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ABSTRACT

Nitrous oxide (N2O) emissions from grazed grass-

lands are estimated to be approximately 28% of

global anthropogenic N2O emissions. Estimating

the N2O flux from grassland soils is difficult because

of its episodic nature. This study aimed to quantify

the N2O emissions, the annual N2O flux and the

emission factor (EF), and also to investigate the

influence of environmental and soil variables con-

trolling N2O emissions from grazed grassland.

Nitrous oxide emissions were measured using static

chambers at eight different grasslands in the South

of Ireland from September 2007 to August 2009.

The instantaneous N2O flux values ranged from

-186 to 885.6 lg N2O-N m-2 h-1 and the annual

sum ranged from 2 ± 3.51 to 12.55 ± 2.83 kg

N2O-N ha-1 y-1 for managed sites. The emission

factor ranged from 1.3 to 3.4%. The overall EF of

1.81% is about 69% higher than the Intergovern-

mental Panel on Climate Change (IPCC) default EF

value of 1.25% which is currently used by the Irish

Environmental Protection Agency (EPA) to esti-

mate N2O emission in Ireland. At an N applied of

approximately 300 kg ha-1 y-1, the N2O emissions

are approximately 5.0 kg N2O-N ha-1 y-1, whereas

the N2O emissions double to approximately

10 kg N ha-1 for an N applied of 400 kg N ha-1 y-1.

The sites with higher fluxes were associated with

intensive N-input and frequent cattle grazing. The

N2O flux at 17�C was five times greater than that at

5�C. Similarly, the N2O emissions increased with

increasing water filled pore space (WFPS) with

maximum N2O emissions occurring at 60–80%

WFPS. We conclude that N application below

300 kg ha-1 y-1 and restricted grazing on season-

ally wet soils will reduce N2O emissions.

Key words: nitrous oxide; grassland; emission

factor; nitrogen input; soil temperature; water filled

pore space; grazing frequency; soil type.

INTRODUCTION

The atmospheric concentration of the main green-

house gases (GHG), carbon dioxide (CO2), methane

(CH4) and nitrous oxide (N2O) has increased sig-

nificantly since the pre-industrial era. Atmospheric

N2O concentration has increased from 270 ppb in

1750 to 319 ppb in 2005, and is estimated to ac-

count for approximately 6% of the predicted global

warming (IPCC 2007). Additionally, N2O contrib-

utes to ozone destruction because of its long life and

high global warming potential which is 298 times

that of CO2 over a hundred-year period.

Worldwide, soils are considered to be the domi-

nant source of N2O, releasing an estimated 9.5 Tg
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N2O-N y-1 (65% of global N2O emissions), of

which 3.5 Tg N2O-N y-1 are estimated to originate

from agricultural soils and 1 Tg N2O-N y-1 from

temperate grassland soils (IPCC 2001). Soil micro-

bial activity produces N2O emissions (Barton and

others 2008), although recent work by Samarkin

and others (2010) suggests the possibility of abiotic

processes in N2O formation in cold regions. Respi-

ratory denitrification is considered the dominant

source of soil N2O emissions as anaerobic dentrifi-

ers reduce nitrogen (N) oxides, for example, nitrate

(NO3
-), to nitric oxide (NO), to N2O and finally to

N gas (N2). Soil N2O emissions are also produced as

a product of nitrification in which nitrifying mi-

crobes convert soil ammonium (NH4
+) to NO3

-

under aerobic conditions (Barton and others 2008).

The net N2O flux between the soil and the

atmosphere is the result of the balance of produc-

tion and consumption of N2O within the near-

surface soil. The availability of oxygen (O2), carbon

(C) and nitrogen (N) are important controls in the

production of N2O in soils. Apart from microbio-

logical processes, the movement and fate of N2O

produced in the subsoil are mainly determined by

the physical processes of molecular diffusion, con-

vection, ebullition and entrapment, which further

depend on soil temperature, soil moisture, rainfall

amount, rainfall rate and other meteorological

parameters (Clough and others 2005). The key

driving variable for N2O emissions from grassland

in the summer months, once N fertilizer has been

applied, is soil water content and its consequent

effect on water filled pore space (WFPS) (Flechard

and others 2007).

In Ireland, grasslands are predominantly used to

provide feed for ruminants. As N is often limiting in

grasslands, inorganic N fertilizers [for example,

urea, calcium ammonium nitrate (CAN)] or organic

N (farmyard manure or cattle slurry) are applied in

significant amounts to maintain soil productivity.

Fertilizer applications greater than the agronomic

requirement result in surplus N which can be

immobilized in the soil or lost through denitrifica-

tion, leaching of NO3, NH4-N, and organic-N, vol-

atilization through NOx and NH3, surface runoff and

gaseous N2O or NO emissions to the atmosphere.

Intensively managed grasslands are potentially a

large source of N2O in Ireland due to fertilizer N use

and urine excretion by grazing animals combined

with high rainfall, often exceeding 1200 mm y-1.

Uneven deposition of excretal N by grazing animals

can result in ‘hotspots’ equivalent to an application

of 400-2000 kg N ha-1 y-1 in the small affected

area (Watson and Foy 2001), leading to wide spa-

tial and magnitude variations in N2O emissions.

The total land area of Ireland is 6.9 Mha of which

4 Mha are used for agriculture (Teagasc 2009).

Therefore, 80% of agricultural land was devoted to

silage, hay and pasture, 11% to rough grazing and

9% to crop production. Grasslands range from

intensively fertilized pure grass swards to exten-

sively managed grass–legume mixtures and semi-

natural grasslands (FAO 2004).

