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Abstract1

Nitrous oxide, carbon dioxide and methane are the main biogenic greenhouse gases (GHG) con-2

tributing to the global warming potential (GWP) of agro-ecosystems. Evaluating the impact of3

agriculture on climate thus requires a capacity to predict the net exchanges of these gases in4

an systemic approach, as related to environmental conditions and crop management. Here, we5

used experimental data sets from intensively-monitored cropping systems in Western Europe to6

calibrate and evaluate the ability of the biophysical crop model CERES-EGC to simulate GHG7

exchanges at the plot-scale. The experiments involved major crop types (maize-what-barley-8

rapeseed) on loam and rendzina soils. The model was subsequently extrapolated to predict CO29

and N2O fluxes over entire crop rotations. Indirect emissions (IE)arising from the production10

of agricultural inputs and from use of farm machinery were also added to the final GWP. One11

experimental site (involving a wheat-maize-barley rotation on a loamy soil) was a net source of12

GHG with a GWP of 670 kg CO2-C eq ha−1 yr−1, of which half were due to IE and half to direct13

N2O emissions. The other site (involving a rapeseed-wheat-barley rotation on a rendzina) was a14

net sink of GHG for -650 kg CO2C eq ha−1 yr−1, mainly due to a higher predicted C sequestra-15

tion potential and C return from crops. Some mitigation options were tested to design productive16

agro-ecosystems with low global warming impact.17
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1 Introduction1

While the security of food supply to an increasing population has turned into a pressing is-2

sue worldwide, the growing environmental footprint of agriculture due to land use change and3

management intensification is posing an unprecedented challenge. Assessing the contribution4

of agriculture to climate change is one of the key questions that environmental scientists have5

to address in order to identify possible measures to reduce the burden of agriculture on global6

warming (Sutton et al., 2007; Galloway et al., 2008). Agriculture significantly contribute to an-7

thropogenic greenhouse gas (GHG) emissions with a global flux of 6.1 Gt CO2-eq yr−1 which8

represent 10-12% of the total GHG anthropogenic emissions (Smith et al., 2007). In the case of9

arable crops, these emissions include the exchanges of GHG in the cultivated field but exclude10

the upstream (indirect) emissions.11

The direct emissions of GHG by agro-ecosystems are made up ofthree terms: emissions of12

nitrous oxide, net carbon fluxes between soil-plant system and the atmosphere, and methane13

exchanges. Nitrous oxide (N2O) is produced by soil micro-organisms via the processes of ni-14

trification and denitrification (Hutchinson and Davidson, 1993). Arable soils are responsible for15

60% of the global anthropogenic emissions of N2O (Smith et al., 2007), and their source strength16

primarily depends on the fertilizer N inputs necessary for crop production. Other environmental17

factors regulate these emissions: soil temperature, soil moisture, soil NO−3 and NH+

4 concentra-18

tions, and the availability of organic C substrate to micro-organisms (Conrad, 1996). The effect19

of these factors results in a large spatial and temporal variability of N2O emissions (Kaiser and20

Ruser, 2000; Jungkunst et al., 2006). The second term in the GHG balance, the net C exchanges,21

is taken as the variations of ecosystem C stock. These variations reflect the balance between C22

inputs to the agro-ecosystems, via crop residue return, root deposition and organic amendments,23

and outputs via harvested biomass and soil organic matter mineralization. This term may be24
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assessed either from long term C stock evolution or, at the rotation scale, by computing the C1

balance between net carbon exchanges between the soil-plant system and the atmosphere, mi-2

nus the harvested biomass removed out of the field plus the import of organic C from manure3

application (Grant et al., 2007; Ammann et al., 2007). Lastly, non-flooded cropland are usually4

considered as a weak methane-sink that mitigates the globalwarming potential (GWP) of crop-5

ping systems by 1% to 3% (Robertson et al., 2000; Mosier et al., 2005).6

Indirect emissions of GHG arising from the production of agricultural inputs (fertilizers, pesti-7

cides and lime), fuel combustion and use of machinery on the farm may contribute as much as8

half of the total GHG budget of agricultural crops (Robertson et al., 2000; Mosier et al., 2005;9

