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Abstract. Nitrous oxide emissions from a network of agri- Logarden in Sweden, Maulde in Belgium, Paulinenaue in
cultural experiments in Europe were used to explore the rel-Germany, and Tulloch in the UK. Grassland experiments
ative importance of site and management controls of emiswere conducted at Crichton, Nafferton and Peaknaze in the
sions. At each site, a selection of management interventiont¥)K, Godolld in Hungary, Rzecin in Poland, Zarnekow in
were compared within replicated experimental designs inGermany and Theix in France. Nitrous oxide emissions were
plot-based experiments. Arable experiments were conductetheasured at each site over a period of at least two years us-
at Beano in ltaly, El Encin in Spain, Foulum in Denmark, ing static chambers. Emissions varied widely between sites
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2672 R. M. Rees et al.: Nitrous oxide emissions from European agriculture

and as a result of manipulation treatments. Average site emis:
sions (throughout the study period) varied between 0.04 and
21.21 kg NO-Nhatyr~1, with the largest fluxes and vari-
ability associated with the grassland sites. Total nitrogen "*
addition was found to be the single most important deter-
minant of emissions, accounting for 15 % of the variance
(using linear regression) in the data from the arable sites
(p <0.0001), and 77 % in the grassland sites. The annual
emissions from arable sites were significantly greater than
those that would be predicted by IPCC default emission fac-
tors. Variability of NNO emissions within sites that occurred
as a result of manipulation treatments was greater than tha
resulting from site-to-site and year-to-year variation, high-
lighting the importance of management interventions in con-
tributing to greenhouse gas mitigation.

1 Introduction

Terrestrial sources of nitrous oxide {81) make an impor-  rig 1 | ocations of the European experimental sites. Circles repre-
tant contribution to Europe’s net emissions of greenhousesent arable sites and triangles grassland sites.

gases. A recent continental study identifiedCNas the
single most important greenhouse gas emitted from land-

based sources with emissions from Europe equivalent taions in different years (Smith and Dobbie, 2002). Variabil-
97 TgCyr! (Schulze et al., 2009). Agricultural soils used ity in emission factors used for cereals was smaller, but still
for grassland and arable production are a major source o§howed a five-fold variation.
N20, and strategies to reduce greenhouse gas emissions from Against such variability, it could be argued that manage-
the agricultural sector frequently highlight the importance of ment interventions make a relatively small contribution to the
management interventions (Mosier et al., 1998; Rees et almitigation of emissions. Furthermore, such interventions are
2013). However, the contribution of management to mitiga-constrained by the societal needs to maintain food produc-
tion can be difficult to assess against a background of fluxesion, and the most attractive mitigation options are therefore
that are highly variable in time and space, since emissionshose that increase utilisation of added N, and in so doing
vary significantly in response to both climate and local envi- reducing losses.
ronmental (particularly soil) conditions (Abdalla etal., 2010;  |n order to explore the relative importance of management,
Flechard et al., 2007; Skiba and Ball, 2002). climate and site variability in influencing® emissions, we

We now have a good understanding of the importance ohave used a network of 14 experimental sites (eight arable
individual variables in determining emissions, through their and six grassland) established as a part of the NitroEurope
effect on the source processes of nitrification and denitrificaproject, for the measurement and reporting giONemis-
tion (Dobbie and Smith, 2001; Smith et al., 1998; Wrage etsions and related environmental drivers. At each site a range
al., 2001). Meta-analyses have shown that rates of fertilisebf management interventions were compared. Total annual
application, and soil properties, such as organic matter conemissions of MO from different treatment sites and years
tent, texture, drainage, pH, fertiliser timing and rate, all in- showed wide variability. Single variables were often poor
fluence emissions (Bouwman et al., 2002). Within a farmingpredictors of emissions, and so multivariate statistical tech-
system these factors interact with local climatic conditions tonjques were used to explore the relationships between an-
determine overall rates of emission. Climate has been showRual emissions and underlying driving variables. The aim
to be particularly important in influencing emissions even un-was to quantify the magnitude of changes igNemission
der constant management. A study of European grasslandsat could result from changes to agricultural management
showed that the proportion of N released gfONrom fer- across a network of European sites.
tilisers (emission factor) could vary from 0.01 to 3.6 %, com-
pared with the IPCC default value of 1% (Flechard et al.,
2007). Applications of constant amounts of fertiliser N to 2 Materials and methods
a grassland site in the UK over several years resulted in
variation emission factors in different years of between 0.3Manipulation experiments were established at sites across
and 7 %, largely as a consequence of varying climatic condi-Europe in a coordinated research programme (NitroEurope)

Biogeosciences, 10, 2672682 2013 www.biogeosciences.net/10/2671/2013/
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Table 1. An overview of the soil and climatic conditions across the experimental network.

