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57 Abstract Aim: This study  examines the impact of  changing nitrogen (N) f ertilizer
application rates, land use and climate on N f ertilizer-deriv ed direct nitrous
oxide (N2O) emissions in Irish grasslands.
Methods: A set of  N f ertilizer application rates, land use and climate
change scenarios were dev eloped f or the baseline y ear 2000 and then f or
the y ears 2020 and 2050. Direct N2O emissions under the dif f erent
scenarios were estimated using three dif f erent ty pes of  emission f actors
and a newly  dev eloped Irish grassland N2O emissions empirical model.
Results: There were large dif f erences in the predicted N2O emissions
between the methodologies, howev er, all methods predicted that the ov erall
N2O emissions f rom Irish grasslands would decrease by  2050 (by
40–60 %) relativ e to the y ear 2000. Reduced N f ertilizer application rate
and land-use changes resulted in decreases of  19–34 % and 11–60 % in
N2O emission respectiv ely , while climate change led to an increase of
5–80 % in N2O emission by  2050.
Conclusions: It was observ ed in the study  that a reduction in N f ertilizer
and a reduction in the land used f or agriculture could mitigate emissions of
N2O, howev er, f uture changes in climate may  be responsible f or increases
in emissions causing the positiv e f eedback of  climate on emissions of
N2O.
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15 Abstract
16 Aim This study examines the impact of changing ni-
17 trogen (N) fertilizer application rates, land use and
18 climate on N fertilizer-derived direct nitrous oxide
19 (N2O) emissions in Irish grasslands.
20 Methods A set of N fertilizer application rates, land
21 use and climate change scenarios were developed for
22 the baseline year 2000 and then for the years 2020 and
23 2050. Direct N2O emissions under the different scenar-
24 ios were estimated using three different types of

25emission factors and a newly developed Irish grassland
26N2O emissions empirical model.
27Results There were large differences in the predicted
28N2O emissions between the methodologies, however,
29all methods predicted that the overall N2O emissions
30from Irish grasslands would decrease by 2050 (by 40–
3160 %) relative to the year 2000. Reduced N fertilizer
32application rate and land-use changes resulted in de-
33creases of 19–34 % and 11–60 % in N2O emission
34respectively, while climate change led to an increase of
355–80 % in N2O emission by 2050.
36Conclusions It was observed in the study that a reduc-
37tion in N fertilizer and a reduction in the land used for
38agriculture could mitigate emissions of N2O, however,
39future changes in climate may be responsible for in-
40creases in emissions causing the positive feedback of
41climate on emissions of N2O. 42

43Keywords Nitrous oxide . Nitrogen fertilizer .

44Land-use change . Climate change . Scenario analysis

45Introduction

46Increases in N2O concentrations add to the greenhouse
47effect (e.g. Wang et al. 1976) and ozone depletion
48(Crutzen 1970). In a 100-year time horizon the global
49warming potential of N2O is 298 times that of carbon
50dioxide (CO2) and 12 times that of methane (CH4)
51(Forster et al. 2007). Among anthropogenic N2O emis-
52sions (6.7 Tg N2O–N y−1), agricultural soils are esti-
53mated to provide 2.8 Tg N2O–N year−1 (Denman et al.
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54 2007). The use of N fertilizers and animal manures are
55 the main anthropogenic sources, estimated at about
56 24 % of annual N2O emissions (Bouwman 1996;
57 IPCC 2007). It has been suggested that N fertilizer
58 use, land use and its management, and climate are the
59 major controlling factors of N2O emissions from agri-
60 cultural lands (e.g. de Klein et al. 2010).
61 According to the statistics of the International
62 Fertilizer Industry Association (IFADATA 2013), N
63 fertilizer consumption in Europe increased linearly
64 from 1961 up to 1999 (12.2 Mt N in 1999), and then
65 decreased by 1.3 Mt N between 2000 and 2005.
66 Similarly, in Ireland, N fertilizer consumption de-
67 creased from 0.44 Mt N in 1998 to 0.32 Mt N in
68 2006 (Department of Agriculture, Fisheries and Food
69 2008). The EU Nitrates Directive became part of Irish
70 law in February 2006 (Department of Environment,
71 Heritage and Local Government 2006; Humphreys
72 2008). The legal instrument, called the European
73 Communities (Good Agricultural Practice for
74 Protection of Waters) Regulations 2006, SI 378 of
75 2006, deals with the protection of waters from pollu-
76 tion caused by nitrates and phosphates from agricul-
77 tural sources (Department of Environment, Heritage
78 and Local Government 2006). Irish farming must
79 now comply with SI 378 of 2006 and should follow
80 Teagasc (The Irish National Agricultural Research
81 Organisation) nutrient advice, which indicates the need
82 for nutrient supply to match to crop requirements both
83 in quantity applied and time of application (Coulter
84 and Lalor 2008; Humphreys 2008). Considering the
85 recent downward trend of N fertilizer consumption,
86 rising prices of N fertilizer and the implementation of
87 the Nitrates Directive, it is expected that N fertilizer
88 consumption will decrease in the future in Ireland
89 (Hsieh et al. 2005). Such changes to N fertilizer usage
90 will likely have important consequences for direct and
91 indirect N2O emissions (Sun and Huang 2012).
92 According to the statistics of the Food and Agriculture
93 Organisation (FAO) of the United Nations (FAOSTAT
94 2013), the agricultural land area in Europe decreased by
95 12 million ha (2.4 %) between 1995 and 2005, with the
96 total agricultural land area being 480 million ha in 2005.
97 Similarly, agricultural land in Ireland decreased from
98 4.44 million ha in 2000 to 4.27 million ha in 2007
99 (Department of Agriculture, Fisheries and Food 2008).
100 According to spatially explicit and alternative scenarios
101 of future environmental change and agricultural land use
102 in Europe based on the IPCC Special Report on