Adviento-Borbe et al., 2007). Thus, this term provides goodleverage to mitigate their impact on10

global warming (West and Marland, 2002).11

The global GHG balance may be expressed as the global warmingpotential (GWP) of an agro-12

ecosystem considered, in CO2 equivalents, using the GWPs of all the trace gases with radia-13

tive forcing (IPCC, 2007). Various agricultural practicesimpact the GHG balance of agro-14

ecosystems. Some of them may first enhance the carbon sink-strength of soils: conversion to15

no-tillage practices, the introduction of catch crops, andthe incorporation of crop residues into16

the topsoil were shown to lead to possible C sequestration into the organic carbon pool of the17

agricultural soils (Smith et al., 2001; Arrouays et al., 2002). The evaluation of candidate agri-18

cultural practices to reduce the GWP of agro-ecosystems should encompass indirect and direct19

emissions of all GHG, to avoid trade-off effects. For instance, because the C and N biogeo-20

chemical cycles are interconnected, CH4 and N2O emissions may offset the beneficial C storage21

associated with practices targeting at C sequestration (Six et al., 2004; Desjardins et al., 2005; Li22

et al., 2005a).23

The different crops occurring within a given rotation are inter-related in terms of nutrients’ turn-24

over, and soil organic and mineral status. In addition, the nutrients derived from fertilizers or25
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biological fixation may be recycled or stored into the pools of the SOM, and may be re-emitted1

into air or water in subsequent years (Del Grosso et al., 2005; Anthoni et al., 2004). That is2

the reason why it is not relevant to calculate the GWP of a single crop, but rather of a complete3

sequence of crops. The GWP of this rotation may subsequentlybe re-allocated to a particular4

crop based on its frequency of occurrence in the rotation, orsimilar rules.5

In the literature, the GWP of agro-ecosystems is either calculated to assess the effect of the con-6

version to a new management practice (e.g., no-till, catch crops, farmyard manure application, or7

land use change; (Robertson et al., 2000; Bhatia et al., 2005; Mosier et al., 2005), or for inclusion8

into the life cycle assessment of a crop-derived product. These include biofuels, animal feed, or9

human food (Kim and Dale, 2005; Gabrielle and Gagnaire, 2008; Adler et al., 2007). Direct10

GHG emissions may be either estimated from direct field measurements (Robertson et al., 2000;11

Bhatia et al., 2005; Mosier et al., 2005; Adviento-Borbe et al., 2007), or by using biogeochemi-12

cal models simulating GHG emissions (Del Grosso et al., 2005; Desjardins et al., 2005; Pathak13

et al., 2005; Adler et al., 2007). Most agro-ecosystems havea positive net GWP (meaning they14

enhance global warming), but this trend is mainly controlled by the C storage potential of the15

soil. In the US Midwest, Robertson et al. (2000) measured theGWP of an annual crop rota-16

tion (maize-soybean-wheat) as 40 and 310 kg CO2-C eq ha−1 yr−1 for no-till and conventional17

tillage systems, respectively. In Colorado, for rainfed crops under no-till practices, Mosier et al.18

(2005) measured a topsoil C-storage of about 300 kg CO2-C eq ha−1 yr−1 in perennial, rainfed19

crops under no-till, which offset the other terms in the GHG balance and resulted in a negative20

net GWP of -85 kg CO2-C eq ha−1 yr−1. Adviento-Borbe et al. (2007) quantified GWPs in21

four high-yielding maize systems in Nebraska (USA) for continuous maize system and maize-22

soybean rotations, with recommended and intensive management for both systems. The authors23

reported that the N2O fluxes were similar in the different treatments despite thelarge differences24

in crop management and N fertilizer applications. As a result, all the systems were net sources25

4



of GHGs with GWPs between 540 and 1020 kg CO2-C eq ha−1 yr−1. Grace et al. (1993) re-1

ported GWPs of tropical rice-wheat-cowpea systems in India. In these systems, the net GWP2

was an order of magnitude higher than GWP from temperate region and ranged between 2400-3

3200 kg CO2-C eq ha−1 yr−1 for no-till and conventional treatments. Three factors explained the4

difference between temperate and tropical systems: the high soil C loss, the CH4 emissions from5

rice cultivation and higher N2O fluxes (Robertson and Grace, 2004).6

The various terms of the net GWP should be predicted with similar accuracy. Indirect emissions7

may be easily calculated thanks to databases of life cycle inventories (West and Marland, 2002;8

