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Abstract The application of inorganic nitrogen (N)
fertilizers strongly influences the contribution of
agriculture to the greenhouse effect, especially by
potentially increasing emissions of nitrous oxide
(N2O), carbon dioxide (CO2) and methane (CH4)
from soils. The present microcosm-study investigates
the effect of different forms of inorganic N fertilizers
on greenhouse gas (GHG) emissions from two
different agricultural soils. The relationship between
greenhouse gas emissions and soil microbial commu-
nities, N transformation rates and plant (Hordeum
vulgare L. cv. Morex) growth were investigated.
Repeated N fertilization led to increased N2O emis-
sions. In a parallel survey of functional microbial

population dynamics we observed a stimulation of
bacterial and archaeal ammonia oxidisers accompa-
nied with these N2O emissions. The ratio of archaeal
to bacterial ammonium monooxygenase subunit A
(amoA) gene copies (data obtained from Inselsbacher
et al., 2010) correlated positively with N2O fluxes,
which suggests a direct or indirect involvement of
archaea in N2O fluxes. Repeated N fertilization also
stimulated methane oxidation, which may also be
related to a stimulation of ammonia oxidizers. The
fertilizer effects differed between soil types: In the
more organic Niederschleinz soil N-turnover rates
increased more strongly after fertilization, while in the
sandy Purkersdorf soil plant growth and soil respira-
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tion were accelerated depending on fertilizer N type.
Compared to addition of NH4

+ and NO3
−, addition of

NH4NO3 fertilizer resulted in the largest increase in
global warming potential as a summary indicator of
all GHG related effects. This effect resulted from the
strongest increase of both N2O and CO2 emission
while plant growth was not equally stimulated,
compared to e.g. KNO3 fertilization. In order to
decrease N losses from agricultural ecosystems and
in order to minimize soil derived global warming
potential, this study points to the need for interdisci-
plinary investigations of the highly complex inter-
actions within plant-soil-microbe-atmosphere
systems. By understanding the microbial processes
underlying fertilizer effects on GHG emissions the N
use efficiency of crops could be refined.

Keywords Nitrous oxide . Carbon dioxide .Methane .
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Introduction

N2O, CH4 and CO2 are the three most important
greenhouse gases (GHGs), which cause radiative
forcing of climate change (IPCC 2001). While the
global increases in CO2 concentration are primarily
due to fossil fuel use and land-use change, agricultural
practice is assumed to be one of the major sources of
N2O and CH4 emissions (IPCC 2007). N2O emissions
from agriculture are estimated to account for more than
75% of the total global anthropogenic emissions
(Duxbury et al. 1993; Isermann 1994; Abdalla et al.
2009; Jackson et al. 2009). Therefore, the contribution
of agricultural soils to global warming has received
increasing attention, with a major research focus on the
influence of the form and quantity of N fertilizers on
greenhouse gas fluxes (e.g., Bouwman 1990; Matson
et al. 1998; Mosier 1998; Verma et al. 2006; Jones et
al. 2007). Increased N inputs by mineral fertilizers
temporarily result in a surplus of NH4

+ and NO3
− in

the soil, the substrates for nitrification and denitrifica-
tion. As the major part of N2O emitted from soils is
produced by these two processes (Hutchinson and
Davidson 1993; Ambus et al. 2006), inorganic N
fertilizer input potentially increases N2O emissions
(Matson et al. 1998; Hall and Matson 1999; Chu et al.
2004; Cardenas et al. 2010). Besides the availability of

NH4
+ and NO3

−, nitrification and denitrification are
regulated by a number of edaphic factors, including
soil texture, water content, soil temperature, aeration,
the amount of soluble organic C and pH (Bouwman
1990; Granli and Bockman 1994). In context with the
prevailing weather situation there are seasonal differ-
ences in the availabilities of dissolved inorganic
nitrogen (DIN), as during cold and wet spring weather
NH4

+ is present at high amounts after fertilization (in
the forms of urea, NH4

+ or NH4NO3), while NO3
−

becomes the dominant N form in the soil during the
warm and dry summer season (Dobbie and Smith
2003). Thus, large variability is typical for N2O
emissions from agricultural soils and therefore it has
been difficult to draw general conclusions on the
impact of fertilizer N form on N2O emissions.
Increased N2O emissions also imply losses of fertilizer
N from the agricultural system and reduce the N
availability for crop plants. For calculating N2O
emissions from fertilized soils the IPCC report (1997)
recommends a constant emission factor of 1.25% of
the amount of N applied to agricultural land. However,
literature emission factor values for cereal crops are
extremely variable, ranging from 0.2% to 8% (Abdalla
et al. 2009). Further, the response of N2O emissions to
fertiliser N application rate might be non-linear, as has
been shown for grazed grassland (Cardenas et al.
2010).

Fertilization not only potentially increases N2O
emissions but also strongly influences CO2 emis-
sions (Treseder 2008). Raich and Tufekcioglu (2000)
estimated that plant root respiration, including
microbial respiration in the rhizosphere, contributed
12%–38% to the total soil respiration in agricultural
fields. Nitrogen fertilization generally increases root
respiration due to increased plant growth leading to
higher total CO2 emissions (Chu et al. 2007).
Thereby, the form of inorganic N applied strongly
affects rates of root-derived respiration, as high energy
demands of NO3

− reduction in roots result in a stronger
increase of respiration compared to NH4

+ assimilation
(Gavrichkova and Kuzyakov 2008). However, this
effect differs between crop species, depending on the
contribution of shoots and roots to the NO3

− reduction
process. Until now identification of the mechanisms
contributing to N fertilizer-induced changes in CO2

efflux from soil under agricultural crops remains
challenging because of difficulties in separating root
and microbial contributions to total CO2 efflux.
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Not only N2O and CO2 fluxes are controlled by a
multitude of factors but CH4 fluxes as well. Aerated
soils act as sinks of CH4, and their sink strength has
been estimated to be 3%–9% of the global annual
removal of CH4 from the atmosphere (Smith et al.
2000). Application of mineral N fertilizers has been
shown to reduce the natural CH4 oxidation capacity of
agricultural soils and may therefore lead to increased
CH4 emissions (e.g., Hütsch 2001; Hu et al. 2002).
This increase has mainly been attributed to the
competitive inhibition of the enzyme methane mono-
oxygenase, and to the resulting decrease in pH when
NH4

+ is applied to soil (Bedard and Knowles 1989;
Hütsch 1998). However, there is contradictory evi-
dence about the effect of different inorganic N forms
on CH4 emissions, and the underlying mechanisms
are still poorly understood, especially in the field.

