively.

2.4. Statistical analysis

When the Static Fertilization Experiment Bad Lauchst€adt was
established in 1902, no replicate plots were included in the
experimental design. It is therefore important to point out that our
results are based on pseudoreplicates and that our ANOVA analyses
may suffer from type I and type II errors. All statistical analyses
were conducted using R version 2.15.1 (RCoreTeam, 2012). Data
were analysed for normality and, if necessary, transformed. Pseu-
doreplicates were tested for homogeneity of variances within the
plots. For regression analyses, treatments were separated into a)
plots without mineral fertilizer (NIL, FYM1, FYM2) and b) plots with
addedmineral fertilizer (NPK, FYM1þ NPK, FYM2þNPK). Multiple
comparisons of means were based on the conservative Tukey's
honest significant difference test (P < 0.05) to reduce the risk of
type I errors.

3. Results

3.1. Influence of crop type and fertilization on SOC, labile OC, and
other abiotic parameters

SOC and TN levels were similar for both crops. Increasing the
amount of fertilizers beyond that applied in the FYM1 þ NPK
treatment did not cause appreciable increases in SOC values
(Table 1). The SOC levels achieved under the FYM1 þ NPK, FYM2,
NO3
�-N NH4

þ-N pH Bulk density

g cm�1

6.94a 2.28a 6.38bc 1.46ab
b 6.43a 2.36a 6.04cde 1.47b

5.29ab 2.00ab 5.62ef 1.46b
d 4.46abc 1.77abc 5.92de 1.48ab
e 1.73de 1.38bcd 5.08g 1.53ab

0.44e 1.19cd 5.26fg 1.55ab

3.21bcd 1.24cd 6.54b 1.44ab
b 2.44cde 1.01d 6.70b 1.53ab
bc 2.23cde 1.60bcd 6.15cd 1.49ab
cd 1.71de 0.89d 6.85b 1.58ab
f 1.55de 1.18cd 6.44bc 1.55ab
de 0.93de 0.92d 7.33a 1.63a

; HWN ¼ hot water extractable nitrogen. Treatment labels: FYM2 þ NPK ¼ 30 t
¼ 20 tmanure ha�1 2yrs�1 plusmineral fertilizer; FYM1¼ 20 tmanure ha�1 2yrs�1;
ripted letters differ significantly according to Tukey's honestly significant difference
ts on both strips.
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and FYM2 þ NPK treatments were clearly separated from those
observed in the control plots and in those treated with NPK alone
or FYM alone. In general, the SOC and TN only responded
significantly to treatment with greater quantities of FYM in cases
without NPK fertilization: the SOC values for plots treated with
both mineral and organic fertilizers were similar irrespective of
the amount of applied FYM (Table 1). On average, the labile OC
(HWC) content of the soil in plots planted with sugar beet was
12% lower than in plots planted with alfalfa (Table 1). In addition,
it was only in the alfalfa strips that the labile OC increased with
the amount of added FYM. The greatest differences between the
crop types were found for NH4

þ-N and NO3
�-N: the levels of these

forms of nitrogen in the soil were 38% and 52% lower, respec-
tively, in the strip planted with sugar beet. Although NH4

þ-N and
NO3

�-N both responded generally positively to fertilizer addition,
the differences between fertilized treatments and the control
were larger with alfalfa. In contrast, the soil pH in the sugar beet
strip was generally higher than in the alfalfa strip and decreased
with increasing fertilization; the opposite occurred in the alfalfa
strip. The bulk density of the soil did not differ significantly be-
tween any of the investigated treatments under either crop, but
did tend to decline as the intensity of fertilization increased
(Table 1).
3.2. Biomarker C and N contents and their contributions to SOC and
TN

On average, SCbiomarker and SNbiomarker were only slightly higher
under alfalfa than under sugar beet (Table 2). The greatest differ-
ences between the values of these sums in strips planted with
sugar beet and those planted with alfalfa occurred under the
FYM2 þ NPK, NPK, FYM1, and control treatments. While the soil's
content of PLFA-C in strips planted with sugar beet was generally
lower than in those planted with alfalfa, this biomarker exhibited
similar responses to fertilization for both crops (Table 2). In a
similar vein to SOC and TN, the PLFA-C values observed under the
three most intense fertilization regimes did not differ significantly
for either crop. In contrast, MS-C in the alfalfa strip under the
FYM2 þ NPK fertilization regime was substantially greater than
that observed under less intense regimes. However, in all other
Table 2
C and N contents of individual biomarkers (mg kg�1 soil) under the studied treatments