Nemecek et al., 2003), but direct field emissions of N2O and C storage in soil are extremely9

dependant of pedoclimatic conditions and agricultural management practices. To take into ac-10

count these sources of variability, and to devise mitigation strategies, the processes occurring in11

the soil-crop-atmosphere system should be modelled simultaneously, together with the effect of12

agricultural practices. In the past, modelling approacheswere developed in parallel either by13

agronomists seeking to predict crop growth and yields in relation to their management (Boote14

et al., 1996), or by ecologists focusing on biogeochemical cycles and in particular mineralization,15

nitrification and denitrification in soils (eg, Li et al. (1992)). With the increasing interest for the16

prediction of trace gas emissions from arable soils (or pollutants in general), both approaches17

should be linked together in a more systemic perspective (Gijsman et al., 2002; Zhang et al.,18

2002). The CERES-EGC model was designed following this philosophy to estimate site-and-19

management specific environmental balance, or regionalised inventories of trace gas emissions20

(Gabrielle et al., 2006).21

The objectives of this work were: i/ to test and calibrate theCERES-EGC crop model with ex-22

perimental data from cropping systems representative of northern Europe, ii/ to apply the model23

to assess the GWP of the cropping systems, including direct and indirect emissions of GHG and24

iii/ to assess the sensitivity of GWPs to different agricultural practices to purpose options for25
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mitigation.1

2 Material and Methods2

2.1 Experimental data3

2.1.1 Field sites4

The field experiments were carried out at three locations in northern Europe, at Rafidin (northern5

France, 48.5 N, 2.15 E) in the Champagne region in 1994-1995 (Gosse et al., 1999), at Grignon6

near the city of Paris (northern France, 48.9 N, 1.95 E) in 2004-2008 and at Gebesee (20 km NW7

of Erfurt in Germany, 51.1 N, 10.9 E) in 2006-2007.8

In Rafidin, the soil was a grey rendzina overlying a subsoil ofmixed compact and cryoturbed9

chalk. The topsoil (0-30 cm) has a clay loam texture, with (31% clay and 28% sand, an organic10

matter content of 19.5 g kg−1, a pH (water) of 8.3, and a bulk density of 1.23 g cm−3. In Grignon,11

the soil was a silt loam with 18.9% clay and 71.3% silt in the topsoil. In the top 15 cm, organic12

carbon content was 20.0 g kg−1, the pH (water) was 7.6 and the bulk density 1.30 g cm−3. In13

Gebesee, the soil was a Chernozerm (silty clay loam) with 35.8% clay and 60.3% silt in the top14

20 cm, organic carbon was 23.0 g kg−1, the pH (water) was 6.7 and the bulk density 1.3 g cm−3.15

The Table 3 recapitulates the crop sequences of the experimental sites and the main cropping16

operations. The Rafidin site involved a rapeseed - winter wheat - winter barley rotation, and17

the measurements essentially took place during the rapeseed growing cycle, from its sowing on18

9 Sept., 1994 to its harvest on 11 July, 1995. Three fertilizer N treatments (N0=0 kg N ha−1,19

N1=135 kg N ha−1 and N2=270 kg N ha−1) were established on30 × 30 m blocks arranged20

in a split-plot design with three replicates. For this site,the rotations we simulated were only21

different regarding the fertilizer N inputs on the rapeseedcrop. The other crops in the rotation22

(wheat and barley) were managed identically in the N0, N1 andN2 rotations.23

At the Grignon site, two experiments were monitored in parallel on two fields: a principal field24

6



(Grignon-PP, 19 ha), on which a maize - winter wheat - winter barley - mustard rotation was1

monitored since 2004 and 3 adjacent plots (Grignon-PAN1, -PAN2, -PAN3, 2500 m−2 each) on2

another field on which the same rotation was applied since 2006, with 0, 1 and 2 years time-lag3

interval in order to have all the crops each year. The adjacent plots were monitored since 2006.4