Site name/ Soil Soil Bulk Annual Annual Coordinates Reference
Country textur8 organicC  density average average
gkg™1 g cm3 temperature  rainfall
0-20cm  0-20cm °C mm
Arable
Beano, L 17-20 1.2-1.4 13.2 1220 56.80  Alberti et al. (2010)
Italy 934 W
El Encin, CL 8-12 1.3-1.4 14.9 484 8P N, Meijide et al. (2009);
Spain 337w Sanchez-Martin et al. (2010)
Foulum, SL 22-23 1.3 9.3 660 580 N, Chirinda et al. (2010)
Denmark 935 E
Logarden, ZC 18-20 14 7.9 695 BB N, Nylinder et al. (2011)
Sweden 1238 E
Maulde, ZL 9-12 1.3-1.5 11.2 910 57 N, Boeckx et al. (2011)
Belgium P34E
Paulinenaue, Organic  100-140 0.5 9.7 694  °A?2N, Bell et al. (2012)
Germany 1244 E
Tulloch, SL 50-66 1.2 8.9 940 811N, Ball et al. (2002);
UK 2°16 W Watson et al. (2011)
Harare, S/IC 5-8 1.7 19.1 940 °BF' S Mapanda et al. (2011)
Zimbabwe 3055 W
Grassland
Crichtor?, SL 29 1.1 10.1 1183 592 N, Gordon et al. (2011)
UK 3°35 W
Godollo, SL 17-41 11 9.9 582 480 N, Horvath et al. (2010)
Hungary 1937E
Nafferton, NA NA 1.1 9.5 664 548N, Reay (unpublished data)
UK 7.36 E
Peaknaze, NA NA 0.18 9.2 875 5347, Levy et al. (2012)
UK 13.97 W
Rzecin, Organic 420 0.06 8.5 536 BE N,
Poland 1618 E Chojnicki et al. (2007);
Zarnekow, Organic 277 0.38 12.0 730 %32 N Juszczak et al. (2012)
Germany 1253 E
Theix, SL NA 11 7.8 704 457N,  Cantarel etal. (2011, 2012)
France 0805 E

2 § =sand,C =clay, SL=sandy loam, ZI=silty loam, CL=clay loam,L =loam, ZC=sandy clay, NA= not available

b The Crichton experiment involved the comparison of regionally typical management scenarios on adjacent fields in different years.

¢ The Rzecin/Zarnekow experiment involved the comparison of a dying/wetting and flooding experiments in Zarnekow (Germany), with a control site in Rzecin
(Poland).

designed to cover a wide range of climatic conditions. At Zarnekow in Germany and Theix in France. At the arable
each site, a selection of management interventions were consites the treatments included alternative tillage treatments,
pared within replicated experimental designs in plot-basedrganic and conventional system management, changes in
experiments. Each experiment was used to determine howutrient management (including the amount and form of
changes in agricultural management or land use could afN added), land use change and drainage treatments. On
fect NO emissions. Arable experiments were conductedthe grassland sites, treatments included variations in N in-
at Beano in ltaly, El Encin in Spain, Foulum in Denmark, puts, wetting, and changes in temperature and atmospheric
Logarden in Sweden, Maulde in Belgium, Paulinenaue inCO, concentration (see Table 1 for a description of the ex-
Germany, and Tulloch in the UK (Fig. 1). Some comparisonsperimental sites). At each site>®N fluxes were measured

of European emissions data were also made with linked exusing closed static chambers over a period of two years
periments undertaken in Harare, Zimbabwe. Grassland exer more, with a minimum of 20 measurements per year
periments were conducted at Crichton, Nafferton and Peakfand often including more intensive measurements in peri-
naze in the UK, @ddll6 in Hungary, Rzecin in Poland, ods where fluxes were anticipated, for example following

www.biogeosciences.net/10/2671/2013/ Biogeosciences, 10, 26822013
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Table 2. A description of the experimental and analytical procedures used at each site.

Site name Quantitative characteristics Methodology Integration
(replicate chambers per
treatment; sampling
frequency per year;
samples per chamber;
chamber closure time in