Treatment PLFA-C AA-C MS-C AS-C

mg kg�1

Alfalfa
FYM2 þ NPK 23.11a 1386.66a 2870.68a 126.97
FYM2 19.93ab 800.18bc 894.35bc 146.05
FYM1 þ NPK 19.03abc 919.82b 1093.29b 117.52
FYM1 15.90bc 536.98cde 966.82bc 275.63
NPK 14.65cd 446.01def 882.03bc 532.79
NIL 10.29de 605.45cd 916.93bc 131.51
Sugar beet
FYM2 þ NPK 15.27bc 726.11bc 1162.37b 402.20
FYM2 16.83bc 609.02cd 1139.65b 384.42
FYM1 þ NPK 14.70cd 662.97bcd 1099.31bc 253.91
FYM1 6.18e 403.14def 967.91bc 265.37
NPK 6.80e 301.78ef 935.36bc 359.19
NIL 6.16e 207.00f 737.02c 343.72

PLFA-C ¼ phospholipid fatty acid carbon (PLFA<20 C-atoms); AA-C ¼ amino acid carbon;
carbon contents of the studied biomarkers; AA-N ¼ amino acid nitrogen; AS-N ¼ amino
sugars. Treatment labels: FYM2 þ NPK ¼ 30 t manure ha�1 2yrs�1 plus mineral fertilize
mineral fertilizer; FYM1 ¼ 20 t manure ha�1 2yrs�1; NPK ¼ mineral fertilizer; NIL ¼ unf
Values labeled with different superscripted letters differ significantly according to Tukey's
conducted including the treatments on both strips.
cases the levels of this biomarker did not statistically vary based on
fertilization regime or planted crop (Table 2). Like MS-C, the AA-C
level in the most intensely fertilized alfalfa plot was much higher
than in the other alfalfa treatments. In addition, the AA-C values for
the alfalfa strips were around 37% higher than the corresponding
values for the sugar beet strips. The AA-N levels planted with al-
falfa were more than 100% greater than those planted with sugar
beet. While the levels of AS-C planted with alfalfa were approxi-
mately 1.3 times lower than in those planted with sugar beet, the
levels of AS-N were generally highest under the lightly fertilized
(FYM1, NPK) or unfertilized treatments (NIL) for both crops
(Table 2).

The total carbon content of the different biomarkers accoun-
ted for 7.4e17.2% of the SOC, and their total nitrogen content
represented 8.9e23.9% of the TN (Fig. 1). Of the biomarkers, MS-C
and AA-C made the greatest contribution to the SOC (5.7e16.5%),
followed by AS-C (0.5e2.8%) and PLFA-C (<1%). The values of
SCbiomarker (Fig. 1a) and SNbiomarker (Fig. 1c) were particularly
high in the most intensely fertilized plot (FYM2 þ NPK) planted
with alfalfa, due to the very high levels of C and N from mono-
saccharides and amino acids in its soil. With the exception of this
plot, the contribution of SCbiomarker to the SOC decreased with
increasing fertilizer addition in the alfalfa strip whereas the
opposite was observed in the sugar beet strip (Fig. 1b). The
contribution of SNbiomarker to the TN did not differ significantly
between fertilization regimes in the sugar beet strip (Fig. 1d).
However, the contributions of amino sugars to the SOC and
TN were generally highest under the control treatment and
the treatments with FYM alone (FYM1) or NPK alone (NPK;
Fig. 1).
3.3. Relationships among total and relative abundances of
microbial biomarkers

PLFA-C is widely used as an index of microbial biomass C. The
relationships between PLFA-C and the biomarkers AA-C, MS-C, and
AS-C differed between crop types and fertilization regimes. AA-C
exhibited the strongest positive correlation with PLFA-C in gen-
eral (P < 0.001). In plots planted with sugar beet, MS-C was always
positively correlated with PLFA-C. However, in plots planted with
for both crop types.