When assessing the effect of different N fertilizers
on greenhouse gas fluxes in agricultural fields one is
facing several difficulties. It has become more and
more recognized that soil microbes cannot be treated
as a uniform pool in the soil. While N fertilization
may influence all soil microbes, these effects were
shown to vary between different groups of micro-
organisms (e.g., Cavagnaro et al. 2008; Enwall et al.
2007; Szukics et al. 2009). Therefore, fertilizer-
induced changes of soil processes, and consequently of
greenhouse gas emissions, are dependent on the
microbial community structure of a soil. Another
important factor to consider is the N use efficiency of
the crop plant investigated, as higher plant N uptake
rates lead to decreased concentrations of N in the soil
that could be lost from the system. Apart from this,
changing environmental conditions in the field (soil
moisture, temperature, light conditions, etc.) pose
another complication to assess the effect of different N
fertilizers on greenhouse gas fluxes. In field studies it is
not possible to control most of these factors, and often
unwanted side effects (e.g., flooding or drought stress)
are masking actual influences of fertilization. To
investigate the effects of different inorganic N fertilizers
it is necessary to control as many other factors as
possible. To achieve this, microcosm studies proved to
be a helpful tool (Inselsbacher et al. 2009), when
keeping in mind that results gained from such studies
need to be validated in the field (Madsen 2005). This
approach allows studying fertilizer effects on green-
house gas emissions in different soil types with
different microbial community structures.

For a better comparability all measured gas
emissions are commonly expressed as CO2 equiv-
alents using the global warming potential (GWP),
which is defined as the cumulative radiative forcing
between the present and a selected time in the future,
caused by a unit mass of gas emitted now. The GWP
(with a time span of 100 years) of CO2, CH4 and N2O
is 1, 25 and 298, respectively (IPCC 2007). However,
despite the magnitude of studies on greenhouse gas
emissions in agriculture, there is still a lack of
knowledge about fertilizer-induced effects on the
interactions between soil microbes and crop plants
in different soil types and therefore hampering
reliable predictions of soil-derived GWP. With more
detailed data, it could be possible to account for these
effects in greenhouse gas inventories, and thus make
the achieved emission reductions visible in the official
inventories as well. Management options to reduce
greenhouse gas emissions in agriculture are manifold
(e.g., Lou et al. 2010) but are usually neglecting the
soil microbial community composition. Therefore, the
aim of this study was to investigate the effect of
different inorganic N fertilizers (NH4NO3, NH4Cl,
KNO3) on fluxes of CO2, N2O and CH4 from soil
microcosms exhibiting different soil microbial com-
munity structures before and after planting young
barley (Hordeum vulgare L. cv. Morex) plants.

Material and methods

Soil sampling and experimental setup

Soil was collected in April 2006 from two sites,
Purkersdorf and Niederschleinz, in the vicinity of
Vienna, Austria. The soil types selected for this study
are widely distributed and are frequently used for
barley cultivation in this area. Both soils are well
characterized and have been used in previous studies
(Inselsbacher et al. 2009; Inselsbacher et al. 2010). A
brief summary of site characteristics and soil proper-
ties is given in Table 1. Soil samples were collected
from 0 to 20 cm depth from both sites, thoroughly
mixed, homogenized and sieved (<2 mm) and
immediately stored at 4°C until further analysis.
General soil characteristics were analysed 2 weeks
after soil sampling and thereafter the incubation
experiments were conducted. Experiments were car-
ried out using a recently developed microcosm system
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described by (Inselsbacher et al. 2009). Briefly, the
microcosms consisted of 50 ml polypropylene centri-
fuge tubes complemented with two stainless steel
sieves above the tube cones. Eight holes were drilled
into the tube cones to allow sufficient aeration of the
soils. Aliquots of sieved and homogenized field-moist
soil were centrifuged (1 min, 187g in a swing out
rotor) into the test tubes to reach a final volume of
30 ml and a bulk density of 1 g DW cm−3. The
microcosms were kept under controlled conditions in
a climate chamber with a 15/9 hday/night cycle at 21/
18°C temperature and 55% relative air moisture.
Supplementary lighting was provided via eight
400 W daylight lamps. During 14 day of pre-
equilibration the soil water content (WC) of both
soils was adjusted gravimetrically to 62% water filled
pore space (WFPS). To achieve this, 28.8 g DW of
soil Purkersdorf were adjusted to 23.6% WC (% dry
weight) and 25.8 g DW of soil Niederschleinz to
19.2% WC. The different amounts of soil were the
result of preliminary tests determining the amount of
soil needed to reach an exact volume of 30 ml within
the microcosm tubes after centrifugation (see above).

Seeds of barley (Hordeum vulgare L. cv. Morex) were
germinated on moist filter paper for 2 day and one
seedling planted per microcosm. During the experi-
mental period the WC of the soils was adjusted
gravimetrically twice daily.

Fertilizer application and sample collection

To investigate the influence of fertilizer N form on
greenhouse gas emissions four experiments were
conducted in parallel, modified after Inselsbacher et
al. (2010). A solution of 6.25 mM K2HPO4 and either
12.5 mM NH4NO3, 25 mM NH4Cl, 25 mM KNO3 or
distilled water were mixed and used for fertilization.
These solutions were applied to the soils at two times:
Three days before planting 1.6 ml and 5 day after
planting 1.2 ml of the mixtures were applied to each
microcosm, resulting in a total of 1 mg of N (except
in control samples), 0.55 mg of P and 1.4 mg of K in
all treatments. Homogenous distribution of fertilizer
N was ensured by inserting a 7-cm long side-hole
needle to the bottom of the soil cores in 4 (3)
positions and slowly injecting the solution (400 μl
each injection) while withdrawing the needle (Pörtl et
al. 2007). Samples were taken 2 h before and 4 h,
1 day and 3 days after the first fertilization (the last
sampling being equal with 2 h before the second
fertilization) and 4 h, 1 day, 2 days, 3 days, 6 days
and 8 days after the second fertilization. Seedlings of
barley were planted into the microcosms 2 days after
the first fertilizer application.

