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Abstract: Nitrous oxide (N,O) flux measurements from an Irish spring barley field managed under conventional and reduced
tillage and different N fertilizer rates at the Teagasc Oak Park Research Centre were made for two consecutive seasons. The
aims were to investigate the efficacy of reduced tillage, reduced N fertilizer and climate change on N,O fluxes and emission
factors and to study the relationship between crop yield and N-induced fluxes of N,O. The soil is a sandy loam with a pH of
7.4 and organic carbon and nitrogen content at 15 cm of 19 and 1.9 g kg™ dry soil, respectively. Three climate scenarios, a
baseline of measured climatic data from a nearby weather station and a high and low temperature sensitive scenarios
predicted by the Hadley Global Climate Model were investigated. The Field-DeN.itrification DeComposition (DNDC) was
tested against measured nitrous oxide flux from the field, and then used to estimate future fluxes. Reduced tillage had no
significant effect on N,O fluxes from soils or crop grain yield. Soil moisture and soil nitrate are the main significant factors
affecting N,O flux. The derived emission factor was 0.6% of the applied N fertilizer. By reducing the applied nitrogen
fertilizer by 50 % compared to the normal field rate, N,O emissions could be reduced by 57% with no significant decrease on
grain yield or quality. DNDC was found suitable to estimate N,O fluxes from Irish arable soils however, underestimated the
flux by 24%. Under climate change, using the high temperature increase scenario, DNDC predicted an increase in N,O
emissions from both conventional and reduced tillage, ranging from 58 to 88% depending upon N application rate. In contrast
annual fluxes of N,O either decreased or increased slightly in the low temperature increase scenario relative to N application
(-26 to +16%). Outputs from the model indicate that elevated temperature and precipitation increase N mineralisation and
total denitrification leading to greater fluxes of N,O. Annual uncertainties due to the use of two different future climate
scenarios were significantly high, ranging from 74 to 95% and from 71 to 90% for the conventional and reduced tillage

respectively.
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1. INTRODUCTION

Nitrous oxide contributes to global warming (GW)
by virtue of being 298 times more effective than
carbon dioxide (IPCC, 2007). The atmospheric
concentration of this greenhouse gas has increased
from approximately 275 ppb in pre-industrial times to
a present day concentration of 314 ppb (Houghton et
al., 1996; IPCC, 2007). Agricultural land is the most
important sources of N,O emissions, contributing
approximately 46-52% of the global anthropogenic
N,O flux (Mosier et al., 1998; Kroeze et al., 1999;
Olivier et al.,, 1998). Primary reasons for enhanced
N,O emissions from cultivated soils are increased N
inputs by mineral fertilizers, animal wastes and
biological N fixation (IPCC, 1997 2007). Other
factors which affect N,O emissions are temperature,
moisture, crop type, fertilizer type, soil organic carbon
content, soil pH, tillage and soil texture (Dobbie et al.,
1999; Stehfest and Bouwman, 2006; IPCC, 2007;
Metay et al., 2007).

Increases in surface air temperature due to climate
change would be expected to increase evaporation
leading to higher levels of atmospheric water vapour
and a greater variability in the frequency and extent
of rainfall (Kattenberg et al., 1996). Ireland is defined
as having a marine west-coast climate (Strahler,
1969) with an average annual temperature of 9 °C,
150-200 days with a rainfall over Imm, and annual
rainfalls of 800-2800 mm (Met Eireann, 2009). The
Irish climate will continue to warm, towards the end
of this century, temperature will increase by 3-4 °C

particularly in the summer and autumn seasons. The
winter will be wetter + (15-25%) and summers will
be drier - (11-18%) compared to 1961-2000 values
(C4 1, 2008). Such changes in temperature and
precipitation would be expected to influence
mineralisation and denitrification and consequently
N,O production.The aims of this study were to
measure and model N,O fluxes from Irish arable soils
and to investigate the efficacy of reduced tillage,
reduced N fertilizer and future climate change on
N,O fluxes and to study the relationship between
crop yield and N-induced fluxes of N,O.