SCbiomarker AA-N AS-N SNbiomarker

d 4423.00a 474.59a 23.14c 497.72a
c 1875.28bcde 261.93bd 25.89c 287.82bc
d 2162.72bc 322.78bc 20.93c 343.71b
bc 1811.99cde 159.83e 49.26bc 209.09cde
a 1886.67bcde 138.68cef 100.01b 238.69bcd
d 1674.93def 220.43de 23.50c 243.93bcd

b 2313.65b 233.12fg 76.00a 309.12bc
b 2165.17bcd 186.47fg 72.37a 258.85bcd
b 2041.91bcde 202.94g 47.48a 250.42bcd
b 1651.02ef 111.41g 53.18b 164.59de
b 1610.82ef 91.79fg 68.44b 160.23de
b 1300.64cf 58.43fg 65.68bc 124.11e

MS-C ¼monosaccharide carbon; AS-C ¼ amino sugar carbon; SCbiomarker ¼ summed
sugar nitrogen; SNbiomarker ¼ summed nitrogen contents of amino acids and amino
r; FYM2 ¼ 30 t manure ha�1 2yrs�1; FYM1 þ NPK ¼ 20 t manure ha�1 2yrs�1 plus
ertilized control.
honestly significant difference tests (P < 0.05). Multiple comparisons of means were



Fig. 1. Contributions of individual biomarkers and combined biomarker groups (SCbiomarker and SNbiomarker) to SOC and TN for each fertilization regime and crop type. a þ c) alfalfa
strip; b þ d) sugar beet strip. Bars labelled with different letters correspond to values of SCbiomarker and SNbiomarker that differ significantly according to Tukey's honestly significant
difference test (P < 0.05). Multiple comparisons of means were conducted separately for each strip.
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alfalfa, this positive correlation was only observed under mineral
fertilizer treatments. There was a negative correlation between AS-
C and PLFA-C, but only in plots treated with mineral fertilizer
(Table 3).
Table 3
Relationships between amino acid-, monosaccharide-, and amino sugar carbon and
carbon from microbe-derived phospholipid fatty acids among treatments involving
exclusively organic fertilization (NIL, FYM1, FYM2) and mineral fertilized treatments
(NPK, FYM1 þ NPK, FYM2 þ NPK) for both crop types.

Farmyard manure only Farmyard manure on mineral
fertilized soil

PLFA-C PLFA-C

t P R2 t P R2

Alfalfa
AA-C 2.625 <0.01 0.35 4.615 <0.001 0.62
MS-C 0.012 NS 0.00 3.916 <0.01 0.54
AS-C 0.400 NS 0.01 �3.828 <0.01 0.53
Sugar beet
AA-C 3.765 <0.01 0.52 5.930 <0.001 0.73
MS-C 3.777 <0.01 0.52 5.106 <0.001 0.67
AS-C 2.093 NS 0.25 �0.358 NS 0.00

PLFA-C ¼ phospholipid fatty acid carbon (PLFA<20 C-atoms); AA-C ¼ amino acid
carbon; MS-C ¼ monosaccharide carbon; AS-C ¼ amino sugar carbon. Treatment
labels: FYM2 þ NPK ¼ 30 t manure ha�1 2yrs�1 plus mineral fertilizer; FYM2 ¼ 30 t
manure ha�1 2yrs�1; FYM1þNPK¼ 20 t manure ha�1 2yrs�1 plus mineral fertilizer;
FYM1 ¼ 20 t manure ha�1 2yrs�1; NPK ¼ mineral fertilizer; NIL ¼ unfertilized
control.
R2, multiple R-squared; t- and P-statistics base on regressions by a linear model
Values shown in bold text are statistically significant at the a ¼ 0.05 level.
The ratios of AA-C, MS-C, and AS-C to PLFA-C revealed differ-
ences in the abundance of different biomarkers relative to micro-
bial biomass C among the investigated treatments and between
both crop types (Figs. 2e4). Under sugar beet, the ratio of AA-C to
PLFA-C was more or less independent of the applied treatment
(Fig. 2b). Conversely, in the alfalfa strips, AA-Cwas enriched relative
to PLFA-C under the control treatment and the most intense
fertilization regime (FYM2 þ NPK; Fig. 2a). There were also differ-
ences between the two crops with respect to the monosaccharides.
In the sugar beet strip, the highest MS-C to PLFA-C ratios were
found under the control treatment and the less intense fertilization
regimes NPK and FYM1 (Fig. 3b). Conversely, for alfalfa, the ratios of
MS-C to PLFA-C were highest in the most intensely fertilized plot
(FYM2þNPK) and the control plot (Fig. 3a). For both crop types, the
lowest AS-C to PLFA-C ratios were observed under treatments with
both mineral and organic fertilization (FYM1 þ NPK and
FYM2 þ NPK) as well as the most intense FYM-only treatment
(FYM2; Fig. 4). Under the control treatment, the relative degree of
AS-C enrichment was approximately 4 times greater for sugar beet
versus alfalfa.