Gas fluxes measurements

For gas sampling, test tubes were supplemented with
gas tight retrofit kits described by (Inselsbacher et al.
2009) to increase head space volume in order to
prevent significant under-pressure during gas sam-
pling. Test tubes were closed at both sides with butyl
rubber seals and kept in the dark during the sampling
period by wrapping the microcosms with aluminium
foil. Gas samples were taken immediately after
closing, after 30 min and after 1 h. With a gastight
syringe head space air (10 ml) was transferred into
evacuated headspace vials and kept at 4°C until
analysis. Immediately after taking gas samples the
same volume of standardized pressured air was
injected into the microcosms to compensate air
pressure. The linearity of measured gas emissions

Table 1 Physical and chemical characteristics of the top
layer (0–15 cm) of two agricultural soils, Purkersdorf and
Niederschleinz, collected from the vicinity of Vienna, Austria

Purkersdorf Niederschleinz

Soil type Gleyic Cambisol from sandy
loamy flysch

Chernozem from
Loess

Geographic location 48°12′25″ N 48°35′59″ N

16°10′37″ E 15°10′24″ E

Altitude (m. a. sl.) 248 244

Water condition Moist Moderately dry

Clay (%) 2 18

Silt (%) 65 74

Sand (%) 33 8

pH (H2O) 6.6 7.7

CaCO3 (%) 0.06 8.5

Exchange capacity
(mval%)

11.2 15.4

Base saturation
(%EC)

81.4 98.1

Bulk density

(g DW cm−3) 1.06 0.96

Total C

(mgCg−1 DW) 16.2 26.4

Total N

(mgNg−1 DW) 1.6 1.9

C/N 10.0 14.2
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during this time, as well as the validation of compen-
sating air pressure in the vials was proved in a
preliminary study following a simplified experimental
setup. Gas samples were analysed within 48 h as
described by Kitzler et al. (2006) by automated
headspace gas chromatography. Briefly, the GC was
equipped with a 63Ni electron capture detector to
quantify N2O concentrations and a flame ionization
detector and a methanizer to quantify CO2 and CH4

concentrations. Emission rates of N2O and CO2 were
then assessed by the linear increase and CH4 oxidation
rates by an exponential decrease of headspace gas
concentration over the closure period. The correction
for dilution effects resulting from injecting standard-
ized pressured air into microcosms was included into
these calculations.

Soil and plant measurement

After gas sampling, the test tubes were opened again,
plants were harvested, separated into shoots and roots
and briefly rinsed with distilled water. Plant material
was oven-dried (70°C for 48 h) and weighed. Dried
roots and shoots were ground in a ball mill (Retsch
MM2000) and subsequently total plant C and N
contents were measured with an elemental analyzer
(EA 1110, CE Instruments). Soil of each microcosm
was quantitatively retrieved, homogenized and pre-
pared for further analyses. Soil chemical properties
were analyzed as described by (Inselsbacher et al.
2010). An aliquot (4 g) of homogenized soil was
dried at 70°C for 3 days and weighed to determine
soil moisture. Another aliquot (2 g) of homogenized
soil was extracted in 15 ml CaSO4 (10 mM) and
subsequently anions were determined by ion chroma-
tography (DX 500, Dionex, Vienna, Austria) and
conductivity detection. NO3

− was separated on an
anion exchange column (AS11, 250×4 mm i.d.,
Dionex, Vienna, Austria) after chemical suppression
(ASRS-Ultra, Dionex) and linear NaOH gradient
elution (0.5 mM to 37.5 mM within 10 min at a flow
rate of 2 mlmin−1, with a column temperature of
35°C). NH4

+ was extracted from aliquots (6 g) of
homogenized soil with 45 ml KCl (1 M) and
determined by a modified indophenol reaction method
(Kandeler and Gerber 1988). Total dissolved C and N
in the same KCl extracts were determined by an
automated C analyzer (Shimadzu, TOC-VCPH, Japan)
and a total N measuring unit (Shimadzu, TNM-1,

Japan). Total C and N contents of the soils were
analyzed with an elemental analyzer as given above.

Context data and statistical analysis

Data of microbial biomass, root and shoot DW, total
plant C contents, numbers of fungal and bacterial
genome equivalents as well as archaeal and bacterial
ammonium monooxygenase catalytic subunit A
(amoA) copies were taken from a previously pub-
lished set of experiments which were conducted in
parallel to the present study (Inselsbacher et al. 2010).
Data were analysed using one-way and multi-factorial
ANOVA followed by Tukey’s HSD post-hoc test
using Statistica 6.0 (StatSoft Inc., Tulsa, OK, USA).
When necessary, data were either square root- or
log10- transformed prior to analysis to meet the
assumptions of ANOVA after testing normality using
Kolmogorov-Smirnov test and homogeneity of var-
iances using Bartlett’s test. The effects of adding
different forms of N on emissions of CO2, CH4 and
N2O was analysed by three-way ANOVA with soil
type, N form and sampling time as independent
variables. Multiple regression analyses of greenhouse
gas fluxes in soils Purkersdorf and Niederschleinz
were performed with Statgraphics 5.0 (Statistical
Graphics Inc., Rockville, MD, USA) including
microbial biomass, root and plant biomass (dry
weight), total N, NH4

+, NO3
−, total dissolved C,

WFPS, absolute values and ratios of bacterial and
fungal gene copy numbers, absolute values and ratios
of bacterial and archaeal amoA copy numbers, gross
nitrification rates and gross mineralization rates.

Results

Soil properties and plant C contents

Microcosms were kept under strictly controlled
conditions in a climate chamber to guarantee stable
conditions throughout the test period. As intended,
after equilibration no shifts in water content, and
therefore also not in water filled pore space (WFPS),
were observed in the soils (data not shown, P>0.05).
However, as fertilizer was applied as a solution some
minor, but nevertheless significant shifts of WFPS
occurred in both soils directly after fertilization (data
not shown, P<0.05). The pH values of bulk soils did
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not change in planted and unplanted microcosms,
independent of N form and soil (one-way ANOVA,
P>0.05, n=10). However, due to insufficient root
lengths and biomass at the time of fertilization, shifts
in rhizosphere pH could not be estimated.

Dissolved inorganic nitrogen (DIN) pools in both
soils decreased rapidly after the second fertilization
event, mainly due to plant N uptake during this
period. Eight days after the second fertilization event
NH4

+ and NO3
− pools had reached background levels

in both soils (1.3±0.2 and 19±1.5 μgNg-1 DW,
respectively). Ammonium was depleted significantly
faster in Niederschleinz soil, whereas NO3

− concen-
trations remained elevated for a longer period in this
soil than in Purkersdorf soil (Inselsbacher et al. 2010).
In both soils total dissolved carbon (TDC) contents
were markedly higher after the second fertilization
compared to untreated soils, the latter having TDC
concentrations of 40±2 and 31±2 μgCg−1 DW
(Purkersdorf and Niederschleinz soil, respectively;
Fig. 1). Higher amounts of TDC, but also higher
shifts of TDC during the test period and stronger
effects of different forms of fertilizer N were found in
Niederschleinz soil (three-way ANOVA, P<0.0001).