In the rotation, a mustard was planted following the harvestof barley the year before to serve5

as a catch crop to reduce nitrate leaching. On the principal field, dairy cow slurry was applied6

between the harvest of barley and the planting of mustard on 31 August 2004, and before the7

maize sowing on 16 April 2008.8

In Gebesee, the crop sequence from 2003 to 2007 was rapeseed -winter barley - sugar beet -9

winter wheat. Two applications of organic fertilizers werecarried out in 2007, one application10

of cattle slurry (18 m3 ha−1) on the wheat crop in 11 Apr. and 35 t ha−1 of farmyard manure in11

4 Sept after harvest.12

2.1.2 Soil and crop measurements13

Soil mineral nitrogen content (NO−3 and NH+

4 ) and moisture content were monitored in the fol-14

lowing layers: 0-15 cm, 15-30 cm, 30-60 cm and 60-90 cm at Grignon, 0-30 cm, 30-60 cm,15

60-90 cm, and 90-120 cm at Rafidin, and 0-10 cm and 10-20 cm at Gebesee. Soil samples were16

taken in triplicates with an automatic (Rafidin) or manual (Grignon and Gebesee) auger every17

1 to 4 weeks, and analysed for moisture content and mineral N.The latter involved an extrac-18

tion of soil samples with 1 M KCl and colorimetric analysis ofthe supernatant. In the three19

sites, soil moisture and temperature were also continuously recorded using TDR (Time Domain20

Reflectrometry, Campbell Scientific, Logan, Utah, USA) and thermocouples. Soil bulk density21

was measured once in each site, using steel rings. For both experiments of Grignon and Rafidin,22

plants were collected every 2 to 4 weeks, and separated into leaves, stems, ears or pods, and23

roots. Leaf area index was measured with an optical leaf areameter or analysis of leaf scans.24
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The plant samples were dried for 48 h at 80° C and weighted, andanalysed for C, N, P and K1

content by flash combustion.2

2.1.3 Trace gas fluxes and micrometeorological measurements3

At the three sites, daily climatic data were recorded with anautomatic meteorological station,4

including maximum and minimum daily air temperatures (° C),rainfall (mm day−1, solar radi-5

ation (MJ m−2 day−1) and wind speed (m s−1). At Grignon and Gebesee, the measurements of6

CO2 fluxes at the field scale were carried out in the framework of the CarboEurope integrated7

project (European Commission Framework VI research programme; Aubinet et al. (2000)). Wa-8

ter vapour and CO2 fluxes were measured using the eddy covariance method above the crop9

canopy. Wind speed was monitored with a three-dimensional sonic anemometers, and CO210

concentration with infrared gas analysers (model Li-7500 in Grignon and model Li-7000 in11

Gebesee; LiCor Inc., Lincoln, NE, USA) located on a mast at two meters above the canopy.12

Daily net ecosystem carbon dioxide exchange (g C m−2 day−1), and its daily evapotranspira-13

tion (mm m−2 day−1) were calculated by integrating the 30-minute fluxes determined by the14

micrometeorological measurements over each day. The eddy covariance technique usually pro-15

duces gaps in the half-hourly C flux data, making it necessaryto fill the missing values before16

integration at the daily time scale. The gap-filling methodology of CarboEurope-IP was applied17

to the experimental data sets (Falge et al., 2001).18

At Rafidin, there were no micrometeorological measurementsof CO2 exchanges. Nitrous ox-19

ide emissions were monitored by the static chamber method using circular chambers (0.2 m−2),20

with 8 replicates. On each sampling date, the chambers were closed with an airtight lid, and the21

head space was sampled 4 times over a period of 2 hours. The gassamples were analysed in22

the laboratory by gas chromatography. The measurements were done every 1-3 weeks between23