Few, if any, direct measurements of nitrous

oxide emissions from the Irish grassland sector are

available (Hsieh and others 2005; Hyde and others

2006) and instead, the Irish Environmental Pro-

tection Agency (EPA) uses the default emission

factor (EF) value of 1.25% (N fertilizer-induced

N2O) provided by the IPCC to quantify the flux

(EPA 2009). Extrapolation of the IPCC default

emission factor for Ireland as a region may not be

appropriate due to differences in N fertilizer man-

agement (type, rate and application method), soil

types, grazing regimes and regional climatic differ-

ences. Therefore, we set up an experiment to

measure N2O emissions and Emission Factors from

grassland soils from sites across South West Ireland

as a step towards calculating an improved national

inventory of direct N2O emissions from grassland

soils. The objectives of this research were: (1) to

acquire an unique 2-year data set and quantify the

annual N2O fluxes and N2O emission factors; (2) to

investigate the relationship between N2O emissions

and other meteorological parameters and (3) to

examine the influence of N-input, soils and grazing

frequency on N2O fluxes.

MATERIALS AND METHODS

Study Sites

In the spring of 2007, eight grasslands sites were

selected in the South of Ireland (Figure 1). Nitrous

oxide measurements were undertaken using the

chamber technique (Skiba and others 1998) from

September 2007 to August 2009. The period from

September 2007 to August 2008 is hereafter

referred to as year 1, and September 2008 to

August 2009 as year 2. All sites are located at dairy

farms. Three sites [Ballinhassig (BH), Carraig na

bhFear (CF) and Donoughmore (D)] are privately

owned whereas the other five sites [Clonakilty

(CK), Pallaskenry (PK), Kilworth (KW), Solohead1

(SH1) and Solohead2 (SH2)] are owned by Irish

Government agricultural colleges and research

farms. Five of the eight sites were intensively

managed with stocking rates above 1.5 livestock

units (LU) ha-1 (Teagasc 2009). All sites have

control plots (free from fertilizer application and
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grazing) for the measurement of background N2O

emissions. The sites were selected to represent the

major soil types of Ireland, a range of dairy man-

agement practices and a range of meteorological

conditions (for detail see Tables 1, 2, 3).

The Irish climate is temperate and humid with

mean annual precipitation of approximately

1200 mm y-1 in the south west of the country. The

average daily air temperature ranges from 5�C in

winter to 15�C in summer. The site elevations

ranged from 15 to 187 m above sea level. An

overall description of the sites is given in Table 1.

The soil characteristics are presented in Table 2.

Most of the soils were loams with bulk density in

the top 10 cm ranging from 0.88 to 1.05 g cm-3.

All sites were active pastures, regularly grazed and

fertilized with inorganic and organic N fertilizers.

The dominant grass species at all sites was peren-

nial ryegrass (Lolium perenne L.). The Solo-

head1(SH1) site has clover and perennial ryegrass

(PRG) (clover about 40–50% in July/August) and

Donoughmore (D) has a very small fraction of

clover (5–10% in July/August) (Table 3). The well-

drained sites were podzols and the poorly drained

sites were gleys (Table 2).

The management data (number of grazing ani-

mals, application of fertilizer and grazing events)

for each site were collected regularly from farmers

and farm managers. The management information

is summarized in Tables 3 and 4. The organic N

Figure 1. Location of the eight study sites in Munster,

Ireland. Solohead1 (SH1) and Solohead2 (SH2) are

located at the same farm.
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applied was estimated from the number of grazing

animals and the N excretion rate for Irish livestock

(for example, for dairy cows 1 LU = 85 kg N)

(Anon 2006). The site SH1 received three applica-

tions of slurry (organic N) and no inorganic fertil-

izer in the second year of this study (Table 3). The

sites BH, PK and KW received no slurry. The sites

CK, D, CF, PK and KW were grazed frequently,

whereas BH, SH1 and SH2 were not frequently

grazed (for details see Table 4).

Environmental Measurements

Meteorological stations were established at 7 of the

8 sites to measure rainfall, soil temperature and soil

moisture: a single station was installed for SH1 and

SH2 as both these sites were located within 1 km of

each other. A tipping bucket rain gauge (Young

Transverse MI 52203, USA) was used to measure

rainfall with a resolution of 0.1 mm. A soil tem-

perature probe (Campbell Scientific, UK) and soil

moisture TDR probe (Campbell Scientific, UK) at a

depth of 5 cm were installed at the seven locations.

Soil temperature, soil moisture and rainfall were

logged at half hour intervals on a CR 200 data logger

(Campbell Scientific, UK). The WFPS was deter-

mined as a ratio of volumetric water content and soil

porosity. Soil porosity was calculated as [1 - (bulk

density/particle density)] 9 100, using a particle

density of 2.65 g cm-3 (Barton and others 2008).

Soil Analysis

The near-surface (0–10 cm) soil characteristics

(bulk density (BD), organic matter (OM), C%, N%,

NO3-N, NH4-N and pH) were measured in July

2007 (Table 2). Soil samples for BD were taken

using bulk density rings (5 cm 9 8 cm, Eijkenk-

amp Agrisearch Equipment BV, The Netherlands)

at five points at each site: at the corners and at the

center of the square plot (size 10 9 10 m).

All the soil samples were returned to the labo-

ratory, dried at 50�C, physically crushed and sieved

through a 2-mm aperture sieve. To measure the

BD, the smaller-than-2 mm portion of the soil

sample was weighed and measured volumetrically

by displacement. Bulk density was calculated as

follows:

BD

¼ dry weight < 2 mm soils

ðvolume of ring � volume of [2 mm soils)

ð1Þ

This equation for BD omits the volume and mass of

particles larger than 2 mm, therefore removing the

influence of stones. Particle size analyses (PSA)

were undertaken using the pipette method in

which particle sizes are inferred using Stokes Law

of settling from the sedimentation time of dispersed

soil particles.

Soil organic carbon (SOC) was analyzed using

dry combustion methods on a CN elemental ana-

lyzer (Elementar, Vario Max CN, Hanau Germany).

Organic matter content was estimated by loss on

ignition (LOI). The dried and sieved soils were sub-

sampled and dried for 24 h at 150�C. These dried

samples were weighed to within 0.0001 g. The

samples were then ashed at 360�C for 2 h in a

computerized ‘force air’ (Blue M) ashing oven and

re-weighed. Loss on ignition was calculated as fol-

lows:

LOI (% )

¼ ðoven dry soil weight� ashed soil weightÞ
oven dry soil weight

� 100

ð2Þ

Nitrate and NH4
+ were determined by the colorimetric

method with an auto analyzer (Quikchem 8000 FIA+,

Lachat Instruments, Milwaukee, WI, USA).