2. MATERIAL AND METHODS
2.1. Experimental Site

Measurements of N,O flux were carried out for
two consecutive growing seasons on spring barley
field at the Teagasc Oak Park Research Centre,
Carlow, Ireland; April-August 2004 and April -
August 2005. The soil is classified as a sandy loam
with a pH of 7.4 and a mean organic carbon and
nitrogen content at 15 cm of 19.4 and 1.9 g kg dry
soil respectively. In both seasons the experiment was
managed under two different tillage regimes;
conventional tillage where inversion ploughing to a
depth of 22 cm was carried out in March five weeks
prior to planting, and reduced tillage to a depth of 15
cm which was carried out in September of the year
before. The experimental design was a complete
randomized block design.
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2.2. Fertilization Treatments

In 2004 three rates of N-fertilization: control (N),
70 (N;) and 140 (N,) kg N ha™ were applied once on
27™ of April 2004, whereas in 2005 fertilizer was
applied in two applications, the first on the 12" of
April (control, 53 and 106 kg N ha™) and the second
on the10™ of May (control, 26 and 53 kg N ha™). The
total amount of N-fertilizer applied in 2005 was
therefore control (Ny) 79 (N;) and 159 (N,) kg N ha™'.
Fertilizer was applied in the form of calcium
ammonium nitrate (CAN).
2.3. Measurement of N,O Flux

Nitrous oxide fluxes were measured using the
methodology of Smith er al. (1995). Chambers
consisted of three parts: a 52 x 52 x 15 cm high square
collar inserted permanently in the soil over which a 50
x 50 x 30 cm high lid with a plastic septum could be
sealed in place for gas sample collection. Samples
were taken using a 60 ml gas-tight syringe after
flushing of the syringe to ensure adequate mixing of
air within the chamber. All 60 ml of the sample was
then injected into a pre-evacuated 3ml gas-tight vial
with a vent needle inserted into the top. Flux was
measured using a gas chromatograph (Shimadzu GC
14B, Kyoto, Japan) with electron capture detection.
2.4. Soil Nitrate and Moisture

Twelve soil samples were taken at a depth of 0 -
20 cm on every gas-sampling occasion. In addition,
daily precipitation was measured at the Teagasc
Research Centre weather station. The concentration of
soil nitrate was measured colourimetrically using a
Bran and Luebbe AutoAnalyzer (Bran and Luebbe,
Norderstedt, Germany), based on the method of
Armstrong et al., (1976).
2.5. Grain Yields and Protein Content

Crop grain yield samples representing all
treatments and tillage systems were collected from the
field by the Teagasc Research Centre team. Average
grain yields at 15% moisture were determined for each
N fertilizer/ tillage combination.
Protein content was measured for intact grains using a
Foss, Infratec 1241 Grain Analyzer.
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2.6. DNDC Model and Climate Scenarios

The rainfall driven process-based model DNDC
(Li et al., 1992) was used in this study. Measured soil,
climate and management data were used for model
input. Three climate scenarios were investigated: a
measured baseline climate (1978-2007), from a nearby
weather station; and two future scenarios (2061-2090;
high and low temperature sensitive) from the Hadley
Centre Global Climate Model (HadCMy) based on the
IPCC ABl emission scenario and range out the
uncertainty (Collins et al. 2006). The CO,
concentrations used for the simulations were 370 ppm
for the baseline and 700ppm for the future scenarios
(IPCC, 2007).
2.7. Statistics

Data were analyzed using SPSS, PRISM
(GraphPad, San Diego, USA) and Data Desk (Data
Description Inc. New York, USA) software. All data
was checked for normal distribution and log
transformed where appropriate.