September, 1994 and April, 1995 (Gosse et al., 1999). For theGrignon-PP experiment, N2O24
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emissions were measured with 3 to 6 automatic chambers (55 L,0.5 m−2). The chambers were1

sequentially closed during 15 min and the complete cycle forthe six chambers was then fixed2

to 1h30. The N2O concentrations were measured using an infrared gas analyser (N2O Anal-3

yser 46C, Thermo Scientific Inc., Waltham, MA, USA) which wasconnected on line with the4

chambers. Air was pumped from the chamber to the gas analyserand injected again after the5

analysis to the chambers. Nitrous oxide fluxes were calculated from the slope of the gas accu-6

mulation rate. The electric jacks used to open and close the chambers and the solenoid valves7

were controlled by a Campbell data logger (CR23X, Logan, Campbell Scientific, Utah, USA)8

that recorded the N2O concentration every 10 seconds. Nitrous oxide emissions were monitored9

for 442 days from January 1, 2007, to August 31, 2008. During this period, the mean value of10

the emissions was 8.7 g N2O-N ha−1 d−1. Eight manual chambers were also disposed in the field11

in order to measure N2O, CO2 and CH4 fluxes on a monthly frequency or following the fertiliser12

application. A more intensive monitoring of the GHG emissions was carried out following the13

slurry application in spring 2008.14

For the three Grignon-PAN plots, the three GHGs (N2O, CO2 and CH4) were measured with 515

static circular chambers (0.2 m−2) per plot. The chambers were closed over a period of 30 min-16

utes and 4 gas samples were collected with a syringe at 0, 10, 20 and 30 minutes after closure.17

Gas samples were analysed by gas chromatography fitted with an electron capture detector for18

N2O analysis and with a flame ionisation detector and a methaniser for CO2 and CH4 analysis.19

In Gebesee, GHG measurements were carried out with manual chambers (100 × 100 × 30 cm20

- when crop is higher than 30cm height was expanded to 60cm) from Feb. 2006 to Dec. 2007,21

weekly during growing season and every two weeks otherwise.The chambers were closed for22

one hour and sampling was carried out every 20 minutes duringclosure. From Feb. to Dec.23

2007, two automatic chambers (95× 25× 125 cm) were installed in the same plot. Gas samples24

were automatically collected every 20 minutes during one hour of closure and each chamber was25
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closed 6 times in a day. In both cases, gas samples were analysed with gas chromatography such1

as described above.2

At the dates of mineral or organic fertiliser application, the chambers were closed during the3

spreading operation and then, the amount corresponding to the chamber surface was applied by4

hand within the chambers.5

2.2 The indirect GHG emissions6

The GHG emissions (CO2, N2O and CH4) associated with input production and use of farm7

machinery were calculated from the Ecoinvent life cycle inventory database (Nemecek et al.,8

2003). The inventory of elementary management operations comprises soil tillage, fertilisation,9

sowing, plant protection, harvest and transport, and may betranslated in terms of GHG emissions10

thanks to emission factors. Similarly, the production of agricultural inputs (fertilizers, pesticides,11

seeds and agricultural machinery) induces GHG emissions that arise mainly from fossil fuel12

combustion, and were included in the indirect emissions.13

2.3 Global warming potentials of crop rotations14

For arable fields, the carbon balance is calculated as the netbiome production (NBP) equal to:15

NBP = NEP − Exported biomass + Imported biomass (1)

The NEP is the net ecosystem production and corresponds to the net C exchanges between soil-16

plant system and the atmosphere, above the canopy. The exported biomass is the harvest and17

the imported biomass may be application of manure or compost. The carbon dioxide exchanges18

for a crop growing cycle were assumed to start from their sowing to the sowing of the following19

crop. The sign convention used to express NBP as positive quantity with net carbon fixation,20

were inverted in the calculation of the GWP. The values of NBPwere obtained by averaging21

the NBP simulated over 12 maize-wheat-barley-mustard rotations on a 36-yr series of historical22
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weather data (1972-2008) in Grignon-PP, with constant cropmanagement. The same simulation1

was done for the three treatments of Rafidin over 9 rapeseed-wheat-barley rotations on a 28-yr2

series of weather data. The 30-yr simulation allowed us to explore the climatic variability and its3

effect on the net primary production and soil respiration.4

The global warming potential of crop sequences was computedby adding NBP, N2O emissions,5

CH4 exchanges and the indirect emissions using global warming potential of the GHGs at the6

100-year time horizon (CO2=1, CH4=25 and N2O=298, IPCC (2007)).7

2.4 The CERES-EGC model8

CERES-EGC was adapted from the CERES suite of soil-crop models (Jones and Kiniry, 1986),9

with a focus on the simulation of environmental outputs suchnitrate leaching, emissions of N2O10

ammonia, and nitric oxide (Gabrielle et al., 2006). It can therefore be used as an agronomic tool11

to improve the management of major arable crops, based on crop productivity and environmental12

criteria. The model simulates the cycles of water, carbon and nitrogen within agro-ecosystems13