Nitrous Oxide Flux Measurement
Techniques

Nitrous oxide emissions were measured using the

closed chamber technique (Skiba and others 1998).

Each of the chambers was made of a cylinder of

polyvinyl chloride (PVC) with a volume of 0.28 m3

(height = 45 cm; diameter = 28.2 cm). The cham-

ber had an aluminium ring base inserted into the

ground during sampling. Additionally, a vent tube

(length = 10 cm) and thermocouple (ELE Interna-

tional, UK) for internal air temperature were also

installed in each chamber. The vent tube was used

to equalize the enclosed and ambient air pressure

(Davidson and Savage 2002). The site sampling

points [eight chamber points for managed (+N)

sites and three chamber points for control

(unmanaged) plots (0 N)] were fixed and located

along two grid lines, 4-m apart (Dobbie and Smith

2003b). To maintain experimental consistency, the

same sampling points were used throughout the

sampling period. Control plots were established at

each site to allow the background N2O flux to be

estimated. These control plots were free of man-

agement activates, for example, N-input, grazing

and so on. These control plots were in a fenced area

of the same field as the sampling plots. Data from

the control plots were used to estimate the emis-

sions factor (EF).
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The rate of increase of the N2O concentration in

the headspace of the chamber gives a direct estima-

tion of the N2O flux between the soil and the

atmosphere (Flechard and others 2007). Four gas

samples, each of 12-ml volume were taken at 20-min

intervals over 1 h. At each time interval the chamber

inner temperature was also recorded. The mea-

surements were carried out weekly from March to

November and monthly from December to Febru-

ary. The soil temperature and soil moisture were

recorded at a depth of 5 cm on each measurement

occasion using a hand held digital thermometer

(Hanna, THV-240-020 W, UK) and soil moisture

metre (Delta-T Devices, HH2, UK). These soil mois-

ture data were used to determine the WFPS.

The N2O concentration in each sample was

analysed using a gas chromatograph (GC 3800,

Varian, USA) fitted with packed column (Porapak

QS 80-100 MESH, Sigma Aldrich, USA) using an

electron capture detector at 300�C. This system was

attached to a Combi Pal automatic sampler (CTC

analytics, Switzerland) which extracted a sample of

750 ll from the sampling vial and injected it into

the GC. Gases of known N2O concentrations were

used as reference points for the chromatography

system. The analysis time of each sample was

approximately 9 min. The areas under the N2O

peaks were integrated using a Star chromatography

work station version 6.2 (Varian, USA) to find the

N2O concentration (Hyde 2004).

Hourly N2O emissions (lg N2O-N m-2 h-1) were

estimated from the slope of the linear increase in

N2O concentration during the chamber lid closure

period (Holland and others 1999). The daily N2O

flux at each site was estimated using the arithmetic

mean of the fluxes from the individual chambers

(Dobbie and Smith 2003b; Barton and others

2008). Annual emission rates were estimated by

integrating hourly rates with time (Flechard and

others 2007). The annual emission factors for N2O

were estimated using

EF ¼ N2O� N; total ðþNÞ � N2O� N; totalð0NÞ
Total - N ðapplied)

ð3Þ

where EF is the emission factor (N2O-N emitted as

% of N applied), and N2O-N total (+N) and N2O-N

total (0N) are the cumulative N2O emissions (kg

N2O-N ha-1 y-1) from managed (+N) and

unmanaged (0N) plots, respectively. The total N

applied (combined inorganic N, slurry N and N

estimated from excreta of grazing animals) is the

rate of N applied during the study (kg N ha-1 y-1)

(Barton and others 2008).

Statistical Analysis

The normality of the distribution of the data was

analyzed using the Shapiro–Wilk normality test.

The T test was used to evaluate the differences in

N2O emissions between managed (+N) and control

(0N) sites; N2O emissions from less frequently

grazed and frequently grazed sites and N2O emis-

sions from different types of soils. When the stan-

dard assumptions of normality were violated, the

Mann–Whitney Rank Sum test was used. Differ-

ences were considered significant at the P less

than 0.001 level. All the calculations, statistical

analysis and graphical outputs were determined

using MATLAB (Math works USA, 7.6.0, R2008a).

RESULTS

Meteorological Variables

The annual rainfall is shown in Table 1 and the

monthly rainfall in Figure 2. The annual rainfall

ranged from 960 to 1580 mm. The sites D, CF, PK

and SH (SH1 and SH2) experienced greater rainfall

than the other sites. Site D had the greatest amount

of rain throughout the study period commensurate

with its highest elevation (187 m). Year 2 had

greater rainfall than year 1. The winter months

received most rain and the summer months were

also moist with summer monthly rainfall of

approximately 50 mm at all sites.

The monthly average soil temperature (at 5 cm

depth) over the 2 years is shown in Figure 3A and

annual averages in Table 1. The monthly average

soil temperature ranged from winter lows of 4.5�C
to summer highs of 16.3�C. There was little varia-

tion between sites. As grass requires a minimum

temperature above 6�C for growth, this suggests

that there is grass growth for more than 9 months

of each year (Frame 1992).

The monthly average WFPS (at 5 cm depth) over

the 2 years is shown in Figure 3B. Over the sum-

mers the soil WFPS ranged from 30.3 to 85.2%,

whereas over the winters the range was 49.1 to

99.5%. In general, SH1 and SH2 with their gley

soils had higher soil moisture contents throughout

the whole period compared to the other six sites.