In both soils TDC contents increased directly after
addition of NH4NO3, while after applying either
NH4Cl or KNO3 TDC contents decreased. Compared
to background levels, TDC concentrations increased
least in the KNO3 treatment in both soils. After 8 days
TDC contents reached a near-steady state, showing no
difference in concentration between different fertilizer N
forms in Purkersdorf soil (one-way ANOVA, P>0.05),
but showing still slightly lower contents after KNO3

addition in Niederschleinz soil (P<0.05).
After 4 days total plant C contents increased

significantly throughout the rest of the experimental
period in both soils (P<0.001, Fig. 1). In Purkersdorf
soil highest total plant C contents were observed in
the KNO3 treatment, followed by NH4NO3 and being
lowest after NH4Cl fertilization (One-way ANOVA,
P<0.01). The same pattern was found in Niederschleinz
soil, with the exception that no significant difference in
total plant C contents was observed between the KNO3

and NH4NO3 treatments (P>0.05). Independent of
fertilizer treatment plants grown in Niederschleinz soil
exhibited higher total plant C contents compared to
Purkersdorf soil 8 days after the second fertilization
(P<0.05).

T
D

C
 (

µg
 C

 g
-1

 s
oi

l D
W

)

100

150

200

250

T
D

C
 (

µg
 C

 g
-1

 s
oi

l D
W

)

100

150

200

250

NH4NO3

NH4Cl

KNO3

Time (days)

4 6 8 10 12

P
la

nt
 C

 (
m

g 
C

 p
la

nt
-1

)

10

20

30

40

50

Time (days)

4 6 8 10 12

P
la

nt
 C

 (
m

g 
C

 p
la

nt
-1

)

10

20

30

40

50

Purkersdorf

Purkersdorf

Niederschleinz

Niederschleinz
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Niederschleinz as well as
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Nitrous oxide fluxes

Both soils were sources of N2O at all measured time
points. After equilibration and before fertilization
initial N2O emission rates from Purkersdorf soil were
significantly (P<0.01) lower (1±0.8 μgNkg−1 DW
d−1) than those from Niederschleinz soil (3.2±1 μgN
kg−1 DW d−1). Four hours after the first application of
fertilizer, N2O emissions had increased significantly
in both soils, with higher emissions fromNiederschleinz
soil (Fig. 2, Table 2). In both soils fertilizer N form did
not affect N2O emission rates, but addition of N
generally resulted in higher N2O emissions compared

to water control samples (one-way ANOVA, P<0.05).
Peaks of N2O emissions rapidly decreased again to
background levels during the following 3 days in both
soils. Immediately (4 h) after the second fertilization,
N2O emissions were markedly higher than after the
first fertilization event (Fig. 2), although less N
fertilizer was applied as compared to the first fertiliza-
tion. In the control samples of both soils no increase in
N2O emission was found (P>0.05). Other than after
the first fertilizer application, the form of N fertilizer
applied had a strong influence on N2O emissions after
the second fertilizer application in both soils (Table 3),
with highest peaks of N2O emission after NH4NO3
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Plant Soil (2011) 343:17–35 23



application and lowest peaks after KNO3 application
(one-way ANOVA, P<0.01). In the NH4Cl and
NH4NO3 treatments, N2O emissions from Nieders-
chleinz soil were higher than those from Purkersdorf
soil (P<0.05, Table 3), whereas KNO3 application
resulted in similar N2O emissions from both soils (P>
0.05). Within the following 8 days, N2O emissions
decreased in both soils, showing different patterns
depending on the fertilizer N form applied (Fig. 2,
Table 3). N2O emissions from the NH4NO3 treatment
decreased almost linearly during this time period, but
did not reach background values after 8 days (one-way
ANOVA, P<0.05). On the other hand, N2O emissions
from the NH4Cl treated soils decreased more rapidly

and declined to background levels (P>0.05). The
slowest decrease in N2O emissions was found after
KNO3 application in both soils, when they clearly
remained above background levels after 8 days (P<
0.05). In Niederschleinz soil the most important factors
determining the variation in N2O fluxes were soil
NH4

+ concentrations and the ratio of archaeal to
bacterial amoA copies. Additionally, resulting from
multiple regression analysis, soil NO3

− concentrations
and root biomass were found to be significant factors
as well (Table 4). Together these four factors explained
88% of the variability of N2O fluxes. In soil
Purkersdorf soil NO3

− and TDC contents were
significant factors determining N2O fluxes and
explained 64% of the variation.

Fertilizer N lost as N2O

Taken the first fertilization event alone, average losses
of applied N via N2O emission during the subsequent
3 days were as little as 0.04% in both soils (Table 5).
As after 3 days N2O emissions have reached
background levels again, it is unlikely that under the
present laboratory conditions additional severe losses
would have occurred at later time points. The
proportional loss of fertilizer N as N2O from the
second fertilizer dose, on the other hand, was
significantly higher, with highest losses in the
NH4NO3 treatments from both soils. While N2O
losses after NH4Cl and KNO3 application were
similar and in the same range in the two soils, N
losses after NH4NO3 fertilization were higher in
Niederschleinz soil. Taken together, during the mon-

Table 2 F-statistics from three-way ANOVA of the effects of
soil type (Purkersdorf, Niederschleinz), applied N form
(NH4NO3, NH4Cl, KNO3) and sampling time (2 h before,
4 h, 1 day and 3 days after N application) on emission rates of
N2O, CO2 and CH4 (n=7) from soil microcosms after the first
fertilization event

N2O CO2 CH4

Source of variation df F df F df F

Soil 1 5.4* 1 28.1*** 1 4.6*

N form 3 0.1 3 1.8 3 2.4

Sampling time 3 8.4*** 3 290.0*** 3 4.5**

Soil x N form 3 0.14 3 1.1 3 0.4

Soil x time 3 1 3 30.6*** 3 1

N form x time 9 0.1 9 2.5* 9 0.9

Soil x N form x time 9 0.1 9 0.3 9 0.1

* P<0.05, ** P<0.01, *** P<0.001

N2O CO2 CH4

Source of variation df F df F df F

Soil 1 2.9 1 723*** 1 4.6*

N form 2 43.6*** 2 7.7*** 2 2.3

Sampling time 5 81.4*** 5 60.4*** 5 29.3***

Soil x N form 2 11.3*** 2 150.9*** 2 1.1

Soil x time 5 0.5 5 38.6*** 5 1.3

N form x time 10 2.9** 10 8.5*** 10 2.7**

Soil x N form x time 10 0.4 10 3.7*** 10 0.4

* P<0.05, ** P<0.01, *** P<0.001
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Table 3 F-statistics from three-way ANOVA of the effects of soil type (Purkersdorf, Niederschleinz), applied N form (NH4NO3,
NH4Cl, KNO3) and sampling time (4 h, 1 day, 2 days, 3 days, 6 days and 8 days after N application) on emission rates of N2O, CO2

and CH4 (n=7) from soil microcosms after the second fertilization event

Table 3 F-statistics from three-way ANOVA of the effects of
soil type (Purkersdorf, Niederschleinz), applied N form
(NH4NO3, NH4Cl, KNO3) and sampling time (4 h, 1 day, 2 days,

3 days, 6 days and 8 days after N application) on emission rates
of N2O, CO2 and CH4 (n=7) from soil microcosms after the
second fertilization event



itored 11 days N losses from total applied fertilizer N
via N2O emissions were below 0.3% in both soils. By
extrapolating the cumulative curves of N2O emissions
(shown in Fig. 2), it was possible to extrapolate N2O
emissions over a time period of 1 month after
fertilization (Fig. 3, Table 5). The extrapolated results
indicate that the major N losses occurred during the
first week after fertilization while additional potential
N losses during the following 3 weeks would have
accounted for a much smaller part of total N losses.
Calculated relative to the amount of applied N from
the second fertilizer dose alone, this resulted in
average N losses of 0.62% and 0.88% in the NH4NO3

treatment one month after fertilization of Purkersdorf
and Niederschleinz soils, respectively.