minutes)
Arable
Beano 3> 20; 3; 60; Gas chromatography Linear interpolation
El Encin 3;>20; 3; 60 Gas chromatography Linear interpolation
Foulum 4> 24; 3; 90-180 Gas chromatography Linear interpolation
Logarden 4> 20; 3; 60 Gas chromatography Linear interpolation
and modelling
Maulde 6;> 20; 6; 60 Photoacoustic analyser  Linear or non-linear regression
(Hutchinson and Mosier, 1981)
Paulinenaue 65 20; 4; 60 Gas chromatography Linear interpolation
Tulloch 3;> 25; 2-6; 60 Gas chromatography Linear interpolation
Harare 3> 20; 2-6; 60 Gas chromatography Linear interpolation
Grassland
Crichton 3> 25; 2-6; 60 Gas chromatography Linear interpolation
Godollo 3;>20;4; 30 Gas chromatography Linear interpolation
Nafferton 6;> 20; 4; 60 Gas chromatography Linear interpolation
Peaknaze 3% 20; 4; 60 Gas chromatography Linear interpolation
Rzecin/Zarnekow 3% 25; 2-6; 60 Gas chromatography Linear interpolation
Theix 3;>20;5; 60 Photoacoustic analyser  Linear interpolation

fertiliser applications). Many of the experiments comparedfor each site. Annual pD emissions were estimated cumu-
in this study had been established prior to the start of thdatively by linear interpolation between individual events.
measurement period reported in this paper, and hence thefehe data were collated and,® data were log transformed
were minor variations in experimental approaches (noted befln N2O + 1) prior to graphical presentation and analysis us-
low). However, as far as possible, the methodology used foing multiple linear regression in GenStat (14th Edition) and
determining fluxes was standardised across sites (Table 2 aridinitab (16th Edition). In the analysis, the random factor
NitroEurope, unpublished). A total of 590 yr of data from in- was specified to take into consideration site, year, block,
dividual plot combinations of treatment sites and years werereplicate and treatments.
compared in this analysis.

Many of the different chambers used in this study were
compared in order to understand the importance of chambe3 Results
design in determining its ability to quantify a flux (Pihlatie
et al., 2013). Gas samples were collected in evacuated glad¥itrous oxide fluxes varied widely between sites and as
vials (or flushed through vials using a pump (Boden)) and @ result of manipulation treatments. Average site emis-
analysed by gas chromatography at all sites except the Befions (throughout the study period) varied between 0.04
gian and French sites, where photoacoustic infrared specand 21.21kgNO-Nha tyr~ (Fig. 2, Tables 3 and 4),
troscopy was used (Boeckx et a|_, 2011, Cantarel et a|yV|th Iargest fluxes and Var|ab|l|ty associated with the
2011), and fluxes calculated according to standard methodarassland sites. Within the arable sites the fluxes varied
ologies (Dobbie and Smith, 2003). Further details of thebetween 0.6 and 5.3kgl®-Nha tyr~t, with the high-
methodology used to estimate emissions are provided in th&st average fluxes observed from the Belgium tillage ex-
individual site references (Table 1) and in Table 2. periment at Maulde. The highest average grassland flux

Measurements of soil carbon, N, pH, texture, and bulk(21.2kgNO-Nha tyr~1) was observed from Crichton, an
density were made once at each site (Table 1). Records d¥xperimentlocated on an intensive dairy farm (receiving high
biological N fixation where legumes were present (using aninputs of inorganic and organic N) in the south-west of Scot-
empirical approach; Hogh-Jensen et al., 2004), N depositioﬁand-

(EMEP, 2012), and N removal by crops were also reported Within each site there was considerable Var|ab|l|ty Q’CN
emissions resulting from year-to-year changes in climatic

Biogeosciences, 10, 2672682 2013 www.biogeosciences.net/10/2671/2013/
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Fig. 2. Annual NbO emissions compared between sites. Each bar represents the average emission from different treatments in different years.
Each bar indicates the mean (central bar), upper and lower quartiles (outside bar) and 95 % range (lines). Outliers are represented by asterisk
See Table 3 for a description of the detailed treatment codes.

conditions and the manipulation treatments applied. An exdimportant. The range of emissions between years (av-
ample of this variability is illustrated by considering fluxes eraged over all treatments) at the El Encin site was
from the Crichton grassland site. The annual average emisd.31-0.97 kg NO-Nhalyr~1 (Table 4), which was less
sion was 21.2 kg BO-N ha 1yr—1; however, this varied be- than the range between sites: 0.6-5.3 k@M ha lyr—1
tween 2.9 and 51.3kgdD-Nhalyr~1 in different treat- (Table 3a). At grassland sites there was a range be-
ments in 2007 (Fig. 2c, Table 3). There was also an annuaiween treatments of 2.9-51.3kg@®-Nhatyr—! at the
variability (expressed as the difference between the mear€richton site, which was comparable with the range of
emissions in each year) of 15.3kg®-N ha 1yr—1, 0.00-21.21 kg MO-N ha 1 yr~1 between sites (Table 3b).