Soil Characteristics

The soil characteristics are shown in Table 2. Bulk

density (of top 10 cm) of the soils ranged from 0.83

to 1.03 g cm-3, whereas the porosity ranged from

59 to 69%. From texture analysis the soils were

classified as clay loam, sandy loam or medium

loam. The C% in most of the sites ranged from 4.3

R. Rafique and others



to 5.4%, whereas SH2 had a C% of 7.2%. The

OM% ranged from 7.2 to 14.7%. The N% ranged

from 0.3 to 0.9 and the pH values ranged between

5.4 and 6.7. The C/N ratio was found to be in the

range of 8.06 to 12.97. The NO3-N and NH4-N

ranges were between 3.7 to 74.0 and 14.55 to

60.35 mg g-1, respectively. The NO3-N contents at

CK site were higher than all other sites (for detail

see Table 2).

N2O Fluxes

The hourly N2O fluxes from all sites [managed (+N)

and unmanaged (0N)] from September 2007 to

August 2009 are shown in Figure 4. The N2O fluxes

were episodic in nature with small pulses

throughout the year and higher pulses in summer.

The hourly emission ranged from 315 ± 57.4 to

885.6 ± 40 lg N2O-N m-2 h-1 for the managed

area (+N), whereas it ranged between 97 ± 1 and

334 ± 102.8 lg N2O-N m-2 h-1 for control (0 N)

plots. The highest hourly N2O emissions greater

than 500 lg N2O-N m-2 h-1 were measured at CK,

D, CF and PK in both the years. During the sum-

mers, elevated N2O emissions coincided with ele-

vated WFPS, high surface soil temperature and N

application events. The highest peak emission was

observed at CF on 4 July 2007, shortly after N

fertilizer application when the soil temperature was

15�C and WFPS was 55%. The N2O emissions from

frequently grazed sites were consistently higher

than those emissions from less frequently grazed

sites.

The mean N2O fluxes varied widely between

most of the sites with maximum emission at CK.

Across all sites, the mean N2O flux ranged from

36.94 to 133.74 lg N2O-N m-2 h-1 (Table 5).

Occasional short-term negative peaks were also

observed at all sites. The hourly uptakes ranged

from -20 ± 22.2 to -186.6 3 ± 1 lg N2O-N m-2

h-1 for managed (+N) and from -29 ± 20 to

159 ± 1 lg N2O-N m-2 h-1 for control (0 N) area.

The highest uptake rates were measured at CF, BH

and SH1. The maximum N2O uptake was observed

at CF on 11 June 2009 when the soil was very dry

with the soil temperature of 13�C and 38% WFPS.

The N2O fluxes from managed (+N) sites were

found to be significantly higher than from control

plots (0N) (P less than 0.001) as shown in Figure 4.

The estimated annual emissions for year 1 was in

the range of 2 ± 3.51 to 11.6 ± 3.11 kg N2O-N

ha-1 y-1, whereas for year 2 it ranged from

2.44 ± 1.98 to 12.55 ± 2.83 kg N2O-N ha-1 y-1

for +N (Figure 5). The maximum value was

observed at the CF site. Most of the sites, for

example D, PK, KW, SH1 and SH2, had higher

fluxes in year 1 than in year 2. From control sites

(0N), the annual flux ranged between -1.59 ± 1.03

Figure 2. Monthly total

rain (mm) from

September 2007 to

August 2009 at each of

the eight study sites

[Ballinhassig (BH),

Clonakilty (CK),

Donaghmore (D), Caaraig

na bhFear (CF),

Pallaskenry (PK),

Kilworth (KW),

Solohead]. Solohead1 and

Solohead2 have the same

data as both are located at

the same farm.
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and 2.56 ± 1.43 kg N2O-N ha-1 y-1 in year 1 and

from 0.63 to 2.83 kg N2O-N ha-1 y-1 in year 2. The

annual N2O fluxes along with their standard errors

are given in Figure 5.

There was a substantial variation in the emissions

factor (EF) which ranged from 1.14 to 3.07. Sites

PK and CK gave the highest EF in both the years

(Figure 6). The EF from CK, PK, KW and CF are

higher than the IPCC default value of 1.25%

whereas BH, D, SH1 and SH2 were similar to the

IPCC value. The overall EF was 1.81% which is

about 69% higher than 1.25%, the IPCC default

EF.

Figure 7 shows the frequency distribution of

measured fluxes which tended to be log normal

after transforming the data set (due to negative

fluxes). The bulk of the distribution was found in

the range of 25–125 lg N2O-N m-2 h-1, which

resulted in approximately 61% of the total fluxes.

The Relationship Between Annual N2O
Flux and Total N-Input

A non-linear exponential relationship was found

between the annual N2O fluxes and the total

N-input at all sites (Eq. 4, Figure 8).

Figure 3. A Mean

monthly soil temperature

measured at 5 cm and B

mean monthly soil

WFPS% at 5 cm soil

depth from September

2007 to August 2009 at

each of the eight study

sites [Ballinhassig (BH),

Clonakilty (CK),

Donaghmore (D), Caaraig

na bhFear (CF),

Pallaskenry (PK),

Kilworth (KW),

Solohead1 (SH1) and

Solohead2 (SH2)].
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F ¼ 1:33� e½0:004�N�Input� ð4Þ

where F is the annual N2O flux and N-input is the

total N applied in the field. A linear relation was

found to have an R2 = 0.62, compared to the

exponential relation with R2 = 0.77. An exponen-

tial relationship has also been reported by Cardenas

and others (2010), Kim and others (2010) and

Eckard and others (2006).

Two different clusters of annual fluxes at two

different ranges of total N-input were observed

(Figure 8) which might suggest some threshold

N-input above which the N2O emissions increase

exponentially. Therefore, the data from two other

Figure 4. N2O flux time

series from September

2007 to August 2009 for

Eight grassland sites in

Ireland [Ballinhassig

(BH), Clonakilty (CK),

Donaghmore (D), Caaraig

na bhFear (CF),

Pallaskenry (PK),

Kilworth (KW),

Solohead1 (SH1) and

Solohead2 (SH2)]. (Filled

squares) shows N2O fluxes

from treatment sites (+N)

whereas (empty squares)

shows N2O fluxes from

control sites (0N). Solid

arrows indicate time of

inorganic fertilizer

application and dotted

arrows indicate time of

slurry application.
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studies (Cardenas and others 2010; Kim and others

2010) were used to clarify the relationship between

N2O emissions and N-input. The results show a

more exponential relationship between N applied

and N2O emissions with a less clear signature of

threshold (Figure 8). However, at an N applied of

below 300 kg N ha-1 y-1, the N2O emissions are

approximately 5 kg N2O-N, whereas the N2O

emissions double to approximately 10 kg N2O-N

ha-1 y-1 for an applied N of 400 kg N ha-1 y-1.