Carbon dioxide fluxes

Initial emissions of CO2 from Purkersdorf soil were
low (4.0±2.1 mgCkg−1 DW d−1) and similar to CO2

emissions from Niederschleinz soil (3.2±0.8 mgC
kg−1 DW d−1). The first fertilization event did not
affect CO2 emissions but after seedlings were trans-
ferred to the microcosms, CO2 emissions increased
rapidly in both microcosms (soil and plants), with
higher emissions from Purkersdorf microcosms
(Fig. 2, Table 2). No direct influence of N application
was observed, as CO2 emissions did not differ
between fertilizer N forms and the water control
(P>0.05). After the second fertilization CO2 emis-
sions from Purkersdorf microcosms were markedly
higher than from Niederschleinz microcosms and
were highest in the NH4NO3 treatment and lowest in
the KNO3 treatment. Interestingly, in Niederschleinz
microcosms the opposite effects of fertilizer N forms
were found, although much less pronounced (Fig. 2,
Table 3). Integrated over the whole test period (11 days)
this resulted in 2.6, 2.1 and 1.6-fold higher cumulative
CO2 emissions (calculated by linear interpolation
between sampling occasions) from Purkersdorf micro-
cosms than from Niederschleinz microcosms in the
NH4NO3, NH4Cl and KNO3 treatments, respectively
(Fig. 2). Multiple regression analysis was performed to
determine the most significant determinant factors on
CO2 fluxes (Table 6). Accepting a threshold probability
of 95%, in Purkersdorf microcosms concentrations of
soil NH4

+ and NO3
− and the bacterial to fungal

genome equivalent ratio were found to be significant
factors determining CO2 fluxes, explaining 77% of theT
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variability in CO2 emissions. In Niederschleinz micro-
cosms the bacterial to fungal genome equivalent ratio
was likewise significant, but instead of DIN concen-
trations root biomass was the second main factor,
together explaining 39% of CO2 emission variability.

Methane fluxes

Before fertilization and planting, both soils were net
sources of CH4. Initial emission rates did not differ
between the two soils and were 2.4±3.2 and 0.6±
2.2 μgCkg−1 DW d−1 from soils Purkersdorf and

Niederschleinz, respectively (one-way ANOVA, P>
0.05, Fig. 2). After the first fertilizer application both
soils became sinks of CH4, with soil Niederschleinz
exhibiting higher consumption rates than soil
Purkersdorf (Table 2). No effect of fertilizer N form
was observed as net CH4 consumption rates were
equal in the fertilized and in the control samples
(Fig. 2). Three days after the first fertilizer dose net
CH4 fluxes reached background levels again (P>
0.05) and therefore, on average, both soils became net
sources of CH4 again. The second fertilizer applica-
tion was followed by a stronger increase of CH4

Table 5 Loss of fertilizer N via N2O emissions from Purkersdorf and Niederschleinz soil after applying 3 different forms of inorganic
N (NH4NO3, NH4Cl, KNO3). Values represent total losses of N (in%) from the first fertilization during the 3 following days, from the
second fertilization during 8 following days and from total applied fertilizer during the whole time period (11 days). Total losses of N
from the 2nd fertilization and from total N input over a 1-month period were calculated by extrapolating cumulative curves of N2O as
shown in Fig. 3. Values represent means (± SE), n=7

Purkersdorf Niederschleinz

N lost from (%): NH4NO3 NH4Cl KNO3 NH4NO3 NH4Cl KNO3

1st fertilization 0.03 0.04 0.03 0.04 0.03 0.04

(0.02) (0.02) (0.02) (0.03) (0.02) (0.03)

2nd fertilization 0.51 0.24 0.24 0.68 0.20 0.27

(0.06) (0.06) (0.02) (0.08) (0.05) (0.03)

Total fertilization 0.22 0.13 0.12 0.29 0.11 0.14

(0.04) (0.04) (0.02) (0.05) (0.04) (0.02)

2nd fertilization (1 month) 0.62 0.38 0.37 0.88 0.29 0.43

Total fertilization
(1 month)

0.26 0.19 0.18 0.37 0.14 0.21

Fig. 3 Cumulative N2O emission from microcosms filled with
soils Purkersdorf and Niederschleinz during 1 month. Soils
were preincubated in the microcosms for 14 days before
fertilization. Full arrows indicate dates of inorganic N

fertilization (NH4NO3, NH4Cl or KNO3). The dotted line at
day 11 indicates the end of direct measurements. Values from
day 11 onwards were calculated with best fitting exponential
growth equations

Table 5 Loss of fertilizer N via N2O emissions from Purkersdorf
and Niederschleinz soil after applying 3 different forms of
inorganic N (NH4NO3, NH4Cl, KNO3). Values represent total
losses of N (in%) from the first fertilization during the 3 following
days, from the second fertilization during 8 following days and

from total applied fertilizer during the whole time period (11 days).
Total losses of N from the 2nd fertilization and from total N input
over a 1-month period were calculated by extrapolating cumula-
tive curves of N2O as shown in Fig. 3. Values represent means (±
SE), n=7
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consumption compared to the first fertilization event,
and again soil Niederschleinz showed higher CH4

consumption rates than soil Purkersdorf (Fig. 2). As
revealed by three-way ANOVA fertilizer N form did
not affect CH4 consumption rates directly, but a
significant interaction effect between fertilizer N form
and sampling time was observed (Table 3). While CH4

consumption rates decreased in both soils in the
NH4NO3 and NH4Cl treatments to near-background
levels 8 days after fertilization, CH4 consumption rates
of soils treated with KNO3 declined to steady state
rates already 3 d after fertilization, though at signifi-
cantly higher levels of CH4 consumption (−1.9±0.2
and −3.7±0.2 μgCkg−1 DW d−1 in soils Purkersdorf
and Niederschleinz, respectively). Total amounts of
CH4 consumed over the whole time period of 11 days
were higher in soil Niederschleinz than in soil
Purkersdorf only after KNO3 application (44 and
24 μgCkg−1 DW, respectively, P<0.05), but were
similar in the other N treatments (between 17 and
33 μgCkg−1 DW, P>0.05, Fig. 2). Multiple regression
analysis revealed that, accepting a threshold probability
of 95%, in soil Purkersdorf concentrations of soil NO3

−

and TDC were the only significant factors determining
CH4 fluxes and together explained 57% of the
variability in CH4 fluxes (Table 7). Unexpectedly, no
correlations between CH4 fluxes and WFPS or NH4

+

concentrations were found (P>0.05). On the contrary,
in soil Niederschleinz WFPS, soil NH4

+ concentrations
and the ratio of archaeal to bacterial ammonium
monooxygenase catalytic subunit A (amoA) copies
were the determining factors, together explaining 58%
of CH4 fluxes.