A comparison of treatment effects and annual climatic ef- An analysis of all annual data from across the differ-
fects across different sites demonstrated that treatments agnt sites and years was used to identify the importance of
plied to arable sites resulted in a range of emissions betweea range of driving variables. Within the arable sites total
treatments that was greater than that observed between sités input (in the form of organic N and/or synthetic N fer-
(Table 3). At the Tulloch organic farming experiment for tiliser) had a significant effect on the emissiops<0.001;
example, the range in treatment emissions (averaged ovefig. 3, Table 4a), with InhO+1=0.70 @& 0.15)+ 0.0018
years) was 0.5-13.2 kg-N hatyr—1, while the range in  (+0.00029)x total N applied
the mean emission across all European arable sites was be- The total water (rainfali- irrigation) applied to the crop
tween 0.6 and 5.31 kgdD-N ha 1yr—1 (Table 3a). also had a significant effecp&= 0.0001) on the total emis-

The variability in annual flux data showed reason- sions from the site; however, in this case the constant was no
able consistency across sites with the annual averag®nger significant.
flux being of similar magnitude to the standard devia- INN2O + 1 = 0.0020:0.00028 x

. — o total N applied+ 0.0061
tion (Table 3). Annual variability within sites was also pplied

(£0.00013 x total water D

www.biogeosciences.net/10/2671/2013/ Biogeosciences, 10, 26822013
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Table 3 . Nitrous oxide emissions (annual total) in response to site and management conditions across the experimental network classified

by site and treatment.

(a) Arable sites

Treatment

Annual emissiop®kg L ha 1yr—1
Standard deviation in brackets

Beano Cropland no till (CNT) 6.17 (5.75)
Cropland tilled (CT) 5.49 (4.34)
Grassland tilled (GT) 1.03 (1.01)
Beano Average 4.23 (4.65)
El Encin Control ) 0.21 (0.22)
Composted crop residue (CCR) 0.41 (0.15)
Digested pig slurry (DPS) 0.71(0.43)
Mixed organic waste (MSW) 0.32 (0.23)
Organic manure (OM) 0.89 (0.12)
Urea U) 1.17 (0.81)
Untreated slurry (UPS) 0.36 (0.18)
El Encin Average 0.63 (0.59
Foulum Conventional without catch crops £ CC+ M) 1.24 (0.82)
Organic with catch cropf + CC+ M) 0.98 (0.17)
Organic without catch cropgX — CC+ M) 0.83 (0.25)
Foulum Average 1.02 (0.49)
Logarden Integrated (Int) 1.29 (1.86)
Organic (Org) 1.08 (1.49)
Logarden Average 1.15 (1.62)
Maulde Conventional tillage (CT) 4.96 (2.28)
No tillage (NT) 5.68 (2.69)
Reduced tillage (RT) 5.28 (3.39)
Maulde Average 5.31(2.76)
Paulinenaue Arable (AC) 2.83 (2.17)
Arable converted to grassland (AG) 0.39 (0.36)
Permanent grassland (PeM) 1.15(1.99)
Paulinenaue Average 1.46 (1.95)
Tulloch Barley B) 9.27 (1.52)
Barley undersowngys) 13.21 (10.21)
Ley oats (LO) 5.99 (3.98)
Oats ©) 0.50 (0.46)
Oats undersown(ys) 2.23(0.71)
Potato (Pot) 8.45 (8.23)
Swede §) 3.07 (4.80)
Wheat undersowniys) 4.87 (0.69)
First year grass (Y1G) 0.72 (0.34)
Second year grass (Y2G) 1.12 (0.80)
Third year grass (Y3G) 1.90 (1.25)
Fourth year grass (Y4G) 1.34(0.43)
Pulses (Pul) 3.10(1.32)
Grass red-clover (YGr) 3.75 (2.61)
Tulloch Average 3.46 (4.10)
Harare Control (ON) 0.85(1.01)
30 kg ammonium nitrate-N (30 kg N) 0.48 (0.88)
30 kg AN+ manure (N+ manure) 0.48 (0.61)
60 kg ammonium nitrate-N (60 kg N) 0.67 (0.92)
30 kg manure-N (30 kg manure N) 0.25 (0.27)
60 kg ammonium nitrate-N (60 kg manure-N) 0.85 (0.97)
Harare Average 0.60 (0.81)
Grand Average 1.80(2.72)

Biogeosciences, 10, 2672682 2013
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Table 3 . Continued.