The Relationship Between N2O Fluxes
and Soil Temperature

A sigmoidal curve was found to fit the binned mean

daily temperature data with N2O flux data from all

the sites (Eq. 5, Figure 9) (Schmidt and others

2000).

F ¼ 110:18

1þ e�
Ts�6:90

2:06½ � ð5Þ

where F is the N2O flux and Ts is the soil temper-

ature.

Table 5. Instantaneous N2O Flux and Mean Flux Description at Eight Grassland Sites [Ballinhassig (BH),
Clonakilty (CK), Donoughmore (D), Carraig na bhFear (CF), Pallaskenry (PK), Kilworth (KW), Solohead1 (SH1)
and Solohead2 (SH2)] at which N2O Emissions were Measured Between September 2007 and August 2009

Sites Instantaneous flux (lg N2O-N m-2 h-1) Mean flux

(lg N2O-N m-2 h-1)
Minimum (+N) Minimum (0N) Maximum (+N) Maximum (0N)

BH -141 ± 28.8 -159 ± 1 456.6 ± 119.4 334 ± 102.8 44.94

CK -20 ± 22.2 -31.8 ± 21 573 ± 204 225 ± 1 133.74

D -54 ± 60.6 -70 ± 60 667.8 ± 135.4 150.6 ± 1 112.75

CF -186.6 ± 1 -148 ± 1 885.6 ± 40 177 ± 1 126.67

PK -34 ± 37.2 -67.2 ± 1 718.2 ± 129 152 ± 1 123.09

KW -28.8 ± 74.4 -29 ± 20 519.6 ± 172 137 ± 1 104

SH1 -60.6 ± 87.6 -40.8 ± 30.4 489.6 ± 126.6 97 ± 1 53.36

SH2 -31.8 ± 28.2 -53.4 ± 61.8 315 ± 57.4 66.1 ± 1 36.94

0N = control plots with no fertilizer input; +N = managed site where N was applied through fertilizer, grazing and slurry.

Figure 5. Annual N2O fluxes (with ±standard error)

across eight grassland sites in Ireland [Ballinhassig (BH),

Clonakilty (CK), Donaghmore (D), Caaraig na bhFear

(CF), Pallaskenry (PK), Kilworth (KW), Solohead1 (SH1)

and Solohead2 (SH2)]. 1st year is from September 2007

to August 2008, whereas 2nd year is from September

2008 to August 2009. Managed sites are those which

received a continuous supply of N through inorganic

fertilizers, slurry and animal grazing. Unmanaged sites

were totally free from any management activity.

Figure 6. Emission factors across eight grassland sites in

Ireland [Ballinhassig (BH), Clonakilty (CK), Donaghmore

(D), Caaraig na bhFear (CF), Pallaskenry (PK), Kilworth

(KW), Solohead1 (SH1) and Solohead2 (SH2)]. 1st year is

from Sep 2007 to Aug 2008, whereas 2nd year is from

September 2008 to August 2009. The horizontal line

shows the IPCC default EF value of 1.25%.
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A rapid increase of N2O flux was noted once the

temperature exceeded 5�C. The temperature range

of 0 to 17�C showed an excellent agreement with

N2O flux (R2 = 0.83). Beyond 17�C the N2O flux

remains constant.

The Relationship Between N2O Fluxes
and Water Filled Pore Spaces (WFPS%)

A Gaussian curve was found to fit the binned mean

daily WFPS% against N2O fluxes from all the sites

(Eq. 6, Figure 10). A similar relationship was used

by Schmidt and others (2000).

F ¼ 146:10� e �0:5 WFPS�69:49
16:98ð Þ2

� �
ð6Þ

where F is N2O flux observed.

The maximum N2O flux pulses were found to

occur at WFPS between 60 and 80%, with peak

emission at approximately 70% WFPS.

Grazing Frequency and N2O Fluxes

The sites that were frequently grazed produced

higher mean N2O fluxes (121.2 ± 9.98 lg N2O-N

m-2 h-1) compared to less frequently grazed sites

(45.2 ± 6.92 lg N2O-N m-2 h-1) at the signifi-

cance level of P < 0.001 (Figure 11A). The annual

flux of frequently grazed sites ranged from

8.57 ± 2.70 to 12.55 ± 2.83 kg N2O-N ha-1 y-1,

whereas at less frequently grazed sites the range

was 2 ± 3.51–4.3 ± 2.63 kg N2O-N ha-1 y-1.

Similarly, the N2O EF from frequently grazed and

less frequently grazed sites ranged from 1.14 to

3.07 and 1.02 to 2.34%, respectively.

Soil Type and N2O Fluxes

There was a large difference in N2O fluxes between

soil types: free draining brown and grey brown

podzols had higher N2O emissions than poorly

drained gley soils at the significance level of P less

than 0.002 (Figure 9B). The N2O emissions were

much higher from brown and grey brown podzols

(108.42 ± 10.15 lg N2O-N m-2 h-1) than gleys

(70.0 ± 9.67 lg N2O-N m-2 h-1).

DISCUSSION

N2O Fluxes and Effect of N-Input

The instantaneous N2O fluxes had large temporal

variation within each site and between sites,

depending on the weather conditions, soil type and

management practices. The higher emission values

were associated with N fertilizer applications

(inorganic and organic) (Figure 4) and grazing

practices. The rate, type and timing of applications

of N fertilizer and grazing are important manage-

ment factors affecting the potential for N2O losses

(Eckard and others 2010). Lower emissions were

found in winter and early spring periods of both

years. Higher emissions occurred in the summer

and autumn, if weather conditions (such as WFPS)

enabled fluxes. The sites CK, D and CF are char-

acterized by a higher number of N2O peaks than all

other sites as they were subjected to more frequent

N applications. The ranges of fluxes found in this

study are similar to those observed by Flechard and

others (2007) and Hyde and others (2006).