103Emissions Scenarios, Rounsevell et al. (2005) state that
104across Europe agricultural land use is expected to decline
105by as much as 50% from current areas; of which a rate of
10640–60 % reduction in croplands and 5–63% reduction in
107grasslands is expected by 2080. These land-use changes
108are likely to have important consequences for N2O emis-
109sions (e.g. Flynn et al. 2005; Roelandt et al. 2007; Nol
110et al. 2011; Bodirsky et al. 2012).
111The Community Climate Change Consortium for
112Ireland (C4I) project predicts future increases in tem-
113perature and changes in precipitation patterns (Dunne
114et al. 2008). Temperatures for summer and autumn are
115predicted to increase 1.2–1.4 °C by 2050 and up to
1163.4 °C towards the end of the century (Dunne et al.
1172008). A wetter climate is predicted for autumn and
118winter (5–10 % increase by the middle of the century,
119and 15–25 % towards the end of the century) and
120summers drier (5–10 % decrease between 2021 and
1212060; 10–18 % decrease towards the end of the centu-
122ry) (Dunne et al. 2008). These climate changes are
123likely to increase direct N2O emissions (e.g. Roelandt
124et al. 2007; Eckard and Cullen 2011).
125Several methodologies have been developed to esti-
126mate N2O emissions from agricultural areas. The current
127IPCC Tier 1 methodology ( Q1IPCC 1996 and 2006) uses
128emissions factors (EFs), which specify that a fixed pro-
129portion of the N applied is considered to be emitted from
130the soil to the atmosphere as N2O. Although the EFs
131methodology has the advantage of being easy to use
132with readily available fertiliser data, it does not take into
133account the spatial and temporal variability of N2O
134emissions from soils (e.g. Rafique et al. 2011a), or the
135effects of crop type or climate, which are known to
136regulate N2O production. Empirical N2O emission
137models based on statistical analysis of the main driving
138variables for N2O emission (e.g. temperature, rainfall
139and N fertilizer; Roelandt et al. 2005) and simple regres-
140sion models based on the relationship between direct
141N2O emission, environmental factors, and management-
142related factors (e.g. Flynn et al. 2005; Flechard et al.
1432007) have been developed and used to estimate site- or
144regional-scale emissions. Process-based models, which
145consider all the proximal factors acting on nitrification
146and denitrification processes, have been developed to
147simulate terrestrial ecosystem carbon (C) and N biogeo-
148chemistry (e.g. DAYCENT, Parton et al. 2001; DNDC,
149Rafique et al. 2011b). When sufficient data to run
150process-based models are not available, climate variable
151EF methodologies and empirical N2O emission models
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152 can be used to assess the impact of potential future N
153 fertilizer use, land use, and climate change on direct
154 N2O emissions (e.g. Flynn et al. 2005; Flechard et al.
155 2007; Roelandt et al. 2007).
156 Nitrogen fertilizer use, land use, and climate are
157 major controlling factors of N2O emissions from agri-
158 cultural lands (Forster et al. 2007) and these factors are
159 undergoing change in Ireland. It is therefore important
160 to estimate the changes in N2O emissions in future
161 scenarios and provide accurate information to consider
162 the changes in the strategies and efforts to mitigate
163 N2O emission and so climate change. Ireland provides
164 an ideal case study to assess these methodologies, as its
165 estimated N2O emissions from agriculture are a signif-
166 icant contributor to the national GHG inventory esti-
167 mate (Environmental Protection Agency 2011). The
168 objective of this study is to estimate the impact of
169 changing N fertilizer application rate, land use, and
170 climate on direct N2O emissions in Irish grasslands
171 using EFs (IPCC default and two, climate-variable,
172 EFs) and an empirical N2O emission model.

173 Methods and materials

174 Study area

175 The study area comprised all 8 regions (as defined for
176 the Water Framework Directive purposes) and 26
177 counties in the Republic of Ireland. Agricultural lands
178 account for 70.1 % (arable lands 7.9 %, grasslands
179 54.3 %, and heterogeneous agricultural areas 7.9 %)
180 out of an entire area 6.94 million ha (Eaton et al. 2008).
181 The soils of the central north eastern and midland
182 regions consist mainly of gleys and grey-brown pod-
183 zolic soils (Fay et al. 2007). Acid brown earths are
184 dominant in the soil cover of the south-eastern region
185 (Fay et al. 2007). There is a significant occurrence of
186 gleys, grey-brown podzolic, and rendzinas in the soils
187 of the south-western region (Fay et al. 2007). Due to
188 the moderating influence of the Atlantic, Ireland has a
189 temperate oceanic climate (The Irish Meteorological
190 Service 2013): the average annual temperature is about
191 9 °C and the eastern part of the country has between
192 750 and 1,000 mm annual rainfall, while the west has
193 generally in excess of 1,250 mm. The wettest months
194 are December and January, with April the driest
195 and August the warmest (The Irish Meteorological
196 Service 2013).

197Scenarios of future changes

198Land-use change

199Information on the agricultural land area in each of the 26
200counties in the baseline year 2000 was derived from the
201year 2000 Census of Agriculture by Irish Central
202Statistical Office (http://www.cso.ie/releasespublications/
203documents/agriculture/2004/tables1to15.pdf). The census
204was carried out in June 2000 and covered all farms with
205at least 1 ha of land. Predictions for future Irish agricul-
206tural land-use change were provided by the Advanced
207Terrestrial EcosystemAnalysis andModelling (ATEAM)
208project (Rounsevell et al. 2005). The ATEAM project
209produced Europe-wide agricultural land-use change sce-
210narios for cropland and grassland at a resolution of
21110 min. latitude and longitude for the baseline year
2122000 and for years 2020, 2050, and 2080. The scenarios
213were based on an interpretation of the four storylines (A1,
214A2, B1, and B2) of the SRES using a supply and demand
215model of agricultural area quantities at the European
216scale and the disaggregation of these quantities using
217scenario-specific spatial allocation rules (Rounsevell
218et al. 2005). The A and B scenarios represent more
219economically and environmentally and equity orientated
220futures, respectively (Rounsevell et al. 2005). The 1 and
2212 scenarios represent more globally and more regionally
222orientated developments, respectively (Rounsevell et al.
2232005). For this study, land use in baseline year 2000 and
224in 2020 and in 2050 A1, A2 and B1 scenarios at a
225resolution of 10 min. latitude and longitude were aggre-
226gated to county scale. A decrease in the area under
227grasslands was predicted for A1, A2, and B1 scenarios
228in 2020 and 2050 relative to baseline year 2000 (Table 3).
229The range of change rate was −17.2 to −30.4 % in 2020
230and −36.7 to −42.1 % in 2050 relative to 2000.