3. RESULTS AND DISCUSSION

Throughout the growing season, fluxes of N,O were
low with few high peaks observed only following
application of N fertilizer. These high peaks are
associated with high uncertainty and depend on many
factors e.g. time of measurements, weather, and soil.
Changing in these peaks values may change the
cumulative flux as peaks represent approximately 90%
of the flux. The highest peaks of 56 gN,O-N ha™' d”'
(2004) and 32 gN,O-N ha™' d™' (2005) recorded from
this study were observed 1 day and 9 days after
fertilizer application, respectively (Figures 1 and 2).
The delay in 2005 most likely due to dry weather
during fertilizer application period (McSwiney and
Robertson 2005; Wang et al., 2005). Despite the fact
that in 2005 the first application of N fertilizer
represented 2/3 of the total N applied, highest peak
was observed from the second fertilizer application.
Here, the greatest total precipitation during the month
May (72mm) compared with that of April (39mm) is
believed to be responsible for this increase (Wang et
al., 2005).
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Figure 1. Daily fluxes of N,O from the conventional (a) and reduced (b) tillage plots measured on a weekly basis in 2004.
Symbols indicate fertilizer rate level at which N,O flux was measured: N2 (), N1 (m) and NO (0). Arrows indicate
first measurements following fertilizer application. Each point represents the mean + SE of four measurements
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Figure 2. Daily fluxes of N,O from the conventional (a) and reduced (b) tillage plots measured on a weekly basis in 2005.
Symbols indicate fertilizer rate level at which N,O flux was measured: N2 (o), N1 (m) and NO (o). Arrows indicate
first measurements following fertilizer application. Each point represents the mean + SE of four measurements

Cumulative fluxes of N,O recorded in this study
(026 — 098 kg N,O-N ha'; Table 1), were
comparable with that from winter wheat reported by
Smith et al., (1998) but significantly low compared
with fluxes reported from other arable soils of similar
climate and ecosystems ranging from 1.2 tol2 kg
N,O-N ha! (Ball et al., 1997-Scotland; Kaiser et al.,
1998-Germany; Choudhary et al., 2002-New Zealand).
However, differences between our experiment soil,
crop and applied N fertilizer of these studies are
behind these flux differences (Kaiser et al., 1998;
Flechard et al., 2007).

Adoption of reduced tillage, in the short run, as a
means for mitigating N,O fluxes from the soil would
not be successful. This is in contrast to similar studies
by Paustian et al., (1997) and Schlesinger, (1999).
Initial increases in N,O flux from non inversion tillage
(NIT) have been a consistent observation in the
literature (Aulakh et al., 1984; Bouwman, 1996;
Baggs et al., 2003). This increase may need a period
of at least 10 years to return to background levels and
20 years to see any mitigation effects on greenhouse
gas emissions in general (Six et al., 2004). However, a
long-term N simulation study by Li et al., (2005),
found that NIT could increase N,O fluxes from a
maize/ soybean rotation in lowa, USA offsetting 75%
of carbon sequestered. In that study flux increase was
related to an increase in soil organic carbon content
under NIT.

Availability of mineral N has a direct influence on
N,O production by provision of N for both

nitrification and denitrification (Baggs and Blum,
2004). In this study, soil mineral nitrogen in the form
of nitrate is one of the main driving factors in the
production of N,O as shown by regression analysis
(Bouwman, 1990; Mosier, 1994). Another factor is
soil moisture which stimulates denitrification by
temporarily reducing the oxygen diffusion into the soil
(Dobbie and Smith, 2001) and increases the solubility
of organic carbon and nitrate in the soil (Bowden and
Bormann, 1986). This co-requirement for soil
moisture and soil N for maximum fluxes of N,O is in
agreement with many other studies over a range of
different soils and crop systems (McSwiney and
Robertson, 2005 - arable; Abassi and Adams, 2000;
Maddok et al., 2001; Ball et al., 2002 and Maljanen et
al., 2002 — forest and grasslands).

The emission factors (EF) calculated in this
experiment for different fertilizer treatments are range
from 042 to 0.65% (Table 1). However,
measurements in our study covered only the crop
growth season, and no post harvest flux was included.
Post harvest emissions can significantly contribute to
the annual budget (Smith et al., 1998; Syvasalo et al.,
2004). Our overall EF for this field is 0.6%. This is
approximately 50 and 67% of the default emission
factors of 1.25 and 0.9% proposed by the IPCC
(Bouwman, 1996; IPCC, 1997; IPCC, 2006),
respectively. Literature EF values for cereal crops are
extremely variable, ranging from 0.2 to 8% (Eichner,
1990; Kaiser et al., 1998; Smith et al., 1998, Dobbie et
al., 1999).