The ratios of C6:C5 (mannose þ galactose)/(xylose þ arabinose)
and deoxyC6:C5 (rhamnose þ fucose)/(xylose þ arabinose)
monosaccharides revealed that microbial carbohydrates made a
greater contribution to the total soil carbohydrate content under
alfalfa compared to sugar beet, with the highest values occurring
under the most intense fertilization regime (FYM2 þ NPK) and the
control treatment (Table 4). In keeping with this, the total and
relative abundances of meso-Diaminopimelic acid (DAP) (per-
centage of DAP in the AA fraction) were highest under the most



Fig. 2. Ratios of amino acid carbon to phospholipid fatty acid carbon for each studied
treatments in both strips. a) alfalfa strip; b) sugar beet strip. Bars labelled with
different letters correspond to values that differ significantly according to Tukey's
honestly significant difference test (P < 0.05). Multiple comparisons of means were
conducted separately for each strip.

Fig. 3. Ratios of monosaccharide carbon to microbial carbon for each studied treat-
ment in both strips. a) alfalfa strip; b) sugar beet strip. Bars labelled with different
letters correspond to values that differ significantly according to Tukey's honestly
significant difference test (P < 0.05). Multiple comparisons of means were conducted
separately for each strip.
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intense fertilization regime (FYM2 þ NPK) and in the control plot
on the alfalfa strip (Fig. 5).

3.4. Relationship of biomarkers with SOC and labile OC

Labile OC was positively correlated with SCbiomarker in all cases,
but there was no general correlation between SCbiomarker and total
SOC (Table 5). Overall, PLFA-C exhibited a strong positive relation-
ship with SOC and labile OC. Changes in the labile OC content of the
soil explained between 46% and 95% of the observed variation in
PLFA-C. It also appeared that the strength of these relationships was
somewhat dependent on the crop type and applied fertilization
regime. For example, in the sugar beet strip, the linearity of the
relationship between PLFA-C and labile OC was strengthened by
treatments with mineral fertilizer. However, no such trend was
observed in the alfalfa strip (Table 5).

For both crops, there was a very strong correlation between AA-
C and SOC based on regression analyses using data for plots treated
with mineral fertilizer. This correlation disappeared for alfalfa un-
der treatments using only farmyard manure. Conversely, for sugar
beet, mineral fertilization strengthened the relationship between
AA-C and SOC. The clearest differences between the two crop types
were found for carbohydrates. For sugar beet, MS-C always
exhibited strong positive correlations with both SOC and labile OC.
However, for alfalfa, MS-C only correlated with labile OC and SOC in
mineral-fertilized plots. In general, AS-C did not correlate with SOC
or labile OC, with the exception of a negative relationship under the
mineral fertilized treatments in the alfalfa strip (Table 5).
4. Discussion

4.1. Responses of SOC and labile OC to fertilization

No differences in SOC for either cropwere observed between the
three most intense fertilization regimes (FYM1 þ NPK, FYM2,
FYM2 þ NPK). It has been hypothesized that no or only little in-
crease of SOC, despite of increased C inputs, indicates C saturation
of the given soil system (Hassink et al., 1997; Six et al., 2002).
Indeed, there is already complementary evidence that C saturation
may be occurring at the SFEBL in the most intensively fertilized
plots (Eden et al., 2012). Similar phenomena have also been
observed for SOC in various other long-term experiments
(Campbell et al., 1991; Solberg et al., 1998; Gulde et al., 2008).

In accordancewith this logic, the labile OC pool at the sugar beet
strip also appears C saturated, showing no further increase in HWC
contents in the three most intensely fertilized treatments
(FYM1 þ NPK, FYM2, FYM2 þ NPK). However with alfalfa, all in-
creases in the intensity of fertilization led to corresponding in-
creases of HWC. This is consistent with the findings of Stewart et al.
(2008) and Gulde et al. (2008), which provided evidence that labile
OC can continue to accumulate even when mineral-associated C
fractions appear to be C-saturated in some cases. In the following
sections we discuss underlying mechanisms, considering possible
influencing factors in relation to the crop type, such as differences
in root exudation, root architecture, and increased nitrogen fertility
based on the symbiotic relationship of alfalfa to N-fixing bacteria
and mycorrhizal fungi.