231Nitrogen fertilizer application rate change

232The N fertilizer application rate in the baseline year
2332000 was obtained from the N fertilizer application rate
234surveyed in 2000 at the regional scale (8 regions in
235Ireland) (Coulter et al. 2002). It was assumed that
236counties in the same region have the same N applica-
237tion rate. Therefore, the N application rate in a county
238follows the N application rate of the region of which
239that county is part. Nitrogen fertilizer use in the base-
240line year 2000 was calculated by multiplying the N
241fertilizer application rate in 2000 by the grassland area in
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242 2000. To predict N fertilizer use in 2020 and 2050 it was
243 assumed that the N fertilizer application rate in 2020 and
244 2050 would be 100 % compliant with regulated N fertil-
245 izer application rates as defined by Irish law (SI 378 of
246 2006). Since SI 378 was newly launched in 2006, and the
247 actual fertilizer application rate at that time was not
248 known, it was estimated as the N fertilizer application rate
249 (at the regional scale) at Rural Environmental Protection
250 Scheme (REPS) farms. These farms comply with Teagasc
251 nutrient advice (Coulter et al. 2002; Humphreys 2008)
252 (equivalent to SI 378 of 2006) and were separately sur-
253 veyed in 2000 byCoulter et al. (2002). The fertilizer use in
254 2020 and 2050 was calculated by multiplying the N
255 fertilizer application rate of REPS farms by land-use area
256 of each scenario in 2020 and 2050. The estimated N
257 fertilizer use was divided into monthly N fertilizer use
258 using percentage levels of N use by month in Irish agri-
259 cultural lands (Coulter and Lalor 2008; S. Lalor, pers.
260 comm.). A decrease in N fertilizer use in grasslands was
261 predicted for A1, A2, and B1 scenarios in 2020 and 2050
262 relative to baseline year 2000 (Table 3). The ranges of
263 predicted change were −43.5 to −52.6 % in 2020 and
264 −56.8 to −60.5 % in 2050 relative to 2000.

265 Climate change

266 Predictions for the future Irish air temperature, rainfall
267 and soil water content were derived from the C4I project
268 (Steele-Dunne et al. 2008; Cochrane 2011). The predic-
269 tions were generated by downscaling the European
270 Centre Hamburg Model Version 5 (ECHAM 5) general
271 circulation model data (Roeckner et al. 2003) using the
272 Rossby Centre Atmosphere Model Version 3 (RCA3)
273 regional climate model. The RCA3 was developed from
274 the High Resolution Limited Area Model (HIRLAM)
275 (http://hirlam.org/) but includes improvements in the
276 radiation and turbulence schemes and in cloud parame-
277 terization (Kjellström et al. 2005). Simulations were run
278 at a resolution of 14 km for a reference period 1961–
279 2000 (Wang et al. 2006) and for future periods 2021–
280 2060 and 2060–2099 under the IPCC SRES A1, A2,
281 and B1 scenarios (Nakicenovic et al. 2000). It was
282 suggested that multi-year weather data would produce
283 more reliable estimates of soil N2O emissions at region-
284 al scale (Butterbach-Bahl et al. 2004). Therefore, in this
285 study, averages of 1971–2000, 2021–2030 and 2045–
286 2054 climate scenarios were used to estimate N2O emis-
287 sion in the baseline year 2000, 2020 (A1, A2, and B1
288 scenarios), and 2050 (A1, A2, and B1 scenarios),

289respectively. Monthly averages of air temperature, rain-
290fall and soil water content at a resolution of 14 km were
291derived from the C4I project and the data were aggre-
292gated by county scale (Cochrane 2011). Since monthly
293soil temperature scenarios were not provided by the C4I
294project, monthly soil temperature scenarios were esti-
295mated using monthly air temperature scenarios provided
296by the C4I project and monthly differences between
297observed air temperature and soil temperature in the
298recent 30 year period (1971–2000) in each county
299(http://www.met.ie) as below (Eq. 9):

Q8Monthly soil temperature scenarios

¼ monthly air temperature scenarios

–ðobserved monthly average air temperature

–observed monthly average soil temperatureÞ

ð9Þ

300301302Bulk density was derived from soil survey results of
303the SoilC project (Kiely and Carton 2009). In the SoilC
304project, soil samples were collected at 71 locations
305throughout Ireland during 2006–2007 and bulk density
306in grasslands was selected in each county from this
307database. Water-filled pore space (WFPS) was calculat-
308ed (Linn and Doran 1984) using soil water content and
309bulk density. Predicted soil temperature, WFPS, and
310rainfall derived from C4I project show future common
311trends throughout the 26 counties in Ireland. Soil tem-
312perature increases and WFPS and rainfall decrease in
313summer but increase in winter in 2020 and 2050 relative
314to the baseline year 2000. For example, in County Cork,
315in the south of Ireland, A1, A2, and B1 scenarios in
3162020 and 2050 relative to baseline year 2000 predicted
317that soil temperature would increase by 1.8–3.2 °C and
318WFPS would decrease 0.3–2.4 % in summer but in-
319crease 0.2–0.5 % in winter. Similarly, rainfall would
320decrease by 4–28.4mmmonth−1 in summer but increase
321by 9.9–38.3 mm month−1 in winter.

322Estimation of N2O emissions using emission factors
323and an empirical model

324In this study, three different EF methodologies were
325used to estimate the direct N2O emissions under dif-
326ferent scenarios: IPCC default Tier 1 EF (IPCC 2006);
327climate- and crop- responsive EFs (CCREFs) (Flynn
328et al. 2005); and climate sensitive EF (CSEF) (Flechard
329et al. 2007). In addition, an Irish grasslands nitrous
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330 oxide emissions (IGNE) empirical model has been
331 developed during this study.

332 Emission factors methodology

333 First, the IPCC default EF (IPCC 2006) is a fixed value
334 of 1.0 % regardless of climate or crop type.
335 Second, the CCREF developed by Flynn et al. (2005)
336 was used to estimate direct N2O emissions from Irish
337 grasslands. The CCREF is an empirical, multiple-
338 regression model based on direct N2O measurements in
339 Scottish agricultural lands. The model relates direct N2O
340 emissions to rainfall around the time of fertilizer applica-
341 tion and corrects for soil temperature (Flynn et al. 2005).
342 The model requires monthly rainfall and soil temperature
343 data to simulate monthly EF. The footnote to Table 1 in
344 Flynn et al. (2005, p. 1524) gives the equation for ‘cli-
345 mate variable EF’. In fact, the equation should have been
346 divided by fertilizer application rate to give the EF as a
347 percentage (K. A. Smith, pers. comm.). The corrected
348 equations are provided below (Eqs. 1 and 2):