Greenhouse gas balance

N2O and CH4 have 298 and 25 times higher global
warming potentials (GWP) than CO2, respectively,
in a time horizon of 100 years (IPCC 2007). In our
study the GWP calculated as total CO2 equivalents
over an 11-day period after fertilization was mark-
edly higher in Purkersdorf microcosms than in
Niederschleinz microcosms. In detail, total CO2

equivalents were 2.45, 2.09 and 1.53 times higher in
the NH4NO3, NH4Cl and the KNO3 treatment, respec-
tively (Table 8). While the GWP of Purkersdorf
microcosms was highest after NH4NO3 and lowest
after KNO3 fertilization, the opposite was the case in
Niederschleinz microcosms. This was clearly related toT
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the opposite pattern of CO2 emissions in the two soils
(Fig. 2). In Purkersdorf microcosms CO2 contributed
98±6% to GWP in all treatments, while N2O contrib-
uted only approximately 2±0.5%. Even if the contri-
bution of N2O was highest in the NH4NO3 treatment
(2.4±0.4%), this difference was not significant. On the
contrary, the contribution of N2O to total GWP in
Niederschleinz microcosms was clearly higher, ranging
between 3.7 and 8.6%. Additionally this soil showed a
stronger influence of fertilizer N form, as the contri-
bution of N2O after NH4NO3 application was approx-
imately 2-fold higher than in the other treatments.
Independent of fertilizer N form, soil CH4 consumption
had only little influence on total GWP decreasing it
by 0.1±0.03% and 0.2±0.1% in Purkersdorf and
Niederschleinz microcosms, respectively.

Discussion

Nitrous oxide emissions

One major aim of this study was to evaluate the
influence of different inorganic N fertilizer forms on
N2O emissions and especially on relative amounts of
fertilizer N lost from agricultural soils as N2O. In both
soils, N2O emissions were highest after applying a
mixture of NH4NO3 compared to application of NH4

+

or NO3
− alone. These findings indicate that both

nitrification and denitrification might have contribut-
ed simultaneously to N2O losses in the mixed
fertilizer treatment, which provided N sources for
both processes. Principally, the experimental setup
allowed both nitrification and denitrification to occur,
as soil moisture, an important controlling factor for
N2O emissions was steadily kept at 62% WFPS (e.g.,
Davidson 1993; Dobbie and Smith 2001). When only
NO3

− was applied, concentrations of NH4
+ in both

soils were very low (0.5 to 1.5 μgNg−1 DW) and
might have been limiting for nitrification (Garrido et
al. 2002). On the other hand, when only NH4

+ was
applied during 1 week after fertilization NO3

− con-
centrations were nevertheless higher than 20 μgNg−1

DW, which was found to be the threshold concentra-
tion above which denitrification is not limited
(Myrold and Tiedje 1985a, b). Together with the fact
that other controlling factors (soil moisture, tempera-
ture) were kept constant, these findings indicate that
in our study the availabilities of NH4

+ and NO3
−T
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clearly were the main driving factors for nitrification
and denitrification and consequently directly influ-
enced N2O emissions as reported previously (Mosier
et al. 1986; Baggs and Blum 2004). Additionally,
gross nitrification rates, which were estimated within
parallel 15N labelling experiments (Inselsbacher et al.
2010), were significantly higher in Niederschleinz
than in Purkersdorf soil. This fits well with the fact
that N2O emissions from Niederschleinz soil were
significantly higher directly after applying either
NH4NO3 or NH4

+, and was also reflected in a strong
positive correlation between N2O emissions rates and
soil NH4

+ concentrations.
While the importance of denitrification and nitrifica-

tion for N2O emissions is well recognized (e.g., Ambus
et al. 2006), there is still controversy about the
contribution of different groups of microbes to these
processes. For example, although it is known that
ammonia-oxidizing archaea might numerically be more
abundant than ammonia-oxidizing bacteria in soils
(Leininger et al. 2006), until now their ecological role
remains uncertain (Francis et al. 2007; Hayatsu et al.
2008). There is strong evidence that mainly bacteria,
rather than archaea, functionally dominate ammonia
oxidation in agricultural (Jia and Conrad 2009) and
grassland soils (Di et al. 2009). However, in a recent
study Martens-Habbena et al. (2009) found that
ammonia-oxidizing archaea successfully competed
with heterotrophic phytobacteria and phytoplankton
for reduced N indicating a strong contribution of
archaea to nitrification in marine environments. Also
in agricultural soil the potential importance of
ammonia-oxidizing archaea was already highlighted
(Offre et al. 2009). Similarly, in the soils used in the

present study archaeal amoA gene copy numbers were
increasing stronger than bacterial amoA gene copy
numbers during the first week after NH4

+ application,
indicating that archaea were contributing significantly
to nitrification (e.g., Inselsbacher et al. 2010). The
strong correlation between N2O emissions and archaeal
amoA abundance in soil Niederschleinz in the present
study indicates that archaea may have directly or
indirectly contributed to N2O emissions and therefore
to soil derived GWP as well. In Purkersdorf soil, on the
other hand, gross nitrification rates were found to be 2
to 3 times lower and archaeal amoA abundance up to
10 times lower than in Niederschleinz soil (Inselsbacher
et al. 2010). Further, no correlation between N2O
emissions and archaeal amoA abundance was found in
this soil. These results stress the importance of
assessing the different functional groups within the soil
microbial community in different soils in greater detail.
Thereby analyses of bulk soil alone are not sufficient
without taking small-scale variations into account as
may be the case in the rhizosphere. Ongoing studies in
our group indicate, that in the rhizosphere bacterial
amoA abundance is affected much stronger by ammo-
nium application than archaeal amoA abundance
(Glaser et al. 2010). Besides the importance of soil
processes and the microbial community composition,
also plant growth strongly influenced N2O emissions. It
has been shown that barley plants grown on both soils
were the strongest sink of fertilizer N (45% to 80% of
N applied) after 8 days (Inselsbacher et al. 2010). Plant
N uptake became obviously stronger with continuing
plant growth but was rather low during the first 5 days.
Therefore, during this time there was more N available
for N2O production. This was reflected in the decrease