(Gabrielle et al., 1995, 2006).14

Direct field emissions of CO2, N2O, NO and NH3 into the atmosphere are simulated with differ-15

ent trace gas modules. Here, we focus on gas fluxes with globalwarming potential, i.e. CO2 and16

N2O˙17

Carbon dioxide exchanges between soil-plant system and theatmosphere are modelled via the18

net photosynthesis and SOC mineralization processes. Net primary production (NPP) is simu-19

lated by the crop growth module while heterotrophic respiration (Rs) is deduced from the SOC20

mineralization rates calculated by the microbiological sub-model. The net ecosystem production21

(NEP), which is calculated as NPP minus Rs, may be computed ona daily basis and directly22

tested against the net ecosystem exchanges measured by eddycovariance.23

CERES-EGC uses the semi-empirical model NOE (Hénault et al., 2005) for simulating the N2O24
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production in the soil through both the nitrification and thedenitrification pathways. Denitrifica-1

tion component is derived from the NEMIS model (Hénault andGermon, 2000) that calculates2

the denitrification as the product of a potential rate with three unitless factors related to soil wa-3

ter content, nitrate content and temperature. Nitrification is modelled as a Michaëlis-Menten4

reaction with NH+

4 as substrate that additionally is controlled by response functions of the soil5

water content and temperature. Nitrous oxide emissions resulting from the two processes are6

soil-specific proportions of total denitrification and nitrification pathways.7

CERES-EGC runs on a daily time step and requires input data for agricultural management8

practices, climatic variables (mean air temperature, daily rain and Penman potential evapotran-9

spiration), and soil properties.10

2.5 Parameter selection and model calibration11

Dynamic biophysical models include a large number of parameters whose values are uncertain12

and it is often impossible to estimate all these parameters accurately and simultaneously. A13

common practice consists in selecting a subset of parameters by global sensitivity analysis, then14

estimating the selected parameters against experimental data and setting the others to nominal15

values (Makowski et al., 2006). In our case, a multivariate global sensitivity analysis, developed16

by Lamboni et al. (2009), allowed us to select the 6 most sensitive parameters of the N2O emis-17

sion module of CERES-EGC. The most influent parameters were then estimated with a Bayesian18

calibration approach. Table 1 recapitulates the parameters involved in the calibration. The cali-19

bration was applied with the N2O emission measurements of the experimental site of Grignon-PP20

and the calibrated parameters were then used to simulate thefields of Grignon-PAN and Gebesee21

experiments. The parameters values used for the Rafidin siteoriginated from a previous calibra-22

tion (Lehuger et al., 2009).23

Van Oijen et al. (2005) and Lehuger et al. (2009) described indetails the Bayesian method that24
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was used in this work. Briefly, the aim of Bayesian calibration is to reduce the prior parameter1

uncertainty by using measured data, thereby producing the posterior distribution for the parame-2

ters. In our case, we specified lower and upper bounds of the parameters uncertainty, defining the3

prior parameter distributions as uniform (Table 1). Posterior pdf is then computed by multiplying4

the prior with the likelihood function, which is the probability of the data given the parameters.5

Because probability densities may be very small numbers, rounding errors needed to be avoided6

and all calculations were carried out using logarithms. Thelogarithm of the data likelihood is7

thus set up, for each data set Yi, as follows:8

logLi =

K
∑

j=1

(

−0.5

(

yj − f(ωi; θi)

σj

)2

− 0.5log(2π) − log(σj)

)

(2)

where yj is the mean N2O flux measured on sampling date j in the data set Yi andσj the stan-9

dard deviation across the replicates on that date,ωi is the vector of model input data for the10

same date,f(ωi; θi) is the model simulation of yj with the parameter vectorθi, and K is the11

total number of observation dates in the data sets. To generate a representative sample of pa-12

rameter vectors from the posterior distribution, we used a Markov Chain Monte Carlo (MCMC)13

method: the Metropolis-Hastings algorithm (Metropolis etal., 1953). For each calibration, three14

parallel Markov chains were started from three different starting points in the parameter space15