Fig. 4. Ratios of amino sugar carbon to microbial carbon for each studied treatment in
both strips. a) alfalfa strip; b) sugar beet strip. Bars labelled with different letters
correspond to values that differ significantly according to Tukey's honestly significant
difference test (P < 0.05). Multiple comparisons of means were conducted separately
for each strip.
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4.2. Influence of fertilization and crop type on SOC and TN
composition

The different contributions of biomarker C and N to SOC and TN
across our study plots support our hypothesis that both fertilization
Table 4
Monosaccharide C6:C5 (mannoseþ galactose)/(xyloseþ arabinose) and deoxyC6:C5
(rhamnose þ fucose)/(xylose þ arabinose) ratios for the studied treatments.

C6:C5 deoxyC6:C5

Alfalfa
FYM2 þ NPK 1.26abc 0.38a

FYM2 1.35ab 0.39a

FYM1 þ NPK 1.16bcde 0.34bc

FYM1 1.19bcd 0.34bc

NPK 1.20abcd 0.31c

NIL 1.37a 0.36ab

Sugar beet
FYM2 þ NPK 1.03d 0.16d

FYM2 1.14bcde 0.17d

FYM1 þ NPK 1.13cde 0.17d

FYM1 1.02e 0.17d

NPK 1.11cde 0.17d

NIL 1.00e 0.17d

Treatment labels: FYM2 þ NPK ¼ 30 t manure ha�1 2yrs�1 plus mineral fertilizer;
FYM2 ¼ 30 t manure ha�1 2yrs�1; FYM1 þ NPK ¼ 20 t manure ha�1 2yrs�1 plus
mineral fertilizer; FYM1 ¼ 20 t manure ha�1 2yrs�1; NPK ¼ mineral fertilizer;
NIL ¼ unfertilized control.
Values labeled with different superscripted letters differ significantly according to
Tukey's honestly significant difference tests (P < 0.05). Multiple comparisons of
means were conducted including the treatments on both strips.
level and crop type affect SOC composition. Direct or indirect in-
creases in C input based on higher plant productivity due to organic
fertilization may have increased the contribution of

P
Cbiomarker to

the SOC. Our results imply thatmineral fertilization alone also had a
noticeable effect on SOC in the alfalfa strip, together with changes
in the SOC composition that presumably stemmed from changes in
the nitrogen budget. Notably, the application of NPK alongside
organic fertilizer seems to have caused a pronounced increase in
the contribution of amino acids to TN. There is increasing evidence
thatmycorrhizal fungi assimilate and transfer soil organic N to their
host plant to considerable degree (Leigh et al., 2009; Whiteside
et al., 2009; Talbot and Treseder, 2010; Whiteside et al., 2012a,
2012b). We have complementary evidence to believe that AMF
dynamics play a role in our treatment responses, based on coloni-
zation rates of mycorrhiza (unpublished data). Thus, it is likely that
treatment with mineral fertilizer would have reduced either the
fungal acquisition of N or the degree of mycorrhization, in either
case reducing uptake from the AA pool (Olsson et al., 1997;
Gryndler et al., 2006; Whiteside et al., 2012b). Our results also
imply though that the general microbial community may coun-
terbalance the consumption of amino acids when organic N
acquisition by AM-fungi is reduced, except in cases of extremely
high fertilization, since the differences in

P
Nbiomarker and amino

acid N percentages between the mineral and organic fertilized
treatments were only significant under the most intense fertiliza-
tion regime (FYM2 þ NPK).

4.3. The effects of fertilization and crop type on microbial biomass
and OC turnover

The generally strong relationship between PLFA-C and SOC is
consistent with past observations from long-term agricultural ex-
periments and reflects a strong adaptation of the living microbial
community to C input due to long-term fertilization in the SFEBL
(Smith et al., 1990; Witter et al., 1993). PLFA-C also correlated
closely with labile OC, indicating that the size of the labile OC pool
is related to a high degree by the growth and associated meta-
bolism of soil microorganisms and their responses to changes in
management and site conditions (Kalbitz et al., 2000; Ghani et al.,
2003; McDowell, 2003; Hoffmann et al., 2006). This result also
confirms that microbial biomass represents a considerable part of
the labile OC pool (Sparling et al., 1998; Ghani et al., 2003;
Hoffmann et al., 2006).