CCREF %ð Þmonth i

¼ climate variable N2O emissionmonth i

fertilizer application ratemonth i
� 100 ð1Þ

349350
351

Climate variable N2O emissionmonth i

¼ 51� rainfallmonth ið Þ−615
1000

� 2
soil temperaturemonth i−12

10 ð2Þ
352353 where, CCREF (%)month i is CCREF (%) in month i,
354 fertiliser application ratemonth i is a fertilizer application
355 rate in month i (kg N ha−1 month−1) for cut and grazed
356 grass, rainfall month i is an amount of rainfall in month i

357(mmmonth−1) and soil temperature month i is an average
358soil temperature in month i (°C).
359Third, the CSEF developed by Flechard et al. (2007)
360was used to estimate direct N2O emissions from Irish
361grasslands. The CSEF is an empirical, multiple-
362regression model based on direct N2O measurements
363for a 3-year period at 10 grass sites in 8 European
364countries, including Ireland (Flechard et al. 2007).
365The model requires monthly soil temperature, water-
366filled pore space (WFPS) and rainfall data to simulate
367monthly EF. In Flechard et al. (2007, p. 145) Eq. (3)
368states the equation for ‘a bell membership function B
369(WFPS)’. The equation is misprinted (C. R. Flechard,
370pers. comm.), and the corrected form of the equation is
371provided below as Eqs. 3 and 4 with the constants (A,
372B, C, D) of Eq. 3 provided in Table 1. The constants
373were derived from Flechard et al. (2007, p. 145):

ln CSEF;%ð Þ ¼ Aþ B� soil T þ C � B WFPSð Þ
þ D� P ð3Þ

374375where, soil T is a monthly average soil temperature
376(°C), P is a monthly rainfall (mm month−1), and B is a
377bell membership function defined as:

B WFPSð Þ ¼ 1

1þ WFPS−c
a

� �2b ð4Þ

378379where, WFPS is water-filled pore space (%), and pa-
380rameters a, b and c equal 15 %, 3 % and 75 %,
381respectively.
382In this study, since the coefficients in the CSEF
383(Eq. 3) have a large range, the CSEF was modified to
384four different models (CSEF I−IV, Eqs. 3 and 4 and
385Table 1) to reflect the range of coefficients systemical-
386ly: the medium (medium level in the range of con-
387stants), high 50 % (high 50 % level in the range of
388constants), high 75 % (high 75 % level in the range of
389constants) and highest (highest level in the range of

t1:1 Table 1 Constants of model CSEF and CSEF I, II, III and IV

t1:2 Model Level in the range of constants A B C D

t1:3 CSEF Whole range −5.52 (± 1.75) 0.18 (± 0.10) 2.40 (± 1.21) 0.01 (± 0.01)

t1:4 CSEF I Medium level −5.52 0.18 2.4 0.01

t1:5 CSEF II High 50 % level −4.65 (−5.52+0.875) 0.23 (0.18+0.05) 3.01 (2.40+0.605) 0.015 (0.01+0.005)

t1:6 CSEF III High 70 % level −4.21 (−5.52+1.313) 0.26 (0.18+0.075) 3.31 (2.40+0.907) 0.018 (0.01+0.0075)

t1:7 CSEF IV Highest level 3.77 (−5.52+1.75) 0.28 (0.18+0.10) 3.61 (2.40+1.21) 0.02 (0.01+0.01)
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390 constants) constants were applied in the modified
391 models CSEF I, CSEF II, CSEF III and CSEF IV
392 respectively. It is noted that less than medium-level
393 constants were not used since CSEF with constants in
394 this range produced very low EFs (less than 0.1 %),
395 which has not practically happened (see observed Irish
396 grassland N2O EF in Table 2).

397 Irish grassland nitrous oxide emissions (IGNE)
398 empirical model

399 In this study, an Irish grasslands nitrous oxide emissions
400 (IGNE) empirical model was newly developed using
401 annual direct N2O emissions in Irish grasslands, climate
402 factors such as cumulative annual rainfall and annual
403 average soil temperature, and N input reported in referred
404 literature (24 data-set from 5 studies; Table 2). Multiple
405 regressions of variables such as cumulative annual rain-
406 fall, annual average soil temperature, soil C and N, and N
407 input with the dependent variable N input-derived annual
408 N2O emissions (total N2O emission—background N2O
409 emission) were performed under the linear, exponential,
410 quadratic and mixed forms using SigmaPlot® ver.
411 11.0 (Systat Software Inc., San Jose, CA, USA). The
412 results indicated that N input can be a significant vari-
413 able to predict N input-derived annual N2O emissions
414 (P<0.001), showing a significant exponential relation-
415 ship (Fig. 1). However, rainfall, soil temperature and soil
416 C and N did not significantly add to the ability to predict
417 annual N2O emissions (P>0.5). Considering the results,
418 the IGNE model was determined as follows (Eq. 5).

N input−derived annual N2O emissions kg N ha−1
� �

¼ ea�N R2 ¼ 0:38
� � ð5Þ

419420 where, N is N input (kg N ha−1), a=0.0057±0.0003
421 (P<0.0001).
422 The low level (a=0.0057−0.0003=0.0054), medium lev-
423 el (a=0.0057), and high level (a=0.0057+0.0003=0.006)
424 constants were applied in the modified models IGNE I
425 (Eq. 6), IGNE II (Eq. 7), and IGNE III (Eq. 8).

426 IGNE I (low-level constant)

N input−derived annual N2O emissions

¼ e0:0054�N ð6Þ427428

429

430IGNE II (medium-level constant)

N input−derived annual N2O emissions

¼ e0:0057�N ð7Þ
431432433IGNE III (high-level constant)