About 61% of the total N2O emission is attrib-

uted to background emissions (Figure 7). Back-

ground N2O emissions most likely occur because of

nitrification followed by mineralization of soil

organic N especially after rainfall events. Similar

results have been reported in other studies (for

example, Flessa and Russer 2002). The lowest

annual N2O flux was found at site SH2 and this is

considered to be due to the combined effects of

water logging (gley soil type) and less N-input,

whereas lower N2O fluxes at site SH1 are likely due

to the significant clover fraction as clover helps to

fix atmospheric N (Rasmussen and others 2008).

Ledgard and others (2009) reported an experiment

in the Netherlands, in which N2O emissions from

clover/grass plots was compared with that from

grass-only plots. They reported that the emissions

factor from clover-N was 0.2%, compared to 1.3%

for fertilizer-N. The N2 fixation by clover ranges

from about 10 to 300 kg N ha-1 y-1 and it depends

on a number of other factors including soil type,

Figure 7. Frequency distribution of instantaneous N2O

fluxes across eight grassland sites in Ireland [Ballinhassig

(BH), Clonakilty (CK), Donaghmore (D), Caaraig na

bhFear (CF), Pallaskenry (PK), Kilworth (KW), Solo-

head1 (SH1) and Solohead2 (SH2)]. Upper horizontal axis

shows the transformed data, whereas lower axis shows

original data.
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climate conditions and nutrient supply (Ledgard

and others 2009). This fixed N becomes available to

the grass after it is released into soil via exudates

from living legume roots. The N2O flux from site D

is lower than CF, CK and PK, although it is inten-

sively managed and frequently grazed. This lower

emission is likely due to regular water logged

conditions of that site causing a more difficult

pathway for gaseous N2O through water saturated

soils when compared to more aerated soils at the

other sites.

Negative flux values were mostly observed at the

control sites (0N) which are due to the soils acting

as an N2O sink especially when soil moisture was

high (Flechard and others 2005). One of the

properties of N2O is that it is easily dissolved in

water. Therefore, when soil is wet it may be deni-

trified by microbes to N2 or dissolved in the subsoil

solution and be out gassed in drainage water and

cause pollution of soil and water (Beauchamp

1997). Some of the fertilizer and manure that vol-

atizes to NOx and NH3 soon after application is

deposited on nearby soil and provides the substrate

for nitrification and denitrification. This phenomenon

was likely to have occurred at the BH, SH1 and SH2

sites which were extensively managed.

In general, it is considered that there is a linear

relationship between N2O emission and N-input in

various N managed agricultural areas. This concept

is used for current IPCC Tier I emission factor

methodology which has adopted an emission factor

of 1.25%. In this study, however, it was found that

there was a nonlinear exponential relationship

between N2O emissions and N-input (Figure 8). It

is estimated that when total N-input is less than

approximately 300 kg N ha-1 y-1, the annual N2O

flux is less than 5.0 kg N2O-N ha-1 y-1, but when

the total N-input exceeds 300 kg ha-1 y-1, a larger

annual N2O flux was observed which ranged

between 5.0 and 12.6 kg N2O-N ha-1 y-1. Although

several studies in the literature have reported a lin-

ear relation between N-input and N2O emissions, for

example, van Beek and others (2010) and Flechard

and others (2007), a non-linear relationship is not

common. For example, Cardenas and others (2010)

measured N2O emissions from fertilized grazed

grasslands and found that N2O emissions increased

progressively when increasing N-input exceeded the

Figure 8. Exponential relationship between the annual N2O flux and total N-input across eight grassland sites in Ireland

[Ballinhassig (BH), Clonakilty (CK), Donaghmore (D), Caaraig na bhFear (CF), Pallaskenry (PK), Kilworth (KW), Solo-

head1 (SH1) and Solohead2 (SH2)]. F ¼ 1:33� e½0:0046�N�Input�, where F is the annual N2O flux and N-input is the total N

applied in the field. For the combined data (data from this study; Kim and others 2010; Cardenas and others 2010) the

exponential equation is F ¼ 1:50� e½0:0046�N�Input� with R2 = 0.80.
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crop N demand. Similarly, in a modelling study,

Eckard and others (2006) predicted that annual N2O

emissions increase exponentially as the annual rate

of N-input increased.

The results of this study were corroborated with

other studies of N2O emissions, for example, Kim

and others (2010) reported largely stable N2O

emissions of 4-5 kg N2O-N at the nitrogen

application rates of 200–300 kg N-input ha-1. At

higher application rates of above 300 kg N ha-1,

significant increases in N2O emissions were

observed. Values of fluxes reported for other

countries in Europe for application around

300 kg N ha-1 on grazed grasslands were 7–16 kg

N2O-N ha-1 y-1 for the Netherlands (Velthof and

others 1996) and 5.9–22.3 kg N2O-N for the UK

(Cardenas and others 2010) which are in good

agreement with this study.

These studies suggest that when excess N-input

above the optimal agronomic requirement is

applied, it decreases plant N uptake efficiency and

residual N produces additional N2O (for example,

Grant and others 2006; Zebarth and others 2008).

Several mechanisms may contribute to this effect.

At larger N-input more mineral N is available to

serve as a substrate for denitrifican and nitrifica-

tion. Similarly, at large concentrations of NO3
-, the

N2O:N2 ratio of denitrification products increases.

Van Groenigen and others (2010) noted that

within the range of an N ‘deficit’ (defined as the

Figure 9. Sigmoidal relation (S-shaped) with 95% con-

fidence interval of binned mean daily temperature (Soil

T) and corresponding N2O fluxes across eight grassland

sites in Ireland [Ballinhassig (BH), Clonakilty (CK),

Donaghmore (D), Caaraig na bhFear (CF), Pallaskenry

(PK), Kilworth (KW), Solohead1 (SH1) and Solohead2

(SH2)]. The R2 = 0.83 is for the temperature range

between 0 and 17�C, whereas R2 = 0.46 is for the whole

temperature range.