2677

(b) Grassland sites

Treatment

Average of totgONN kg~ ha1yr—1
Standard deviation in brackets

Crichton

Site 1 fertilised & grazed (F1)
Site 2 fertilised & grazed (F2)
Site 3 fertilised & grazed (F3)
Site 4 fertilised & grazed (F4)

11.68 (11.63)
28.21 (34.89)
51.27 (44.28)
33.90 (13.86)

Site 5 fertilised & grazed (FNS) 9.89 (6.10)
Site 6 slurry & grazed (NF1) 3.62 (0.80)
Site 7 slurry & grazed (NF4) 2.88(1.59)
Crichton Average 21.21 (28.13)
Godollo Control ) 0.38 (0.19)
Elevated CQ(COy) 0.23(0.17)
Fertilizer (F) 0.62 (0.30)
Wetted (V) 0.40 (0.12)
G0dollo Average 0.41 (0.23)
Nafferton Control C) 0.55 (0.66)
Wetted V) 0.36 (0.40)
Nafferton Average 0.45 (0.46)
Peaknaze Controly) 0.04 (0.03)
Drought (D) 0.09 (0.16)
Warming (T') 0.00 (0.03)
Peaknaze Average 0.04 (0.09)
Rzecin/ Control C) 0.526 (0.001)
Zarnekow Dry/wet grassland (DW) 0.004 (0.001)
Re-flooded grassland (RF) 0.004 (0.001)
Rzecin/ Zarnekow 0.04 (0.013)
Average
Theix Control () 0.52 (0.43)
Increased temperatur@) 0.69 (0.46)
Increased temperature & drought (TD) 0.64 (0.47)
Inc. temperature, C®& drought (TDCQ) 0.63 (0.44)
Theix Average 0.62 (0.44)
Grand Average 7.00 (18.45)

In the case of the grassland sites, total N applied was alsgoil organic carbon (SOC) and bulk density were not signifi-
significant (p < 0.0001; Fig. 3, Table 4). cant factors for either arable or grassland sites.

The emissions data presented here can also be used to
identify those systems with the highest emissions (and there-
Similarly to the arable sites, the total annual rainfall fore greatgst .mltlgatlo.n potential). When the data from all

. . ..~ 438 combinations of site and treatment years from the arable
(p <0.0001) was also an important determinant of emissions . . .
. experiments were compared, the ten highest emissions were
from grassland sites. . . .
observed at just three sites when expressed on an emis-
sion per unit area basis: these were Tulloch, Beano, and
Maulde (Fig. 4). When expressed on an intensity basis,
the ten highest emissions were also observed at three sites:
The high N additions and O emissions from the Crich- Tulloch, Harare and Lagden, with values ranging from
ton grasslands were important in contributing to the 0.06 to 0.8 kg NO-N kg total N added? (Fig. 4). Emissions
strength of this regression. Another notable feature offrom the grassland sites were generally lower than those from
this regression analysis was the wide range of emissionghe arable sites with the exception of Crichton where emis-
(0-21kgNO-Nhal) associated with sites receiving no sions were approximately two orders of magnitude higher
added N (synthetic fertiliser or manure). It was noted thatthan other grassland sites (Fig. 4).

INN2O + 1 = 0.32(£0.15) + 0.006240.00070 x total N applied(2)

INN,O + 1 = —0.42(+0.21) + 0.00059+0.00063 x total N applied
+0.00096+0.00023 x total water 3)
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Table 4 . Nitrous oxide emissions in response to site and management conditions across the experimental network classified by site and yeal

(average of total NO-N kg~1 ha 1 yr—1 + standard deviation).

Year
2004 2005 2006 2007 2008 2009 2010
Arable sites
Beano 0.27 6.62 5.80
+0.10 +45.06 +4.23
El Encin 0.3140.23 0.71 0.79 0.97 0.50
+0.64 +0.47 +£1.00 40.55
Foulum 1.15 0.89
+0.67 +0.19
Logarden 1.72 1.76 1.03 0.19
+1.26 +1.60 +2.08 +0.13
Maulde 6.83 3.78
+2.07 42.54
Paulinenaue 2.73 1.04 0.59
+2.80 +1.13 +0.56
Tulloch 2.27 4.56
+2.77 +4.83
Harare 0.58 0.89 0.33
+0.84 +09 +0.6
Grassland sites
Crichton 28.86 13.55
4+35.96 +14.22
Godolld 0.35 0.43
+0.19 +0.25
Nafferton 0.83 0.07
4+0.26  +0.00
Peaknaze 0.04
+0.09
Rzecin 0.00 0.00
+0.16 +0.00
Theix 0.62 1.06 0.18
4+0.23 40.29 +0.26
5 9 6 -
4

In (N,0-N +1) (kg ha)
In (N,O-N +1) (kg ha'!)

=—
=

200
Annual total N Applied kg N ha'!

0 T :.____.___-... = 1 ’
_,___-.---1613’"""'500 300 400 500 T
-1 - _.--""mﬂ
Annual total N Applied kg N ha! -
| —Regression -- 95%C1 - ‘UpperConf ===95%Pl =-=-95%P| |

Fig. 3. The relationship betweend® emissions and added N input (in the form of organic manures and synthetic N fertilisgx) doable
sites andb) grassland sites. Ln@O) (kg NbO-N ha 1). The data set includes multiple data points from each site.