Purkersdorf Niederschleinz

NH4NO3 NH4Cl KNO3 NH4NO3 NH4Cl KNO3

Total CO2 equivalents 351.5 306.1 265.9 143.2 146.5 174.1

(15.5) (19.7) (14.0) (14.9) (15.4) (13.8)

Contribution of CO2 (% of total) 97.7 98.0 98.0 91.6 96.5 96.0

(4.0) (5.9) (4.9) (8.9) (9.2) (7.1)

Contribution of CH4 (% of total) −0.1 −0.1 −0.1 −0.2 −0.2 −0.2
(0.02) (0.04) (0.03) (0.1) (0.1) (0.1)

Contribution of N2O (% of total) 2.4 2.0 2.1 8.6 3.7 4.3

(0.4) (0.5) (0.3) (1.5) (1.2) (0.7)

C fixed in plants 25.1 18.0 33.5 31.7 21.4 35.7

(1.7) (0.7) (1.7) (2.1) (1.2) (1.4)

Table 8 Total gas
emissions from two
agricultural soils under
different fertilizer treatment
(expressed as total CO2

equivalents kg−1 DW) and
the relative contribution of
CO2, CH4 and N2O to total
CO2 equivalents. Values
represent mean cumulative
CO2 equivalents calculated
over an 11-day period.
Negative values represent
CH4 oxidation. Net CO2

fixation by plants is given as
mg CO2-C per single plant
(n=7; SE in parentheses)
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in N2O emissions after an initial pulse directly after the
second fertilization, due to N depletion during contin-
uous plant N uptake and by a strong negative
correlation of N2O emissions and root biomass in soil
Niederschleinz. Additionally to reducing the substrate
availability for nitrification and denitrification, plants
may control N2O emissions by providing an additional
C source via root exudation allowing increased denitri-
fier activity (Philippot et al. 2008), or by a combination
of both. Root penetration into the soil may decrease soil
compaction and create channels for gas transfer,
therefore causing faster diffusion of N2O from the soil
to the atmosphere (Philippot et al. 2008). Both soils in
the present study exhibited higher N2O emissions after
fertilizer N application in the presence of growing
plants than from soils without plants, which supports
these suggestions and is in agreement with several other
studies (e.g., Klemedtsson et al. 1987; Kilian and
Werner 1996). However, we cannot reconcile which
of the aforementioned effects was most important for
the increased N2O emissions.

Our study underlines previous findings that
increases in N2O emissions following N-fertilization
are short-term responses only (8 to 14 days) and
typically decline to base line levels thereafter (Mosier
1994; Bouwman 1996; Mosier 1998; Dobbie and
Smith 2003; Ambus 2005; Jones et al. 2007). The
highest peaks of N2O emissions were observed
directly after the second application, despite the fact
that the first application of fertilizer represented more
than half of the total N applied. A similar result was
found by Abdalla et al. (2009) who proposed that
changing water conditions were responsible for this
effect. In our study soil moisture and temperature
were kept stable and therefore could not have been
responsible for this increase. More likely, increased
denitrification rates induced by root exudation and
increased enzyme activities induced by the first
fertilization event were responsible for this effect.
Based on the results of a previous 15N tracer study it
was found that on average 15% of applied fertilizer N
was lost to the atmosphere (Inselsbacher et al. 2010).
While it has been recently shown that N2 emissions
can account for a significantly larger part of total
gaseous N losses compared to N2O or NO emissions
(e.g., Spott et al. 2006; Scheer et al. 2009), this study
focused on N2O alone. In terms of relative amount of
fertilizer N emitted as N2O, the influence of plants
and of repeated fertilization resulted in a marked

increase of N losses. Independent of fertilizer N form
only 0.03% of applied N was lost as N2O after the
first fertilization. Contrary, the amount of N lost from
the second fertilization was markedly higher and
depended on the fertilizer N form. In both soils
cumulative N2O losses over 11 days were more or less
equal when only one N source (either NH4

+ or NO3
−)

was supplied (0.11–0.14%), but significantly higher in
the NH4NO3 treatment (0.22 and 0.29% from soils
Purkersdorf and Niederschleinz, respectively). These
findings indicate that providing sources for nitrification
and denitrification at the same time led to highest N2O
emissions from both soils and therefore should be seen
critically in terms of N2O-derived GWP. Estimation of
proportional N2O losses from total fertilizer N added
integrated over a one-month period showed that N2O
emission factors in both soils (0.14–0.37%) were in the
range of previous studies (Abdalla et al. 2009) though
below the default value (1.25% per year) reported by
the IPCC (1997). Our results also stress that N2O
emissions during the first 11 days after fertilization
contributed 67–85% of total N2O emissions extrapo-
lated to 1 month. Therefore, the correct timing of
fertilizer application in regard to weather conditions
and plant N demands is of uttermost importance. While
the emission factors calculated in the present micro-
cosm study are valuable for short-term laboratory
studies, annual site-specific N2O emission factors still
need to be validated directly in the field.

Methane fluxes

Methane fluxes were not influenced by the amount or
form of N fertilizer in either of the two soils. This was
unexpected, as previous studies showed that CH4

oxidation is potentially inhibited by NH4
+ (e.g.,

Steudler et al. 1989; Mosier et al. 1991; Hütsch
2001; Hu et al. 2002) or NO3

− (Kightley et al. 1995;
Wang and Ineson 2003; Reay and Nedwell 2004).
Still, our results are supported by several other studies
that found a lack of inhibition or even stimulation of
CH4 oxidation following N addition (e.g., Bodelier et
al. 2000; Hilger et al. 2000; Sitaula et al. 2000; De
Visscher and Van Cleemput 2003). In our study, CH4

oxidation was enhanced after fertilizer injection. It is
difficult to clarify this observed pattern as the net CH4

flux in terrestrial ecosystems is the result of simulta-
neous gross CH4 production and gross CH4 consump-
tion rates (Chu et al. 2007; Kammann et al. 2009; von
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Fischer and Hedin 2007). In our study it was not
possible to distinguish whether the observed increase
in CH4 consumption resulted from a stimulation of
CH4 oxidizers, an inhibition of CH4 producers or by
interaction effects between these communities. Never-
theless, amoA gene copy numbers increased after
fertilization which may have contributed to CH4

oxidation as the enzyme ammonium monooxygenase
can also oxidize CH4. Archaeal amoA gene copy
numbers were increasing stronger than bacterial ones,
and there was a significant relationship between arch/
bact amoA, NH4

+ concentration and CH4 flux in the
more organic Niederschleinz soil.