The availability of mineral nutrients to microorganisms in
agricultural soils depends on the type and amount of fertilizer
amendment and the specific needs of the cultivated crop (Fageria
et al., 2011; Marschner, 2012). Because the strength of the rela-
tionship between PLFA-C and labile OC differed between crop types
and between mineral and non-mineral fertilized soils, microbial
biomass was likely affected by both crop- and fertilization-related
variations in the availability of mineral nutrients. In this work,
PLFA-C levels indicated that treatment with NPK caused an increase
in microbial biomass. However, the only significant difference was
found on the sugar beet strip, when mineral fertilizer was added to
20 t FYM ha�1 2yrs�1. Thus, in keeping with previous studies, there
was no clear and consistent evidence that the addition of mineral N
or full mineral fertilizer increased the microbial biomass
(Smolander et al., 1994; Bardgett et al., 1999; Moore et al., 2000;
Allison et al., 2008; Treseder, 2008).

However, the standing microbial biomass does not necessarily
reflect growth rates. Growth rates may increase even with no
apparent change in total microbial biomass if death rates remain
similar to growth rates (Stapleton et al., 2005). Analyses of the
other biomarkers examined in this work did indeed suggest that
the addition of NPK enhanced microbial growth in the presence of



Fig. 5. Total (mg kg soil�1) and relative abundances of meso-Diaminopimelic acid (% of the sum of all determined amino acids) for each studied treatment in both strips. a þ c)
alfalfa strip; b þ d) sugar beet strip. Bars labelled with different letters correspond to values that differ significantly according to Tukey's honestly significant difference test
(P < 0.05). Multiple comparisons of means were conducted separately for each strip.
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high C inputs due to fertilization. With alfalfa as the planted
crop and within the crop rotation, treatment with 30 t
FYM ha�1 2yrs�1 þ NPK (FYM2 þ NPK) caused strong increases in
the C6:C5 and deoxyC6:C5 ratios and in DAP. This suggests a strong
increase in the contribution of bacteria-derived monosaccharides
and amino acids to the SOC (Murayama, 1984; Oades, 1984; Grant
and West, 1986), implying microbial synthesis of these com-
pounds through growth.

In addition to evidence of increased microbial growth under the
most intensive fertilization regime with alfalfa, we observed in-
creases in the levels of soil MS-C and AA-C contents not only in
total, but also relative to PLFA-C. This implies that MS-C and AA-C
were increasing beyond what can be explained by microbial
growth alone. Taking together all individual indications we hy-
pothesized that under intense fertilization there was initially a
rapid increase in microbial growth and respiration that was then
suppressed when soil pore space became enriched in carbon di-
oxide and oxygen became limiting (G€ok and Ottow, 1988; Dixon
and Kell, 1989).

In the absence of any fertilization, we found evidence that ni-
trogen promotes the degradation and incorporation of labile carbon
into microbial biomass. The AA-N levels under the control treat-
ment with alfalfa were approximately four times higher than those
with sugar beet, suggesting that the legume improved the avail-
ability of organic N due to symbiotic N-fixation. This enhanced N
availability in the alfalfa strip might have promoted the trans-
formation of plant into microbial organic carbon to a greater degree
than would have been the case without alfalfa. This would explain
the results of monosaccharide C6:C5 and deoxyC6:C5 ratios, and
DAP contents, which were clearly higher in the alfalfa control plot
than in the sugar beet strip under equivalent conditions. The mi-
crobial contributions to MS and AA were also higher under the
control treatment of alfalfa than under any fertilization regime
other than the most intense (i.e. FYM2 þ NPK). Despite the low
productivity of control plots (K€orschens and Pfefferkorn, 1998),
alfalfa has a root architecture that promotes labile carbon and mi-
crobial activity in the rhizosphere. Therefore, the predominance of
microbial OC compounds under the control treatment may be due
to a greater proportion of microbe- versus plant-derived carbon,
and/or to preferential consumption of plant-derived carbon by
microorganisms.