Biogeosciences, 10, 2672682 2013

www.biogeosciences.net/10/2671/2013/



R. M. Rees et al.: Nitrous oxide emissions from European agriculture 2679

Emissions per unit area Emissions per unit of N input
14 0.90
1 0.80
4070
3
0 2060
- z
s g T 0.50
vz z
= S o040
z z
© ER 2030
— z
< o
4 o020
) 0.10 I
om IR mmnm
° & O o L R T S ©
0 e N Nd ) <@ o o 2 e o
NO i o oY o X X o o TS
oF @ @ of 0 oV e e AR S P R W PP
o\ N ' © ™ AN
< N W %eﬁﬂ W W ge? RN, < \)\\oc“ \/&z (0¥
60 0.25
50
0.20
3
@ 5
p z 015
©° 2 z
c Zz g
S &30 °
— z ~
& E Z0.10
Q,
© B 2
e 2
(U] 0 0.05 I
o I I l H . o . 000
© % 4 © 1 J © it ® ® o ® ® ® ® ® ® st ® i
A P o o @ @ o & o W (o o o o

B
o~ B NS
R PR o“dw“ <

o e
G < e

o
o™ o o o o ot o N o o o
o G @ g o g e e A o

Fig. 4. Ranking of annual emissions data from individual arable plots. The top 10 sites are ranked on emissions per unit sGel (kg )
and per unit of NO per unit of N total input (synthetic fertiliser, manure and biological N fixation (K@MNN kg N input‘l). See Table 3 for
a description of the treatment codes.

4 Discussion

We know from previous studies that emissions efdNrom
landscapes are controlled by site-specific factors such as soil
conditions and climate as well as the way in which these sys-
tems are managed (e.g. fertiliser use and agronomy) (Dobbie
etal., 1999; Smith and Conen, 2004). This study has allowed
us to compare the relative magnitude of these effects across a
large number of sites, and has demonstrated that the changes
associated with management interventions are equal to or
greater than those associated with differences between site
and year. There was a large variability in fluxes observed as
. a consequence of manipulation treatments introduced within
Annual total N Applied kg N ha each site and between measurement years. Characterising the

Fig. 5. The relationship betweenJ® emissions and annual total  Magnitude of potential mitigation is an essential prerequi-

rainfall plus irrigation and total N input across the arable site net-Site for the implementation of policies designed at reduc-
work. ing greenhouse gas emissions from the agricultural sector.

It has been suggested that interventions which include better
nutrient use efficiency, improved soil management and im-
A three-dimensional plot of PO emissions against an- proved agronomy could achieve a reduction in emissions of

nual total rainfall and irrigation and total annual N addi- 10-30 % (Mosier et al., 1998; Smith et al., 1997). The results
tion emphasises the combined effect of N addition and totabresented here are consistent with these estimates, and have
water addition in determining emissions. Under dry condi- highlighted the importance of reducing the N supply in order
tions with 500 mm of rainfall or less, emissions remained o contribute to mitigation.
below 3kgNO-Nha! at rates of N application of up to  The change in emissions associated with increasing N in-
450 kg ha'. However, as the rainfall and irrigation increased pyts observed in our experiments was not always consistent
to 1500 mm, emissions rose to around 10k@NNha®  with those that would be estimated by default IPCC emis-
(Fig. 5). sions factors, where 1 % of added N would be predicted to be

-1

Annual N,O-N emission kg ha
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lost as NO (IPCC, 2006). At the arable sites emissions wereTable 5a. The parameter estimates, standard errors and the proba-
37 % greater than this value, and despite the large variabilitypilities for the coefficients included in the multiple regressions for
this was significantly greatep(< 0.0001) than 1% of N in-  the arable sites.

puts. The grassland sites did not show a significant difference

from the default emission factor, but relatively few of these _Parameter Estimate s.e.1(431) rpr.
sites included N addition. The largest variation in emissions Constant _1.875 0.449 —4.18 <0.001
across treatments within an individual site was associated Total N applied 0.00214 0.000292 7.32<0.001
with changes in the inputs of N and cropping at the Scottish Deposition 0.0223  0.00318  7.02<0.001
organic rotation at Tulloch (Table 3). This site reported a 26- Average daily ~ —0.059  0.00779 -7.57 <0.001
fold difference in emissions (0.5-13.2 kg®-N hatyr1), temperature

across the different treatments (which included different ;?ﬁi'(;"é?;;y 0.0(1)06352 0'08217%4 535%3< 0 08-503
years of the rotation). The effects of reduced tillage treat- SOC 0.151 0.0317 477 < 001

ments resulted in a much smaller proportional change (in-
creased MO emissions) in Italy and Belgium (Alberti et al.,