N input−derived annual N2O emissions

¼ e0:006�N ð8Þ
434435
436
437Estimation of direct N2O emissions

438In this study, direct N2O emissions in the baseline year
4392000, 2020 and 2050 scenarios were determined by
440IPCC EF, CCREFs, CSEF I–IV, and IGNE I–III. The
441direct N2O emissions were determined for each county
442since the N fertilizer application rate and the agricul-
443tural land use in the baseline year 2000 were only
444available at the county scale. Therefore, the amount
445of direct N2O emissions in Irish grasslands reported in
446this study is a summation of the emissions of all of 26
447counties in Ireland.
448For the CCREF and the CSEF methods, a three-step
449process was used to estimate the direct N2O emission by
450county. The first step was to determine the monthly N
451fertilizer use for each county in the baseline year 2000,
4522020 and 2050 scenarios (see Nitrogen fertilizer appli-
453cation rate change s Q3ection, Table 3). The second step was
454to determine monthly EFs for each county in baseline
455year 2000, 2020 and 2050 scenarios for the CCREF and
456CSEF methods using climate data in the baseline year
4572000 and for the 2020 and 2050 climate change scenar-
458ios. The third step was to calculate the direct N2O emis-
459sion in the baseline year 2000, 2020, and 2050 scenarios
460by multiplying the monthly N fertilizer obtained in the
461first step by monthly EFs obtained in the second step.
462For the IPCC EF method, the yearly N fertilizer use
463rate (kg N ha−1 y−1) for each county in the baseline year
4642000, 2020 and 2050 scenarios was determined then
465multiplied by IPCC EF (1 %) to find the total yearly
466N2O emissions of each county.
467For the IGNEmethod, the yearly N fertilizer use rate
468(kg N ha−1 y−1) for each county in the baseline year
4692000, 2020 and 2050 scenarios was used to calculate
470yearly direct N2O emissions rates (kg N2O−N ha−1 y−1)
471and then multiplied by the grassland area (ha) of the
472county to find the total yearly N2O emissions of each
473county.
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474 Determination of contributions of N fertilizer, and land
475 use and climate changes to direct N2O emission

476 The contribution of each parameter including N fertil-
477 izer, land use and climate change to direct N2O emis-
478 sions in 2020 and 2050 was determined. The 2020 and
479 2050 emissions were determined with CCREFs, CSEF
480 II and IGNE II methodologies under the following
481 three conditions: 1) only N fertilizer application rate
482 changes (no land-use and no climate changes); 2) only
483 land-use changes (no N fertilizer application rate and
484 no climate changes); and 3) only climate changes (no
485 land-use change and no N fertilizer application rate
486 changes). CSEF II and IGNE II were used since the
487 EFs determined by CSEF II (Table 5) are similar to
488 observed ones (Table 2) and IGNE II represents IGNE
489 models showing a relatively narrow range of variation
490 in estimated N2O emissions (Table 6).

491Statistical analysis

492The normality of the distribution of the model outputs
493was analyzed using the Shapiro-Wilk normality test
494(Shapiro and Wilk 1965). One-way analysis of vari-
495ance (ANOVA) was used to evaluate the differences in
496means of determined EFs by month and year. When
497the standard assumptions of normality were violat-
498ed, non-parametric Kruskal-Wallis one-way ANOVA
499on ranks (Kruskal and Wallis 1952) was used.
500Dunn’s test was used for all pairwise comparisons
501following Kruskal-Wallis one-way ANOVA on
502ranks. Differences were considered significant at
503the P<0.05 level. These statistical analyses were
504conducted using SAS® ver. 9.2 (SAS Institute,
505Cary, NC, USA) and SigmaPlot® ver. 11.0 (Systat
506Software Inc., San Jose, CA, USA).

507Results

508Predicted EFs and fertilizer-derived N2O emission
509in grasslands

510Prediction from IPCC 2006 emission factors

511Through applying agricultural land-use and N fertil-
512izer application rate changes to the IPCC default EF
513(1 %), a decrease in N fertilizer-derived direct N2O
514emission was estimated for A1, A2, and B1 scenar-
515ios in 2020 and 2050 relative to 2000 (Table 4). The
516predicted change rate ranges from −43.5 to −52.6 %
517in 2020 and from −56.8 to −60.5 % in 2050 relative
518to 2000.

Nitrogen input (kg N ha-1 yr-1)
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Fig. 1 Observed relationship between nitrogen (N) input-
derived annual direct nitrous oxide (N2O) emission and N input
in Irish grasslands (n=19) (see detail information in Table 2)

t3:1 Table 3 Area (ha) and nitrogen
(N) fertilizer use (tonnes N) in
grasslands and their change rates
(%) scenarios in Ireland for
baseline year 2000 and IPCC A1,
A2, and B1 scenarios in 2020
and 2050

t3:2 Year Scenario Grassland N fertilizers

t3:3 Area, ha Change rate, % Use, t N Change rate, %

t3:4 2000 Baseline 3 535 443 – 365 012 –

t3:5 2020 A1 2 456 994 −30.5 173 135 −52.6
t3:6 A2 2 928 607 −17.2 206 150 −43.5
t3:7 B1 2 928 607 −17.2 206 150 −43.5
t3:8 2050 A1 2 047 651 −42.1 144 085 −60.5
t3:9 A2 2 073 907 −41.3 145 935 −60.0
t3:10 B1 2 239 333 −36.7 157 589 −56.8
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519 Prediction from climate- and crop- responsive
520 emission factors (CCREFs)

521 Through applying agricultural land-use, N fertilizer ap-
522 plication rate and climate changes to CCREFs, it was
523 predicted that EFs will increase but N fertilizer-derived
524 direct N2O emissions will decrease in Irish grasslands
525 for A1, A2, and B1 scenarios in 2020 and 2050 relative
526 to 2000 (Table 4). The emissions predicted by the
527 CCREF method are about 8 times higher than the

528default 1 % IPCC values. The predicted EFs show two
529common temporal trends (Fig. 2). Firstly, on an annual
530scale, EFs show seasonal variation: EFs in July–
531September (mean values 8.0–9.0) are significantly (all
532P<0.001) higher than in December–February (4.5–4.6).
533Secondly, on a decadal scale, EFs in 2020 and 2050
534(6.0–6.8) are significantly higher than in 2000 (5.8–6.2)
535(all P<0.01). The predicted change rate of direct N2O
536emissions ranges from −41.0 to −52.9 % in 2020 and
537from −55.7 to −58.5 % in 2050 relative to 2000.