As discussed previously, the ratios of MS-C and AA-C to PLFA-C
were enriched in control plots relative to most treated plots,
although PLFA-C, and thus microbial biomass, was lowest in con-
trols. However, there was a non-significant tendency for control
plots to have higher soil bulk densities than the fertilized plots.
Eden et al. (2012) also found that the control plots of the SFEBL had
smaller pore volumes, lower air-filled porosities and lower levels of
relative diffusivity at field capacity than their fertilized counter-
parts, which were attributed to the low levels of organic matter
input. The control plots were thus more likely to have experienced
critical pO2 or pCO2 levels, which inhibit aerobic catabolism
(Haynes and Naidu, 1998; Bronick and Lal, 2005).

4.4. The relationships of AA, MS, and AS with microbial biomass,
SOC and labile OC

Because microbial amino acid biosynthesis is strictly regulated
(Wendisch, 2007), soil amino acid levels are tightly coupled to
microbial growth and activity. This was reflected in the general and



Table 5
Relationships of biomarker C with the SOC and labile OC (HWC) under treatments
involving exclusively organic fertilization (NIL, FYM1, FYM2) and mineral fertiliza-
tion (NPK, FYM1 þ NPK, FYM2 þ NPK) for both crop types.

SOC HWC

t P R2 t P R2

Alfalfa
farmyard manure only
PLFA-C 8.706 <0.001 0.86 6.538 <0.001 0.76
AA-C 2.035 NS 0.24 2.740 <0.05 0.37
MS-C �0.320 NS 0.01 �0.308 NS 0.01
AS-C 0.390 NS 0.01 0.499 NS 0.02
SCbiomarker 1.848 NS 0.21 2.482 <0.05 0.32
farmyard manure on mineral fertilized soil
PLFA-C 4.008 <0.01 0.55 5.801 <0.001 0.72
AA-C 6.472 <0.001 0.76 6.535 <0.001 0.77
MS-C 2.621 <0.05 0.34 3.531 <0.01 0.49
AS-C �7.054 <0.001 0.79 �5.043 <0.001 0.66
SCbiomarker 2.878 <0.05 0.39 3.813 <0.01 0.53
Sugar beet
farmyard manure only
PLFA-C 3.113 <0.01 0.43 3.328 <0.01 0.46
AA-C 3.095 <0.01 0.42 5.862 <0.001 0.73
MS-C 5.905 <0.001 0.73 13.054 <0.001 0.93
AS-C 0.452 NS 0.02 0.225 NS 0.00
SCbiomarker 4.086 <0.01 0.56 6.994 <0.001 0.79
farmyard manure on mineral fertilized soil
PLFA-C 9.681 <0.001 0.88 15.885 <0.001 0.95
AA-C 5.705 <0.001 0.71 5.428 <0.001 0.69
MS-C 7.142 <0.001 0.80 5.664 <0.001 0.71
AS-C �0.011 NS 0.00 �0.157 NS 0.00
SCbiomarker 6.718 <0.01 0.78 5.725 <0.001 0.72

SOC ¼ soil organic carbon; HWC ¼ hot water extractable carbon; PLFA-
C ¼ phospholipid fatty acid carbon (<20 C-atoms); AA-C ¼ amino acid carbon; MS-
C ¼ monosaccharide carbon; AS-C ¼ amino sugar carbon; SCbiomarker ¼ summed
carbon contents of the investigated biomarkers. Treatment labels:
FYM2 þ NPK ¼ 30 t manure ha�1 2yrs�1 plus mineral fertilizer; FYM2 ¼ 30 t
manure ha�1 2yrs�1; FYM1þNPK¼ 20 t manure ha�1 2yrs�1 plus mineral fertilizer;
FYM1 ¼ 20 t manure ha�1 2yrs�1; NPK ¼ mineral fertilizer; NIL ¼ unfertilized
control.
R2 ¼ multiple R-squared; t- and P-statistics were estimated by regression using a
linear model. Values shown in bold text are statistically significant at the a ¼ 0.05
level.
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significant correlation between AA-C and PLFA-C observed in this
work and in the studies of Friedel and Scheller (2002), who re-
ported a close relationship between amino acid contents from bulk
soil and microbial amino acid-N levels from chloroform fumigation
extracts across soil types. As discussed above, deviations from this
normally strong correlation are indicative of changes in microbial
physiology and catabolism under no or extreme fertilization. It was
also striking, that the correlations between AA-C and PLFA-C and
between AA-C and SOCwere stronger on plots treated withmineral
fertilizer than on those without, regardless of crop type. There are
two possible explanations for this trend. The first is that mineral
fertilization may affect the interactions between AA and clay
minerals. Clays can retain significant amounts of ammonium (Shen
et al., 1997; Dontsova et al., 2005). It is therefore possible that
mineral fertilization causes the occupation of clay binding sites by
inorganic cations, which could increase the concentration of
organic molecules in solution and better reflect microbial growth.
Thus, we would see a stronger correlation between PLFA-C (always
extractedwith a high-ionic strength buffer for the same result), and
AA-C under mineral fertilization. Alternatively, decreased enzyme
production under mineral fertilization, with less AA-C present as
degradation products, may explain this result. The suppression of
soil enzyme production and activity following N and P addition
has been observed in several studies (Dick et al., 1988; Bandick
and Dick, 1999; Olander and Vitousek, 2000; Marschner et al.,
2003).
Reducing the scope for interaction with the clay surface would
also affect the stabilization of poly- and monosaccharides. In
keeping with this observation, the correlations of MS-C with PLFA-
C and SOCwere also stronger in soils treated withmineral fertilizer.
The correlations of MS-C with PLFA-C and SOC on the alfalfa strip
were generally weaker than in the sugar beet strip, and became
non-significant in the absence of mineral fertilizer. This may have
been due to a greater contribution of non-biomass related MS-C:
monosaccharides account for ten times less of the dry mass of
bacteria than amino acids (Neidhardt et al., 1990). This decrease in
the relationship between MS-C and PLFA-C would be further
strengthened by any increase in the mineralization of carbohy-
drates or any reduction in their utilization as C-sources with
increasing fertilizer concentrations (Fischer et al., 2010).