Figure 10. Gaussian relation (bell-shaped) with 95%

confidence interval of binned mean daily water filled

pore space (WFPS%) and corresponding N2O fluxes

across eight grassland sites in Ireland [Ballinhassig (BH),

Clonakilty (CK), Donaghmore (D), Caaraig na bhFear

(CF), Pallaskenry (PK), Kilworth (KW), Solohead1 (SH1)

and Solohead2 (SH2)].

Figure 11. A Mean variation and standard deviations in

N2O fluxes between frequently (n = 5) and less fre-

quently (n = 3) grazed sites and B mean variation and

standard deviation in N2O fluxes from podzols and gley

soil in the south of Ireland.
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balance between N application and aboveground

biomass uptake), total N2O emissions do not

change significantly. This probably reflects the

capacity of plants to take up a moderate rate of

applied N (121-300 kg N ha-1 in this study) during

their growth.

In Ireland, the maximum allowable total N

application rate is approximately 500 kg N ha-1 y-1

which includes inorganic fertilizer N and organic N

from livestock (slurry N and N deposited in the

form of dung and urine) (European Directive

1991). In the present study, the maximum annual

total N-input (organic and inorganic) was

442 kg N ha-1 y-1 which is less than the annual

maximum N-input permissible under the Nitrate

Directive value. Currently in Ireland the average

farm stocking rate is 1.9 LU ha-1 (161.5 kg organic

N ha-1) and the average fertilizer use is

175 kg N ha-1 (Teagasc 2007) which is a total

N-input of 336.5 kg N ha-1. This means that cur-

rently in Ireland the total N-input is similar to our

suggested value of 300 kg N ha-1for reduced N2O

emissions.

To identify more precise fertilizer recommenda-

tions, agro-ecosystem specific relations between

N2O and yield would be helpful. This could be

achieved through agro-ecosystem specific field

experiments. The N2O emissions show a significant

relationship with N use efficiency. There are many

agronomic indices of N use efficiency. For example,

the ‘recovery efficiency of applied N’, which ex-

presses the fraction of applied N taken up in the

aboveground biomass at physiological maturity

relative to a zero N treatment, can be helpful in

translating our results into management practices.

Furthermore, the belowground N recovery in the

plants might have an additional value. Van

Groenigen and others (2010) observed that N2O

emissions were reduced from 12.7 to 7.1 g N2O-

N kg-1 N uptake when N efficiency increased from

19 to 75%.

In the region of this study the range of DM

production is 6.0–12.0 tonnes ha-1 y-1 (O’Dono-

van and others 2004). The lower value is typically

associated with lower LU ha-1 and low N- appli-

cation rates. In general, DM yield increases linearly

in response to increasing N application rates from

25 to 350 kg N ha-1 (Frame 1992), decreasing to

between 5 and 15 kg DM kg-1 N as N application

rate increases from 350 to 450 kg N ha-1.

Response decreases until maximum DM yield is

attained, and a point is reached where there may

be no improvement in yield (O’Donovan and oth-

ers 2004); the extra N may be lost through NO3
-

leaching and N2O emissions and so on. This

response to N application also depends on season,

climatic conditions and grass growth rate. How-

ever, this response can be improved through many

small applications of N rather than a few large

applications (Saggar and others 2007). The fre-

quent small applications can result in better distri-

bution of grass growth across the growing seasons.

The response to N application is greatest in late

spring/early summer and poorest in very early

spring and late autumn (Murphy and others 1986).

The N application in early spring and late autumn

can result in increased N2O emissions (or other

forms of N losses such as NO3
- leaching) instead of

grass growth because of more N available for N2O

production processes (O’Donovan and others

2004).

Nitrous oxide emission is strongly affected by the

rate and timing of organic and inorganic N appli-

cations: N2O emissions from slurry are higher when

applied to wet soils than to drier soils and N2O

emissions are lower when N fertilizer is applied at

least three days after the slurry application rather

than at the same time (Eckard and others 2010).

Similarly, the addition of N in small amounts at

frequent intervals rather than a small number of

large applications can also help in reducing N2O

emissions (Saggar and others 2007).

The calculated EFs (1.02–3.07%) are found to be

in the range of that calculated by Hyde and others

(2006) for the Wexford grassland (0.7–4.9%).

Similarly, for Scottish grasslands Dobbie and Smith

(2003a) reported EFs ranging from 1 to 3%. Our

over all average EF is 69% higher than the IPCC

default EF value of 1.25% which is still used by the

Irish EPA for estimating Irish N2O fluxes from

grasslands. Therefore, it is suggested that the cur-

rent IPCC (2006) emission factor method should

consider the non-linear relationship between

N-input and N2O emission in grazed grasslands.

Other authors also have criticized the IPCC value

for either underestimating or overestimating the

N2O flux from applied N (Aabdalla and others

2009). Thus a wider approach is required which

takes account of soil type, grazing regime, climatic

conditions and agronomic indices which can

ensure the applicability of a single EF for Ireland.

The N application response with DM production

can significantly improve the understanding of N2O

production in these sites.

The Effect of Soil Temperature on N2O
Fluxes

The daily soil temperature in this study ranged

from 1.5 to 23�C. Most of the N2O fluxes at soil
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temperatures less than 5�C were close to zero

(Figure 9). The N2O flux at 5�C was approximately

20 lg m-2 h-1, but increased to 110 lg m-2 h-1 at

17�C. Nitrous oxide production at temperatures

lower than 5�C is considered to be predominantly

controlled by physical processes resulting in a

release of N2O during thawing after the soil has

been frozen (Christensen and Tiedje 1990),

although some authors have shown some biologi-

cal activities at lower temperatures. Freezing of soil

was absent in this study. At temperatures above

5�C, the N2O emission is assumed to be dominated

by biological activities as increased temperature

enhances microbial activity (Scanlon and Kiely

2003). In this study, temperatures above 5�C are

considered the most influencing. The N2O cluster

above 17�C is scattered (Figure 9) suggesting that

temperature might not be the main factor influ-

encing N2O emissions above 17�C and higher

emission may be attributed to other controlling

parameters such as WFPS and N availability. This

temperature response is similar to that obtained by

Saggar and others (2004). These authors found a

profound temperature effect on N2O fluxes

between 5 and 18 �C.