Carbon dioxide emissions

CO2 emissions were strongly dependent on plant
growth and on soil microbial community composition
in both soils. Further, in both soils CO2 emissions
were positively correlated with root biomass, indicat-
ing that root respiration, including microbial respira-
tion in the rhizosphere, contributed significantly to
soil total CO2 emissions. While in Niederschleinz soil
this correlation was highly significant, a similar
strong, but less significant correlation was found in
Purkersdorf soil (correlation coefficient 0.45, P=
0.011). However, the strong negative correlation
between plant available inorganic N pools and CO2

emissions in soil Purkersdorf also rather reflected the
increasing depletion of these N pools due to root
uptake together with a simultaneous increase in root
respiration then a direct influence of DIN concen-
trations on CO2 emissions per se. These findings are
in agreement with previous studies who found that
root respiration contributed 12–38% to the total soil
respiration in crop lands (Raich and Tufekcioglu
2000), and might be even enhanced at the onset of
plant growth due to enhanced root activity (Chu et al.
2005). Fertilization increased CO2 emissions signifi-
cantly in the planted microcosms, but not in bare soil.
These results indicate that soil microorganisms were
C limited in unplanted soil, but were stimulated by
root exudation as soon as plants were grown in the
microcosms, as has been suggested previously
(Inselsbacher et al. 2010). The initial C limitation
might have been caused by C exhaustion during
sample handling which could explain the low initial
CO2 emissions from both soils. In a preliminary study
testing 5 contrasting soils (packed into the same

microcosms used in this study) no changes in soil
TDC were found during a time period of 1 month
after packing proving that the microcosms were stable
during the experiments (Inselsbacher et al. 2009).
Still, we cannot exclude the possibility and conse-
quences of reduced soil TDC contents in the
homogenized soils compared to field conditions.
Further, it is likely that also shoot respiration
contributed to total CO2 emissions in planted micro-
cosms, as gas samples were taken in the presence of
intact plants, even if no significant correlation
between CO2 emissions and shoot biomass could be
found. However, CO2 emissions were also influenced
by the form of fertilizer N applied, surprisingly with
opposing effects in the two soils. One reason for this
finding was that the two soils exhibited different soil
microbial communities which were affected different-
ly depending on fertilizer N form applied. In a parallel
study using the same soils and the same setup, it has
been shown that bacterial genome equivalents did not
change over time in both soils, but that fungal
genome equivalents increased in all fertilizer treat-
ments in soil Niederschleinz, while they decreased in
soil Purkersdorf (Inselsbacher et al. 2010). Neverthe-
less, compared with plant respiration, it is likely that
microbial respiration in the bulk soil contributed less
to total CO2 production, although the contribution of
microbial respiration in the rhizosphere remains hard
to distinguish (Gavrichkova and Kuzyakov 2008).

Soil derived global warming potential

In order to estimate the soil-derived global warming
potential (GWP), which determines the relative
contribution of a gas to the greenhouse effect, all
gas emissions were converted to CO2 equivalents
(IPCC 2007). Soil derived GWP was much higher in
Purkersdorf than in Niederschleinz soil, due to higher
CO2 emissions from Purkersdorf microcosms. CO2

emissions clearly were the strongest contributors to
GWP in both microcosms, while CH4 and N2O
emissions influenced GWP much less. However,
while CO2 was emitted from the system, C was
simultaneously fixed in plants. In this study the C
fixation was estimated by calculating the increase in
total C content of the plants during the experimental
period. In our microcosm setup C fixation by plants
(25.5 and 29.6 mg CO2-C plant−1 in Purkersdorf and
Niederschleinz soil, respectively) occurred at much
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higher rates than CO2 emissions (8.7 and 3.8 mg
CO2-C microcosm−1 in Purkersdorf and Niederschleinz
soil, respectively), resulting in a net sink of C in the
test systems. Due to slower plant growth in the NH4

+

treatment (Inselsbacher et al. 2010) less C was fixed in
plants during the estimated 11 days in this treatment,
consequently resulting in higher net GWP in both soils
compared to NH4NO3 or KNO3 fertilization. CH4

uptake during the experimental period additionally, but
only negligibly, decreased total GWP, similar to
previous findings from non-flooded temperate soils
(Flessa et al. 2002; Chu et al. 2007; Regina et al. 2007;
Soussana et al. 2007). Compared to C alone, the
relative contribution of N2O to the total soil-derived
GWP became more important and even more signifi-
cant after N fertilization. This fertilization effect was
much stronger in Niederschleinz soil, due to higher
nitrification rates in this soil as explained above. This
suggests that the contribution of N2O to total GWP
was strongly influenced by the soil microbial commu-
nity. The strong correlation of archaeal amoA abun-
dance and soil N2O emissions together with the
previously found correlation with nitrification rates
(Inselsbacher et al. 2010) indicates that archaea
potentially contributed to total N2O emissions. Al-
though it still needs to be validated in the field, we here
for the first time report that archaea may potentially
influence total soil derived GWP. Taken together, our
results indicate that during the initial growth period of
barley, both soils were net sinks of CO2 equivalents, as
CO2, N2O and CH4 emissions could not compensate
the C fixation by plants. Nevertheless, due to
weight-based calculations within this study and the
small scale of the microcosms used, these findings
have to be validated in the field together with area-
based calculations.

Conclusion

Overall, the results of our study indicate that assessing
the soil microbial community structure is of prime
importance when studying the effect of N fertilizers
on soil-derived GWP in agricultural soils. The proper
choice of inorganic N fertilizer in order to potentially
reduce the soil-derived GWP may not only depend on
the physico-chemical properties of the soil, but also
on the composition, abundance and spatial distribu-
tion of different functional groups of soil micro-

organisms. Here we show that the contribution of
N2O to the soil-derived GWP was on the one hand
strongly dependent on the form of mineral N fertilizer
and on the other hand on the soil microbial
community composition. Especially ammonia-
oxidizing archaea may contribute stronger to N2O
emissions than has been recognized previously.
Generally, nitrification can potentially increase N2O
emissions, and therefore determining the optimal ratio
of NH4

+ to NO3
− contained in fertilizers, as well as

the use of nitrification inhibitors and a better match of
N supply with crop demands, have to be considered in
order to decrease N2O emissions from agricultural
soils. Fertilization also strongly increased plant
respiration, leading to higher CO2 emissions and to
higher microbial activities induced by enhanced root
exudation. Our study provides evidence that interdis-
ciplinary research covering multiple aspects of plant-
soil-microbe interactions will promote a better under-
standing of the factors influencing GHG emissions.
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