t4:1 Table 4 Estimated nitrous oxide (N2O) emission by IPCC de-
fault emission factor (EF) (IPCC 2006) and climate- and crop-
responsive EF (CCREFs) (Flynn et al. 2005) and change rates of
direct N2O emission (relative to 2000) in grasslands for baseline

year 2000 and IPCC A1, A2, and B1 scenarios in 2020 and 2050.
It is noticed that the amount of N2O emitted from Irish grasslands
reported in this study is a summation of 26 counties at the county
scale

t4:2 Year Scenario IPCC default EF CCREFs

t4:3 EF, % N2O emission, t N2O–N Change rate, % EF, % N2O emission, t N2O–N Change rate, %

t4:4 2000 Baseline 1 3650 – 5.6±0.4a 31 201 –

t4:5 2020 A1 1 1731 −52.6 6.1±0.5 14 709 −52.9
t4:6 A2 1 2062 −43.5 6.2±0.6 18 401 −41.0
t4:7 B1 1 2062 −43.5 6.1±0.5 18 066 −42.1
t4:8 2050 A1 1 1441 −60.5 6.4±0.4 12 946 −58.5
t4:9 A2 1 1459 −60.0 6.7±0.6 13 638 −56.3
t4:10 B1 1 1576 −56.8 6.2±0.6 13 823 −55.7

aMean ± standard error
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Fig. 2 Temporal variation of emission factors (EFs) determined
by climate- and crop- responsive EFs (CCREFs; Flynn et al.
2005) (a, b, and c) and climate sensitive EF (CSEF II, Flechard

et al. 2007) (d, e, and f) with climate change scenarios in Ireland
for the baseline year 2000 and A1, A2, and B1 scenarios in 2020
and 2050
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538 Prediction from climate sensitive emission factors
539 (CSEFs)

540 Through applying agricultural land-use, N fertilizer
541 application rate and climate changes to CSEF I–IV, it
542 was predicted that EFs will increase (Table 5, Fig. 2)
543 but N fertilizer-derived direct N2O emissions will de-
544 crease (Table 5) in Irish grasslands for A1, A2, and B1
545 scenarios in 2020 and 2050 relative to 2000. As with
546 the results from the CCREFs methodology, the esti-
547 mated EFs show common temporal trends (high in
548 July–September and low in December–February), and
549 EFs in 2020 and 2050 are higher than the EFs in 2000
550 (Fig. 2). CSEF I–IV predicts that direct N2O emissions
551 decrease from 4.8 to 38.8 % by 2020 and from 12.7 to
552 43.5 % by 2050 relative to 2000 depending on scenar-
553 ios. For instance, CSEF II predicts that N2O emissions
554 decrease from 4199 tonnes N in 2000 to 2766–3569
555 tonnes N in 2020 (a 15.0–34.1 % decrease relative to
556 2000) and 2541–3122 tonnes N (a 25.6–39.5 % de-
557 crease relative to 2000) in 2050.

558 Prediction from Irish grasslands nitrous oxide
559 emission (IGNE) model

560 Through applying agricultural land-use and N fertilizer
561 application rate change scenarios to IGNE I–III, it was
562 predicted that N fertilizer-derived direct N2O emissions
563 decrease 32–44 % by 2020 and 48–53 % by 2050
564 relative to 2000 depending on scenarios (Table 6) (The
565 EFs for this model are not given). For instance, IGNE II
566 predicts that direct N2O emissions decrease from 6,648
567 tonnes N in 2000 to 3745–4459 tonnes N in 2020 (a 33–
568 44 % decrease relative to 2000) and 3117–3409 tonnes
569 N (a 49–53 % decrease relative to 2000) in 2050.

570 Contributions of N fertilizer, land-use, and climate
571 changes to N fertilizer-derived N2O emission

572 By applying N fertilizer application rate (land-use and
573 climate remain unchanged), land-use (N fertilizer use
574 and climate remain unchanged) and climate changes
575 (N fertilizer use and land-use remain unchanged) to
576 CCREF and CSEF II and IGNE II, it was found that the
577 changes in N fertilizer application rate and land use
578 tend to decrease the direct N2O emissions, but climate
579 change tends to increase N2O emissions, resulting in a
580 net decrease in direct N2O emissions at both 2020 and
581 2050 for all scenarios (Table 7). Land-use changes
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582 result in direct N2O emissions changes of −11 to −50%
583 in 2020 and −20 to −60 % in 2050; climate change
584 produced increases of up to 50 % in 2020 and up to

58580 % in 2050, and N fertilizer application rate change
586reduced emissions by 19.0 and 32.1 % in 2020 and
5872050 respectively, relative to 2000.

t6:1 Table 6 Estimated direct nitrous oxide (N2O) emissions by Irish
grassland N2O emission model (IGNE I–III; this study) and
change rates of N2O emission (relative to baseline year 2000)
in Irish grasslands for the baseline year 2000 and IPCC A1, A2,

and B1 scenarios in 2020 and 2050. It is noticed that the amount
of N2O emitted from Irish grasslands reported in this study is a
summation of 26 counties at the county scale

t6:2 Year Scenario IGNE I IGNE II IGNE III

t6:3 N2O emission, t N2O–
N

Change rate,
%

N2O emission, t N2O–
N

Change rate,
%

N2O emission, t N2O–
N

Change rate,
%

t6:4 2000 Baseline 6431 – 6648 – 6874 –

t6:5 2020 A1 3665 −43.0 3745 −43.7 3827 −44.3
t6:6 A2 4363 −32.2 4459 −32.9 4556 −33.7
t6:7 B1 4363 −32.2 4459 −32.9 4556 −33.7
t6:8 2050 A1 3050 −52.6 3117 −53.1 3185 −53.7
t6:9 A2 3090 −52.0 3157 −52.5 3226 −53.1
t6:10 B1 3336 −48.1 3409 −48.7 3486 −49.3

t7:1 Table 7 Change rate (%) of direct nitrous oxide (N2O) emis-
sions from Irish grasslands in 2020 and 2050 relative to baseline
year 2000 under only land-use change [nitrogen (N) fertilizer
application rate and climate remain unchanged], only climate
change (land use and N fertilizer application rate remain
unchanged) and only N fertilizer application rate change (land-

use and climate changes remain unchanged) scenarios. The
emissions were determined by climate- and crop- responsive
emission factors (CCREFs) (Flynn et al. 2005), climate sensitive
emission factor (CSEF II) (Flechard et al. 2007) and Irish grass-
land N2O emission model (IGNE II, this study)

t7:2 Methodology Year IPCC scenario Change rate of N2O emission (%) relative to 2000

t7:3 Land-use change Climate change N fertilizer application rate changea

t7:4 CCREFs 2020 A1 −20.2 +2.1 −33.7
t7:5 A2 −11.4 +7.6

t7:6 B1 −11.4 +5.5

t7:7 2050 A1 −28.2 +8.7 −33.7
t7:8 A2 −27.5 +12.3

t7:9 B1 −24.4 +5.5

t7:10 CSEF II 2020 A1 −52.6 +38.6 −32.1
t7:11 A2 −43.7 +46.1

t7:12 B1 −44.6 +49.0

t7:13 2050 A1 −60.8 +53.9 −32.1
t7:14 A2 −60.5 +82.7

t7:15 B1 −56.8 +55.7

t7:16 IGNE II 2020 A1 −30.4 NAb −19.0
t7:17 A2 −17.2 NA

t7:18 B1 −17.2 NA

t7:19 2050 A1 −42.1 NA −19.0
t7:20 A2 −41.4 NA

t7:21 B1 −36.7 NA

aNitrogen fertilizer application rate change has a scenario.
b Not available to determine since IGNE models do not include climate factors.
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588 Discussion