2010; Boe_ckx _et al., _2011)._H0wever, It ShOUId_bE_E Cons'derEdTabIe 5h. The parameter estimates, standard errors and the proba-
that reducing tillage intensity may also result in increased Cjisies for the coefficients included in the multiple regressions for
storage, and so the effects on net greenhouse gas emissiopg grassland sites.

may be less than those indicated byONemissions alone.
There is also emerging evidence to suggest that, in the longer pgrameter Estimate s.e.1(148) £ pr.
term, NbO emissions from reduced till systems may be lower

than those from conventional tillage (Six et al., 2004). '(r::tglsﬁr: lied 610'82;12 0 gééii 6 _4'f§ 84< 8'881
onTEe(r)e ;V;.Ssz.ifg'f::’.‘ltl esfz‘:actte%f '; a‘:ﬁ:'?g "’r‘g;‘fg’nagﬁgfs_ Totalrainfall  0.00106 0.000205  5.17 <0.001
2 ISSIons, as Hiu y gressi Y= Bulk density 0.618 0.150  4.12 <0.001

sis, which is consistent with previous meta-analyses DN
emissions (Bouwman et al., 2002). However, it was not pos-
sible to explain more than 23 % of the variability in emissions
by N input from synthetic fertilisers and manures alone. Thefrom the system overall (Ball et al., 2002). In this study the
large range of emissions associated with sites receiving no Miverage of emissions over the three cropped organic sites
as fertiliser or manure is of particular importance. Many of was 1.58 kg MO-N ha 1, compared with an overall mean of
these sites would receive N by biological fixation from legu- 2.37 kg NO-N ha ! from the arable sites.
minous crops sometimes over a period of several years prior There is a trade-off between reducing@® emissions by
to flux measurements. Biological N fixation is assumed byreduced N input and food production, since restricting N in-
IPCC not to be directly associated with increased emissiongut can often lead to proportional decreases in crop yields
of N2O (IPCC, 2006). Such systems may, however, generatand an effective displacement of emissions. This is because
increased emissions as a consequence of decomposition eéductions in emissions that are achieved by lowering pro-
N-rich legume residues. The magnitude of such emissions reduction can lead to an import of food, which itself would be
mains highly uncertain and is likely to be highly site-specific associated with emissions (Godfray et al., 2011).
(Baggs et al., 2000; Rochette and Janzen, 2005). For this reason the emissions intensity provides a useful
Another factor potentially contributing to emissions from index of the effectiveness of mitigation. Some of the highest
unfertilised sites and not accounted for in this study would beemission intensities were associated with individual phases
the mineralisation of soil organic matter. Following land use of organic rotations at Tulloch (4.0 g}®-N kg N uptake'1)
change or within rotational systems, there may be a releasand Lodarden (2.1 g NO-N kg N uptake!). This highlights
of mineral N from the organic N pool due to tillage, pro- the need to increase the utilisation efficiency of N between
viding a substrate for nitrification- and denitrification-driven different crop types within some production systems in order
N2O release. In organic farming systems this build-up of to lower emission intensities.
organic N within the grassland phase of a rotation is used The implementation of mitigation measures to redug®N
to provide nutrients (particularly N) for subsequent arableemissions from agriculture is likely to depend on regionally
crops (Stockdale et al., 2001; Watson et al., 2011). This carspecific changes in management practice that take account
lead to some high emissions in individual years from organicof local soil and climatic conditions. We have shown that
farming systems, particularly where the system exists in mildthose locations associated with high N inputs and high an-
and wet climates such as that at Scottish organic site at Tulrual rainfall and irrigation (above 1000 mm) are most prone
loch (despite no apparent input of N in that year). However,to large emissions. El Encin is an example of such a site, and
high emissions from individual years within an organic phasestudies there have identified inorganic fertiliser N as being
of an organic rotation are often offset by lower emissionsa particularly important contributor to emissions. Studies at
during the grassland phase, giving relatively low emissionsthe Spanish site were able to demonstrate that replacement
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of fertiliser by organic N substrates or the combination of or-  Biol. Fert. Soils, 46, 247-260, 2010.
ganic and synthetic fertiliser was able to reduce emissions oflberti, G., le Vedove, G., Zuliani, M., Peressotti, A., Castaldi, S.,

N2O significantly (Meijide et al., 2009; Sanchez-Martin et ~ and Zerbi, G.: Changes in G@missions after crop conversion

al., 2010). from continuous maize to alfalfa, Agr. Ecosyst. Environ., 136,
139-147, 2010.

Baggs, E. M., Watson, C. A., and Rees, R. M.: The fate of nitrogen
from incorporated cover crop and green manure residues, Nutr.