Of the tested biomarkers, amino sugars had the least significant
relationship to PLFA-C. This supports the assumption that AS
mainly represent accumulated microbial necromass (Zhang et al.,
1998, 1999; Amelung et al., 2001; Glaser et al., 2004). With the
exception of the negative correlation between AS-C and PLFA-C in
the alfalfa strip under mineral fertilization, AS-C appeared to be
independent of both SOC and labile OC. This stands in contrast to
the findings of Liang et al. (2008); the apparent contradiction be-
tween their results and ours may be because there were different
amounts of clay in the soils at the two sites. In addition, AS-C has
been reported to account for only 0.1e7% of microbial biomass C
(Glaser et al., 2004), which is approximately one-tenth of the
amount contributed by MS. From this we conclude that the amino
sugars extracted in this work primarily reflect the stabilized mi-
crobial contribution to the OC, and that the acid hydrolysis step
during the extraction procedures caused the release of some
mineral-associated (i.e. stabilized) AS in the sameway as for AA and
MS. This implies that non-protected AS that are not associated with
biomass are rapidly degraded in the soil. The proposed rapid
degradation of non-protected AS is consistent with the findings of
(Liang et al., 2007), who reported a decrease in amino sugar con-
tents after an initial increase during a 12 week microcosm experi-
ment involving maize stalks and soybean leafs. However, it is
perplexing that a fertilization regime that causes soil C-saturation
(i.e. FYM2 þ NPK) yielded a strong increase in the levels of MS-C
and AA-C but had no effect on AS-C in the alfalfa strip. This result
becomes even more confusing when one considers the high
abundance of DAP, which is combined with N-acetylglucosamine
and N-acetylmuramic acid to form the peptidoglycan layer of bac-
terial cell walls. Since it seems unlikely that non-protected amino
sugars would have appreciably shorter half-lives in the soil than
either amino acids or neutral sugars, this difference may indicate
that amino sugars are rapidly transformed, possibly by enzymatic
deamination. However, it is not currently clear how or to what
extent this mechanism contributes to the degradation of amino
sugars in soils.

5. Conclusions

We attempted to understand the result of both microbial
metabolic and growth dynamics under long-term management by
linking data from simultaneous measurements of four biomarkers
with a large set of soil chemical and physical parameters. Under
consideration of all findings we concluded that including alfalfa
into crop rotations can have a great impact on carbon storage and
microbial metabolism, despite underlying long-term fertilization
regimes. Especially in the case of fertilization beyond plant nutrient
needs (indicated from long-term assessments of SFEBL crop yields,
nutrient contents, and leaching), e.g. C saturation, the special
characteristics of legumes might enable a greater retention of soil
labile C. Due to the reduced statistical power associated with the
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historically prolonged experimental design, further investigation is
warranted to substantiate our assumptions and, on the other hand
to answer the questions which emerged from this study.
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