589 Predicted N2O emission factors and N
590 fertilizer-derived direct N2O emissions in future Irish
591 grasslands

592 The estimated EFs by CCREF and CSEF II commonly
593 show that EFs in summer (July–September) are higher
594 than the EFs in winter (December–February). The pat-
595 tern can be explained by the fact that EFs are common-
596 ly driven by soil temperature (section Emission factors
597 methodology) and soil temperature is higher in sum-
598 mer than in winter in Ireland (section Study area). They
599 also commonly show that EFs in 2020 and 2050 are
600 higher than the EFs in 2000. This can be explained by
601 the prediction that soil temperature will increase in
602 Ireland in the future (section Climate change).
603 Estimated EFs (1.2±0.1 %) in 2000 by CSEF II and
604 the IPCC default EF (1 %) are in the lower range of the
605 observed EFs in Irish grasslands (2.6±0.4 %, lower
606 quartile 1.2 %, upper quartile 3.8 %; Table 2). In
607 contrast, estimated EFs (5.6±0.4) by CCREFs in
608 2000 (Table 4) are above the higher range of those
609 observed EFs in Irish grasslands. Estimated direct
610 N2O emissions in 2000 by both IPCC default EF and
611 CSEF II are lower than the estimations by IGNE. These
612 results suggest that IPCC EF and CSEF II methodolo-
613 gy may underestimate direct N2O emissions, and
614 CCREFs may overestimate them.
615 While the different methodologies had a wide range
616 of estimated direct N2O emissions in the baseline year
617 2000, they all predicted that the emissions in Irish
618 grasslands would be reduced in 2020 (by 30–50 %)
619 and 2050 (by 40–60 %) relative to 2000. These results
620 are similar to the previous studies conducted in
621 Scotland (Flynn et al. 2005) and Belgium (Roelandt
622 et al. 2007): an average decrease of 63 % in direct N2O
623 emission by 2080 was predicted in Scottish grasslands
624 (Flynn et al. 2005) and a decrease of 14 % in direct
625 N2O emission by 2050 was predicted in scenario in
626 agricultural land in Belgium (Roelandt et al. 2007).

627 The impact of N fertilizer application rate, land-use
628 and climate changes

629 In this study, it was found that the reduction in N
630 fertilizer application rate would result in a 19–34 %
631 decrease of direct N2O emission, if land use and cli-
632 mate remain unchanged. This result is similar to the

633findings of a previous study (Hsieh et al. 2005) that
634predicted reduced N fertilizer use in Ireland to comply
635with the EU Water Quality Directive would decrease
636direct N2O emissions. China has implemented a soil
637testing and fertilizer recommendation program to reduce
638the over usage of synthetic N fertilizer on cereal crops and
639it resulted in reduction of direct N2O production in cereal
640crops by 241±4 Gg N2O−N in 2001–2008 relative to the
641means for 1998–2000 (Sun and Huang 2012). These
642suggest the expected decrease in fertilizer use driven by
643the implementation of SI 378 of 2006 can substantially
644contribute to mitigating N2O emissions. The SI 378 of
6452006 was originally set up for the protection of water
646from pollution caused by nitrates and phosphates from
647agricultural sources (Department of Environment,
648Heritage and Local Government 2006). These results
649therefore suggest that current efforts to manage and opti-
650mize N fertilizer use can contribute to the mitigation of
651N2O emission as well as to the protection of water re-
652sources (Leip et al. 2011; Sun and Huang 2012).
653The results of this study show that if N fertilizer
654application rate and climate remain unchanged, land-
655use change reduces N fertilizer-derived direct N2O
656emission by up to 60 % by 2050 relative to 2000.
657This indicates that land-use change can also be a factor
658mitigating direct N2O emission, which is consistent
659with previous studies conducted in Scotland (Flynn
660et al. 2005), Belgium (Roelandt et al. 2007) and the
661Netherlands (Nol et al. 2011). In Scotland, reductions
662in agricultural land use have the potential to mitigate
663the increase of direct N2O emissions and may even
664reduce emissions to below current levels (Flynn et al.
6652005). Similarly, direct N2O emissions from Belgian
666agricultural soils will be markedly affected by changes
667in agricultural land areas (Roelandt et al. 2007).
668Furthermore, in our efforts to mitigate GHG emissions
669it is suggested that land-use management plans should
670be constructed to prevent any potential problems.
671Afforestation in abandoned agricultural land can in-
672crease C sequestration by vegetation and soil (e.g.
673Eaton et al. 2008; Laganière et al. 2010). Therefore
674afforestation in predicted abandoned agricultural land
675caused by future land-use change may provide oppor-
676tunities to enhance C sequestration. On the other hand,
677an increase in abandoned agricultural areas may cause
678urban sprawl (e.g. Antrop 2004) and the degradation of
679environmental quality in rural areas (e.g. Tang et al.
6802005), which may negatively affect our current efforts
681to mitigate GHG emissions (Bart 2010).
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682 The results of this study show that climate change
683 can increase direct N2O emissions from 5% to 80 % by
684 2050, depending on applied methodologies and sce-
685 narios, since the predicted future climate scenarios
686 commonly include increases in both summer tempera-
687 tures and winter precipitation in Ireland. This result
688 indicates future climate change can increase direct
689 N2O emissions and is consistent with the results of
690 previous studies (Flynn et al. 2005; Hsieh et al. 2005;
691 Eckard and Cullen 2011). In south-eastern Australia,
692 climate change scenarios suggest increasing tempera-
693 tures, declining rainfall and longer dry summer seasons
694 and it was found that direct N2O emissions will increase
695 in the future projected climate (Eckard and Cullen
696 2011). In this study, the increase in direct N2O emissions
697 due to climate change is not large enough to compensate
698 for the decrease in direct N2O emissions by fertilizer
699 reduction use and land-use changes. However, the large
700 variation of the contribution rate depending on scenarios
701 suggests that the potential impact of climate change on
702 direct N2O emission should not be ignored.