(θ0). Convergence was checked with the diagnostic proposed by Gelman and Rubin (1992). The16

chains were considered to be a representative sample from the posterior pdf, and from this sam-17

ple were calculated the mean vector, the variance matrix andthe 90% confident interval for each18

parameter.19
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Parameter vectorθ = [θ1...θ6] Prior probability Posterior probability
distribution distribution

θi Symbol Description Unit Default θmin(i) θmax(i) Mean SD Correlated
value {θi}

θ1 r Ratio of N2O to total denitrification % 0.09 0.20 0.90 0.36 0.09{2,4,5,6}
θ2 PDR Potential denitrification rate kg N ha−1 d−1 0.1 6.0 20.0 0.33 0.61 {2,1,5,6}
θ3 TrWFPS WFPS threshold for denitrification % 0.62 0.40 0.80 0.61 0.05{2,4,5}
θ4 POWdenit Exponent of power function Unitless 1.74 0.00 2.00 0.46 0.21{1, 3}
θ5 Kmdenit Half-saturation constant (denit) mg N kg−1 soil 22.00 5.00 120.00 24.69 17.53{1,2,3,6}
θ6 TTrdenit Temperature threshold °C 11.00 10.00 15.00 10.05 0.17{1,2,5}

Table 1: Description of the 6 selected parameters of the N2O emissions module. The prior probability distribution is defined as
multivariate uniform between boundsθmin andθmax. The posterior parameter distributions are based on the calibration with the
Grignon-PP data set, and are characterised by the mean valueof the posterior, their standard deviation (SD). Correlations with
other parameters are reported if their absolute value exceeds 0.4 (underlined parameters express a negative correlation).
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2.6 Model evaluation1

Two statistical indicators were used to evaluate the performance of the model to fit with the2

observed data. Mean deviation (MD) was defined as:3

MD =
1

K

K
∑

j=1

(yj − f(ωk; θl)) (3)

and the root-mean squared error (RMSE) as:4

RMSE =

√

√

√

√

1

K

K
∑

j=1

(yj − f(ωk; θl))2 (4)

where yj is the time series of the observed data on day j of data set Di, and f(ωk; θl) is the corre-5

sponding model predictions with input variablesωk and parametersθl.6

The RMSE was computed for the experiments used in the calibration (Grignon-PP and Rafidin)7

and in the subsequent model testing against the independentdata sets of Grignon-PANs, and8

Gebesee. In both last cases, the RMSE corresponds to the rootmean square error of prediction9

(RMSEP(θ)), since the data were involved neither in parameter estimation nor model develop-10

ment (Wallach, 2006). The RMSEP was computed for the predictions of N2O emissions.11

2.7 Scenarios of mitigation12

Five scenarios of mitigation were tested in order to assess the effect of agricultural practices on13

the GWP, and to explore the potential of GHG abatement for crop systems. The scenarios were14

tested on the Grignon-PP rotation simulated on a 30 year timeperiod. The first scenario (“Straw”)15

was designed to asses the effect of non removing straw out of the field. The scenario (“Catch16

crop”) was designed to assess the effect of catch crop in the rotation by comparing rotations with17

and without catch crop, which was mustard between a winter crop and a spring crop in our case.18

We also tested the effect of N fertilisation on the GWP by simulating rotations with 50% less N19

fertiliser application (scenario “N-”) or with with 50% more (scenario “N+”). The last scenario20
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(“Organic”) was run to evaluate the effect of C and N input from slurry application every three1

years on the GWP of the rotation.2

3 Results and discussion3

3.1 Model testing4

3.1.1 Crop growth5

At Grignon, the crop growth was well simulated for the various crop species of the rotation, as6

reported in Fig. 1. The time course of total above ground biomass was correctly captured by the7

model with the exception of the 2008 maize upon harvest whosedry matter was under-estimated.8

The maize silage yields were under-estimated in 2005 and 2008 with bias (observed - simulated9

yields) of 1960 and 6740 kg DM ha−1, respectively, due to too high water stress simulated. Grain10

yields of barley and winter wheat were correctly predicted and the bias between simulations and11

observations were -100 and -430 kg DM ha−1
12

At the Rafidin site, CERES-EGC provided good simulations of rapeseed growth for the N1 and13