Table 1. Cumulative N,O-N emitted, grain yields and emission factors for the conventional and reduced tillage plots in

2004/2005

Treatment Grain yields (t ha), cumulative N,O flux (kg N,O-N ha™) and EF (%)
Conventional tillage Reduced tillage

2004
140 kg N ha™! 773 ]0.79+0.08 0.63 + 0.06 7.58 0.98 +0.21 0.63+0.2
70 kg N ha 634 | 026026 0.42+0.41 6.43 0.49 + 0.28 0.65 + 0.45
0kNha' 341 |0.01£0.13 - 3.20 0.09 + 0.03 -
2005
159 kg N ha™! 6.55 ]0.87+0.04 0.61 +0.03 6.17 0.94+0.2 0.65 + 0.14
79 kg N ha™! 592 ]039+0.097 |0.54+0.13 4.93 0.42 + 0.02 0.59 + 0.03
0kNha' 291 [0.16+0.03 - 2.64 0.13+0.09 -

Each value represents the mean + SE of four replicate values
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Emission factors for Ireland have previously been
calculated for some grasslands only e.g Hsieh et al.,
(2005) for a grassland in Cork (3.4%), and Hyde et al.,
(2006) for a grassland in Wexford (0.7 to 4.9%).
Regional variations in emission factors have yet to be
determined for Irish soils and will be dependant upon
a variety of factors, namely temperature, moisture and
soil type (Bouwman et al., 2002; Flechard et al.,
2007). Reducing the fertilizer application rate by 50%
has reduced N,O flux by a similar amount but has had
little effect on grain yield (Figure 3).

In contrast, grain quality in terms of protein
content was more sensitive to N fertilizer application
rate. Here, a Bonferroni post hoc test analysis showed
the highest protein content to be associated with the
field rate fertilizer treatment (P<0.001). No significant
differences in protein content was observed between
the zero and half field rate fertilizer treatments
(P>0.05). Such observations are common in the
literature (Smith and Gyles, 1988; Kindred et al.,
2008). However, even accepting the significant
decrease in protein content on reducing the fertilizer
application rate by 50%, in terms of malting quality,
the important criterion is that the protein content of
the grain should be in the range of about 9.0 - 12.0%.
This has still been achieved for the half-field rate
fertilizer treatment. These data on grain yield and
quality, coupled with the N,O flux measurements
would suggest that a significant reduction in N,O
emissions from the soil would be possible by reducing
N fertilizer application in the order of 50% without
critically altering grain yield or quality in terms of
required protein content.

This suggests that N,O flux has a threshold
response to N fertilization where the amount of N lost
to the atmosphere depends on the amount of N taken
up by the crop. Exceeding this threshold value results

in a higher release of N,O to the atmosphere
(McSwiney and Robertson, 2005). However, applying
N fertilizer according to soil N reserves, and matching
the time of application to crop uptake, significantly
reduces N,O emissions with no significant difference
in crop yield (Wagner-Riddle et al., 2007).

The relationship between observed and modelled
data is illustrated in Figure 4. The regression (y =
0.78x - 6.5) accounts for 85% of the variation in the
data, but with the simulated values (y)
underestimating measured values (x) by 24%.