The Effect of Water Filled Pore Space on
N2O Emission

Below 40% WFPS, N2O production was less than

35 lg m-2 h-1 but increased to 122 lg m-2 h-1 at

60% WFPS (Figure 10). Peak N2O emissions

occurred in the range of 60–80% WFPS with

maximum emission at approximately 70% WFPS.

Above 80% WFPS the N2O flux decreased rapidly.

The optimum WFPS may be the result of several

biological and physical processes. Davidson and

Verchot (2000) observed that nitrification occurs

up to a WFPS of 60%. At WFPS greater than 60%

denitrification becomes dominant (Lemke and

others 1998). At high values of WFPS above 80%,

oxygen diffusion may become restricted and hence

the product of denitrification is primarily N2 (Vel-

dkamp and others 1998). Robertson and Tiedje

(1988) suggested that denitrification can act as a

sink as well as a source for N2O. The most probable

explanation of the peak N2O emission between 60

and 80% WFPS is that it increased to a level where

simultaneous denitrification and nitrification were

at their maximum (70% WFPS). Above this WFPS,

denitrification was the main process producing N2O

and as the soil is more anaerobic and N2 emissions

dominate N2O. This response was found in other

studies (for example, Arriaga and others 2010).

However, the optimum water content for N2O

emission may differ from soil to soil (Bouwman

1998).

The Effect of Soil Type on N2O Fluxes

When N2O emissions from different soils were

compared, brown podzolic and grey brown pod-

zolic soils had higher emissions than gleys (Fig-

ure 11A). Podzols are considered well drained with

high porosity, which can produce high N2O emis-

sions because of nitrification due to easy availabil-

ity of O2. In addition in this study these soils were

intensively managed with frequent grazing. The

gley soils are frequently water logged with anaer-

obic conditions, and very high WFPS, resulting in

the lowest N2O emissions. The NO3
- leaching was

not included in this study. As these emissions of

NO3
- are generally linked with higher N-input (Van

Groenigen and others 2010), we expect that

including those emissions might further strengthen

this relationship found in this study.

The Effect of Grazing Frequency on N2O
Fluxes

Grazing can enhance N2O production, as reported

by Velthof and Oenama (1995). According to

Oenema and others (1997), grazing enhances N2O

emissions due to the presence of active N hot spots

as a result of dung and urine deposition. Grazing

indirectly influences the soil fertility via induced

changes in plant composition (Patra 2006), N

cycling and consequently increased N2O flux from

soils (Aabdalla and others 2009). According to

Nunez and others (2007) the nutrient cycle is

influenced by grazing animals who can return as

much as 80% of consumed N in the form of dung

and urine. In our experiment intensively grazed

sites produced up to three times higher hourly N2O

fluxes than extensively grazed sites (Figure 11B).

This is most likely due to higher urine and dung

excretions as well as soil compaction at the inten-

sively grazed sites (CK, D, CF, PK and KW) by

comparison to extensively grazed sites (BH, SH1

and SH2). Douglas and Crawford (1993) found that

the N2O emissions and total denitrification rates

were up to two times higher in compacted grass-

land soil than in uncompacted grassland soils.

Compaction which reduces soil porosity, increases

soil density, reduces hydraulic conductivity and

impedes root penetration is important in shifting

soil conditions towards an anaerobic state at the

same level of WFPS (Hyde 2004). Other studies, for

example, Wolf and others (2010), found higher

N2O emissions with an increase in stocking rate

(LU ha-1) during the growing season.

Nitrous Oxide Emission from Grasslands



Restricted grazing on seasonally wet soils not

only reduces N-input from urine, but also reduces

hoof compaction of the soil. Luo and others (2008)

reported a total reduction of N2O emission by

7–11% under restricted grazing regimes. Similarly,

the application of the concept of carrying capacity

(the number of animals that the pasture can sup-

port) can significantly reduce the N2O losses from

soils and the carrying capacity is determined by

various other factors such as food supply, climate

conditions and waste assimilation (Nunez and

others 2007).

CONCLUSION

This study shows that the estimated annual N2O flux

from grasslands in southern Ireland was greater than

those predicted by the IPCC default EF of 1.25%. The

N2O emissions in this experiment were dependent

on N fertilizer application, grazing management, soil

types and variations in soil temperature and WFPS.

Peak emissions occurred in short periods following

the fertilization and grazing events. A strong rela-

tionship was observed between N-input, soil tem-

peratures, soil moisture and N2O emissions. Soil

temperatures between 5 and 17�C were optimum for

N2O emission. Similarly, WFPS was found to be

influencing in the range of 60–80%. Frequently

grazed sites produced N2O emissions three times

higher than less frequently grazed sites.

The results of this study suggest that different

management strategies can reduce anthropogenic

N2O emissions including: (1) the N application

should be less than 300 kg ha-1 and this will sig-

nificantly reduce emissions; however, agro-eco-

system specific requirements for optimum grass

production should be part of the determining pro-

cedure; (2) the reduction of N application would be

most effective in intensively managed sites (CK, D,

CF, PK, KW) which received more than

300 kg N ha-1 rather than for extensive sites (BH,

SH1 and SH2) which received less than

300 kg N ha-1 and (3) restricted grazing on sea-

sonally wet soils especially from intensively grazed

sites, for example, CK, D, CF, PK and KW, can also

significantly reduce N2O emissions.

This study shows that the IPCC default EF

underestimates the fluxes. Further study on a

wider range of grazing regimes, plant biomass

production and soil types should be carried out.
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