A number of sites reported a net annual uptake g©ON
within individual plots of a treatment. This included 12 plots
at El Encin, seven from Zir_nbabwc_a, two at Lavgen and one Cycl. Agroecosys.. 56, 153-163, 2000.
at Maulde: Dry.or well-drained soil conditions together with Ball, B. C., McTaggart, I. P., and Watson, C. A.: Influence of organic
low N availability appear to favour net uptake. The mecha- |ey_araple management and afforestation in sandy loam to clay
nism responsible is uncertain, but it is likely to involve the  |oam soils on fluxes of MO and CH in Scotland, Agr. Ecosyst.
use of NO as a terminal electron acceptor in circumstances Environ., 90, 305-317, 2002.
where soil aggregation allows uptake of®l from the air  Bell, M., Jones, E., Smith, J., Smith, P., Yeluripati, J., Augustin,
into oxygen-depleted sites where®l can be used instead of J., Juszczak, R., Olejnik, J., and Sommer, M.: Simulation of soil
O, (Neftel et al., 2007). nitrogen, nitrous oxide emissions and mitigation scenarios at 3

The grassland sites included in this study were very di- European cropland sites using the ECOSSE model, Nutr. Cycl.
verse but included only one highly intensive production sys-_ A9roecosys., 92, 161-181, 2012.
tem on a dairy farm in Scotland (Crichton). Here, emissionsB08¢k%, P-, Van Nieuland, K., and van Cleemput, O.: Short-term
were higher than any measured from elsewhere at the arable effect of tillage intensity on O and CQ emissions, Agron.

: . . . : Sustain. Dev., 31, 453-461, 2011.
and grassland sites. This was a reflection of the high N ing, \vman A E. Boumans. L. J. M.. and Batjes, N. H.: Emis-

put (specifically in 2007 when total inputs in one treatment  gjong of O and NO from fertilized fields: Summary of avail-
exceeded 600kg N hayr—! in some treatments) and mild  aple measurement data, Global Biogeochem. Cy., 16, 1058,
and wet conditions that occur throughout the year, which doi:10.1029/92GB02792002.

are conducive to high O emissions (Flechard et al., 2007). Cantarel, A. A., Bloor, J. M., Deltroy, N., and Soussana, J. F.: Ef-
The remaining grassland sites received much lower N inputs fects of Climate Change Drivers on Nitrous Oxide Fluxes in an
and were generally associated with low@lemissions, high- Upland Temperate Grassland, Ecosystems, 14, 223-233, 2011.

lighting the importance of N input in driving 2D emissions. ~ Cantarel, A. A. M., Bloor, J. M. G., Pommier, T., Guillaumaud, N.,
Moirot, C., Soussana, J. F., and Poly, F.: Four-years of exper-

5 Conclusion imental climate change modifies the microbial drivers gfON
fluxes in an upland grassland ecosystem, Glob. Change Biol., 18,

This study has allowed a wide-ranging comparison of the 2520-2531, 2012.

relative importance of agricultural management and site-Chirinda, N., Carter, M. S., Albert, K. R., Ambus, P., Olesen, J. E.,

specific determinant of O emissions. The magnitude of ~ Porter,J.R. a_md Petersen, S. O.: Emiss_ions of nitrous oxide from

emissions varies widely, and N input to systems was shown arable organic and conv_entlonal cropping sy-stems on two soil

to be the principal driver across sites and treatments. Grasss types, Agr. Ecosyst. Environ., 136, 193-208, 2010.

. . . . hojnicki, B. H., Urbaniak, M., Jozefczyk, D., and Augustin, J.:
lands with high N input showed the largest annual emissions, Measurement of gas and heat fluxes in a Rzecin wetland, in:

but arable sites re_cel_vlng high N and Water 'nPUtS were also Wetlands: Monitoring, Modeling and Management, edited by:
prone to large emissions, thus illustrating the importance of gyryszko, T., Taylor and Francis Group, London, 2007.
restricting N supply in controlling PO emissions. There was pobbie, K. E. and Smith, K. A.: The effects of temperature, water-
a significantly greater emission of,® from N added to filled pore space and land use oa@®emissions from an imper-
arable sites than would be predicted from IPCC default emis- fectly drained gleysol, Eur. J. Soil. Sci., 52, 667673, 2001.
sion factors. This study has also demonstrated that while siteBobbie, K. E. and Smith, K. A.: Nitrous oxide emission factors for
(and climate) are important determinants of the magnitude agricultural soils in Great Britain: the impact of soil water-filled
of N2O emissions, agricultural management practices are of POre space and other controlling variables, Glob. Change Biol.,

equal or greater importance. 9, 204-218, 2003. _ )
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