Modelled fluxes for the high fertilizer inputs
agreed with field measured values, giving the smallest
relative deviations from field data of -1 and -6%.
These deviations increase significantly as fertilizer
input is reduced. The largest % deviation, and hence
the worst fit was obtained for the zero fertilizer
treatments, with relative deviations of -35 to more
than 100% calculated. Clearly DNDC is best suited
for medium to high N input treatments and does not
account for negative flux values that can occur in low
to zero N input treatments where the soil may act as a
sink for N,O (Ryden, 1981; Clayton et al,
1997).Similar DNDC results for high and medium N
fertilizer inputs have been reported for rice fields by
Zheng et al. (1999) (381 kg N ha™'; 8% deviation), for
maize fields by Crill et al. (2000) (181 kg N ha'; 3.5%
deviation), for grass by Hsieh et al. (2005) (337 kg
Nha''; 33% deviation) and for barley fields by Flessa
et al. (1995) (50 kg N ha™'; 36% deviation). However,
these observations are not consistent in the literature.
In contrast to our results far better agreements
between modelled and measured flux values have
been obtained for low to zero N inputs by Terry et al.
(Pahokee muck soil; rainy season; 1981), Beheydt et
al. (Belgium; sandy loam soil; rainy season; 2007) and
Qiu et al. (China; paddy soil; low precipitation; 2009).

1.57
v
B 1.0 }
i
§ =
2z 0.5
o 51
z > .
2 &
8 <
=
§ 0.0
-0.5 . . . )
0.0 25 5.0 7.5 10.0

Grain yield (tonnes ha’l)

Figure 3. Relationship between the grain yield of spring barley (at 15% moisture) and the cumulative flux of nitrous oxide
over the growing season for both 2004 and 2005 combined. Each point represents the mean + se of 4 values.
Symbols indicate fertilizer rate level: N, (@), N; (m) and N; (o). Line indicates curve of best fit where y =

0.053%e™37* (1 = 0.69)
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Figure 4. Correlation between the model-simulated and field measured N,O fluxes for the arable field. y = 0.78x -6.5 (1* =

0.85)

The cumulative N,O fluxes, under future high and
low temperature sensitive climate scenarios, for
reduced tillage were higher by 11-35% and 14-41%
compared with that for conventional tillage
respectively. Here, the significant differences
(P<0.001) was at the zero applied N (Table 2). The
IPCC methodology (IPCC, 1997) accounts for an
estimated SOC rise of 10% with conversion from
conventional tillage systems to no-till but it does not
take into account increases in N,O emissions (Mosier
et al., 1998).

Under climate change, the high temperature
sensitive scenario, would produce significantly higher
(P<0.001) cumulative nitrous oxide fluxes from both
tillage treatments, compared with the baseline fluxes
(Table 2). These flux increases ranged from 58 to 85%
and from 79 to 88% for conventional and reduced
tillage, respectively. However, under the Ilow
temperature sensitive scenario, changes in the flux
were not significantly different (P>0.05) and ranged
from +16% to (-26%) for both tillage treatments. The
significant increases in the flux under the high
temperature sensitive scenario were attributed to the
increasing in minimum and maximum temperature

and precipitation compared with baseline. Our study
predicted future higher N,O emissions in long-term
(30 years) reduced tillage due to increasing
temperature. This may lead to positive feedback and
higher global warming (Six et al., 2002). Li et al.,
(2005) reported that non-inversion tillage could
increase N,O fluxes, due to increased soil organic
carbon content, offsetting 75% of carbon sequestered.
However, Six et al., (2004) concluded that differences
in N,O fluxes between till and no-till/reduced till
change over time, depend on climate and may need
approximately 20 years to see any mitigation effects
of no-till on greenhouse gas emissions in general.

At the high sensitive scenario, N mineralisation,
from both tillage treatments, was significantly high
(P<0.001) and increased by 22-27% compared with
the baseline. However, these increases were not
significantly different (P>0.05) under the Ilow
sensitive scenario and ranged from 4 to 11%. Soil
characteristics and environmental conditions affects
mineralisation (Schoenau and Campbel 1996). In this
study, temperature and precipitation are the major
factors affecting N mineralisation and consequently
N,O fluxes from soils.