703 Uncertainties and further studies

704 This study shows that climate variable EF and N var-
705 iable empirical N2O emission models developed with
706 regionally observed climate factors and direct N2O
707 emission data are useful for estimating direct N2O
708 emission and for predicting future emission changes
709 (Flynn et al. 2005; Flechard et al. 2007; Roelandt et al.
710 2007). It is suggested that region-specific climate var-
711 iable EF and empirical emission models can be an
712 intermediate methodology for regions where a region-
713 specific process-based model (e.g. DAYCENT, Parton
714 et al. 2001; DNDC, Rafique et al. 2011b) has not been
715 developed (IPCC 2006; Skiba et al. 2012). However, it
716 is recognized that uncertainties exist in the climate
717 variable EF and N variable empirical N2O emission
718 models used in this study that may affect its results.
719 First, the climate variable EF methodology may have
720 limitations in its ability to estimate direct N2O emission
721 from N input; it assumes a linear relationship between
722 N input and direct N2O emission exists in various N
723 managed agricultural areas (e.g. Bouwman 1996).
724 However, there is a growing body of literature showing
725 a nonlinear relationship between N input and direct
726 N2O emission (e.g. Cardenas et al. 2010; Kim et al.
727 2013), and the direct N2O EF was not a constant value
728 but was dependent on N input (e.g. Cardenas et al.

7292010; Kim et al. 2013). In Irish grasslands, the annual
730direct N2O emission abruptly increased after passing
731optimal N fertilization rate, and this increase caused a
732higher ratio of direct N2O emission to N input (Kim
733et al. 2010; Rafique et al. 2011a). In this study, a
734nonlinear exponential relationship was found between
735N input and direct N2O emission in Irish grasslands
736(Fig. 1). The results suggest that the EF methodology
737may have an uncertainty in its estimation of direct N2O
738emissions in N managed soils: underestimation in in-
739tensive N input areas and overestimation in extensive
740N input areas. Also, if N input decreases, the EF
741methodology may underestimate the mitigated direct
742N2O emission since the emissions may decrease in an
743exponential scale while the methodology estimates the
744decrease in a linear scale (Millar et al. 2010). In this
745respect, the newly developed IGNE may be better for
746estimating direct N2O emissions since the model con-
747siders N application rate when estimating direct N2O
748emissions. Second, the climate variable EF and N
749variable empirical N2O emission models used in this
750study may be limited when reflecting the effect of
751future climate change on direct N2O emissions. The
752N variable empirical N2O emission model IGNE does
753not include climate variables. While the two climate
754variable EFs are able to consider climate change, they
755also have limitations. Climate change models com-
756monly predict increasing episodic events such as
757long-term droughts following heavy rainfall as well
758as variations of temperature or precipitation (e.g.
759Meehl et al. 2007). It has been found that episodic peak
760N2O emissions after the rewetting of dry soils signifi-
761cantly affect annual N2O budgets in agricultural lands
762(e.g. Kim et al. 2012). In Irish grassland, it was found
763that large, direct N2O emission events often follow
764heavy rainfall after a long dry period (Hyde et al.
7652006; Kim et al. 2010; Q4Rafique et al. 2012). While
766other studies showed reduced N2O fluxes during dry-
767ing periods, the abruptly increased fluxes following
768rewetting did not compensate for the reduced or nil
769uptake rates during the dry period at the seasonal scale
770(Borken and Matzner 2009; Goldberg and Gebauer
7712009). The climate variable EF methodology used in
772this study does not reflect the effect of the episodic
773events on direct N2O emission. Therefore, there are
774uncertainties in the predicted impact of climate change
775on direct N2O emission.
776In addition, the IGNE model developed in this study
777did not include climate variables such as rainfall and
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778 soil temperature since they did not significantly add to
779 the ability to predict annual N2O emissions. With new-
780 ly available Irish N2O emission data in future, the
781 IGNE model can be assessed and improved to include
782 climate variables. The inclusion of the episodic nature
783 of N2O emissions in IGNE model can also improve the
784 results. The long term data may also provide a better
785 explanation of the IGNE model and improve the R2

786 value as shown in Fig. 1.
787 Furthermore, land use changes into the future may
788 not comply with the ATEAM predictions as Ireland
789 may well become more dependent on agriculture
790 (Department of Agriculture, Fisheries and Food
791 2011). It is also recognized that the limited number of
792 bulk density data used for CSEF potentially caused
793 uncertainties in the projected N2O emissions. With
794 newly available data in future, the issue can be assessed
795 and the results will be improved.
796 Overall, the predicted direct N2O emission in this
797 study may have certain uncertainties and it is suggested
798 that there is a need for additional studies to understand
799 how direct N2O emission responds to N input and to
800 develop a new EF methodology to reflect the response.
801 Further studies are also needed to better understand the
802 effect of the episodic climate events (Kim et al. 2012)
803 and timing of fertilizer application (Rees et al. 2013) on
804 direct N2O emission and to develop EF and emission
805 models reflecting these effects.

806 Conclusion

807 In this study, through applying changes in N fertilizer
808 application rate, land-use and climate scenarios to the
809 IPCC EF, two different climate variable EFs and an
810 Irish grassland N2O emission empirical model (IGNE),
811 it was found that there were large differences in the
812 predicted absolute level of N fertilizer-derived direct
813 N2O emissions between methodologies, however the
814 models consistently predicted the direction of change
815 in emissions. N fertilizer-derived direct N2O emissions
816 were predicted to decrease 30–50 % by 2020 and by
817 40–60 % by 2050 in Irish agricultural land relative to
818 2000. While the predicted decrease in N fertilizer ap-
819 plication rate reduces direct N2O emissions by up to
820 34 %, and land-use change reduces N fertilizer-derived
821 direct N2O emissions by 20–40 %, climate change
822 increases direct N2O emission by 5–80 % by 2050.
823 These results indicate that N fertilizer application rate

824and land-use changes can contribute to the mitigation
825of direct N2O emissions, but climate changes may
826increase direct N2O emission in a future Irish agricul-
827tural landscape. It is suggested that current efforts to
828manage N fertilizer use can enhance the mitigation of
829N fertilizer-derived direct N2O emissions. The results
830of this study also provide an example of positive feed-
831back on climate change on direct N2O emissions and it
832is suggested that further studies are needed to under-
833stand the feedback better.
834
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