Table 2. Simulated cumulative N,O fluxes under different N fertilizer levels, tillage systems and climate scenario: baseline,
higher temperature sensitive (HTS) and low temperature sensitive (LTS)

Treatment Cumulative N,O flux (kg N,O-N ha™") and future change compared with baseline climate
scenario (%)

Conventional tillage Reduced tillage

Baseline HTS LTS Baseline HTS LTS
2004
140 kg N ha™! 5.5a 9.8ab 5.7a 5.9a 11ab 6.5a
70 kg N ha™! 4.9b 8.6ac 4.5b 5.5b 9.9ac 5.3b
0kNha' 4.0c 6.9bc 3.1c 5.0c 9.0abc 4.4c
2005
159 kg N ha™! 5.7a 10.6ab 6.4a 6.3a 11.8ab 7.3a
79 kg N ha™! 5.0b 8.9ac 4.8b 5.7b 10.2ac 5.6b
0kNha' 4.2¢ 6.6bc 3.1c 5.0c 8.9abc 4.4c
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The increased of N mineralisation with
temperature are in agreement with Wennman and
Katterer (2006). On the other hand, total
denitrifications, at the high temperature sensitive
scenario, were significantly higher (P<0.001) than the
baseline and increased by 49-110% for conventional
tillage and by 71-95% for the reduced tillage.
However, these increases were not significantly
different (P>0.05) under low temperature sensitive
scenario and mostly decreased due to low temperature.
Here, temperature was the major factors that affect
denitrification. These increases in total denitrification
with temperature are in agreement with Wennman and
Katterer (2006) and Abdalla et al., (2009). Under high
temperature both soil organic matter decomposition
and microbial response to other perturbations, such as
fertilization and rainfall, can increase
(Antonopoulos1999; Wennman and Katterer 2006).
The calculated annual N,O flux uncertainty, at
different N applied fertilizer, were ranged from 74 to
95 % and 71 to 90% for the conventional and reduced
tillage, respectively.

4. CONCLUSION

Results of this study show that N,O emissions
from fertilized soils are decisively influenced by N
application rate and soil moisture. The overall
calculated emission factor is 0.6% of the applied N
fertilizer, approximately 50% of the IPCC default EFs
of 1.25%, used for estimation of N,O flux from Irish
agriculture. Fluxes and grain yield from conventional
and reduced tillage are not significantly different and
adoption of reduced tillage as a means of mitigating
N,O emissions from the spring barley field was not
successful, at least in the short run. Reducing fertilizer
application rate by 50% is an acceptable strategy for
low input agriculture in that there was no significant
effect on grain yield or quality in terms of required
protein content, but seasonal emissions of N,O were
significantly reduced. Nitrous oxide flux has a
threshold response to N fertilization where the amount
of N lost to the atmosphere depends on the amount of
N taken up by the crop. In its present form DNDC is
suitable for simulation of C and N dynamics in
medium to high N input systems, but less suitable for
low input systems, with the accuracy of the prediction
being highly dependant on the level of fertilizer
application. High fertilizer inputs produce low relative
deviations between modelled and measured fluxes
(~1-6%) for the arable field under conventional
tillage. Prediction of N,O fluxes from reduced tillage
plots however, was poor, with DNDC consistently
underestimating measured field values. Here relative
deviations ranged from -20 to -93%. Sensitivity
analysis also highlighted air temperature as the main
determinant of N,O flux, an increase in mean daily air
temperature of 1.5° C resulting in almost 65% increase
in the annual cumulative flux. Although, reduced
tillage is known with its ability to sequester C in the
soil, our study showed significant increase in N,O flux
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with climate change due to increasing temperature.
The differences in cumulative flux between the two
tillage treatments increase with climate change. With
increasing temperature, nitrous oxide fluxes from both
tillage systems would significantly increase compared
with the baseline. At the high sensitive temperature
scenario, flux increases were ranged from 58 to 85%
and from 79 to 88% for conventional and reduced
tillage respectively. However, at the low temperature
sensitive scenario, for both tillage systems, the fluxes
were increase by up to 16% only, at the high fertilizer,
and decreased by up to 26% at low (70-80) and zero
kg N fertilizer application rate. By the year 2090, N,O
flux from the Irish arable soils will significantly
increase. Elevated temperature and precipitation, due
to climate change, can increase N mineralisation and
total denitrification and consequently N,O emissions
from soil. The annual flux uncertainties due to
simulating different weather variability were ranged
from 74 to 95 % and 71 to 90% for the conventional
and reduced tillage respectively
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