N2 treatments (Fig. 2). The simulated patterns of biomass, LAI and N content variations matched14

the observations over the entire growing cycle. Final grainyields were correctly estimated, with15

a simulated value of 3.8 t DM ha−1 and an observed one of 4.1 t DM ha−1 for N1, and an exact16

match at 4.9 t DM ha−1 for N2. For the N0 treatment (unfertilized), the model overestimated LAI17

by a factor of 2 throughout the growing season, but total above ground biomass was underesti-18

mated by about 25% when compared to the data (not shown). For this treatment, the simulated19

N stress was too high at the end of the crop’s growing cycle to allow sufficient grain filling, and20

the final grain yield was under-estimated as a result.21
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3.1.2 Net carbon exchanges1

The carbon dioxide exchanges measured with micrometeorological systems were used to cali-2

brate the CERES-EGC model against net ecosystems exchange measurements and to evaluate the3

model prediction accuracy with independent data (Lehuger et al., 2009). The measurements from4

Grignon-PP were used for the parameter estimation and thoseof Gebesee for evaluation of the5

model prediction accuracy. For both sites, NEP was well simulated at daily and seasonal scales6

(Fig. 1 and Fig. 3). The RMSE computed for the Grignon-PP experiment was 1.90 g C m−2d−1
7

(n=1627) and the RMSEP of Gebesee 1.5 g C m−2d−1 (n=310).8

3.1.3 Soil drivers of N2O emissions9

Figure 4 provides a test for the simulation of the key driversof N2O emissions at the Grignon-PP10

site. Soil moisture, temperature and inorganic N content control N2O emissions by their influ-11

ence on the nitrification and denitrification processes. At Grignon, for the period of measure-12

ment (2006-2008), their dynamics were well simulated (Fig.4.a, 4.b, 4.c). Table 2 recapitulates13

the mean deviations (MD) and RMSEs computed with the different soil drivers used as input14

variables of the N2O emission module. Soil temperature and soil water content were well pre-15

dicted by the model with RMSE close to 3°C for the soil temperature and from 4 to 8% (v/v)16

for the soil water content across the field-site experiments. The model’s RMSE over the 8 ex-17

periments ranged between 9.9 and 57.0 kg N ha−1 for the simulation of nitrate content and to18

4.1 to 28.6 kg N ha−1 for the ammonium content. The model did not captured the N dynamic19

in the Grignon-PAN2 field site due to a lack of correlation between N content and N fertiliser20

applications in this plot.21
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Site Treatment Soil temperature Soil water content Nitratecontent Ammonium content
N Mean MD RMSE N Mean MD RMSE N Mean MD RMSE N Mean MD RMSE

(°C) (v/v) (kg NO3-N ha−1) (kg NH4-N ha−1)
GRIGNON PP 637 10.9 -1.1 3.0 492 0.318 0.016 0.033 24 49.4 23.240.7 24 10.6 7.2 11.0

PAN1 - - - - 14 0.238 -0.039 0.064 13 36.7 -2.3 21.6 13 10.1 6.8 12.5
PAN2 - - - - 17 0.238 -0.045 0.064 16 71.9 31.2 57.0 16 17.8 14.2 23.5
PAN3 - - - - 15 0.255 -0.029 0.042 14 26.5 -3.8 22.7 14 6.1 3.4 4.9

GEBESEE 729 10.7 -0.2 3.3 649 0.260 -0.065 0.080 78 18.1 -1.1 24.5 78 7.7 4.4 28.6
RAFIDIN N0 294 8.7 -1.2 3.0 20 0.253 -0.027 0.043 21 10.8 5.5 9.9 21 3.7 3.5 4.1

N1 294 8.7 -1.2 3.0 20 0.244 -0.035 0.051 21 12.9 8.0 11.8 21 5.65.0 6.8
N2 294 8.7 -1.2 3.0 20 0.240 -0.039 0.050 21 23.5 17.0 22.6 21 6.2 5.6 8.0

Table 2: Sample size (N), mean of measured in situ soil variables (Mean), mean deviation (MD) and root mean square errors
(RMSE) computed with the predicted and measured soil variables: soil temperature, soil water content and topsoil nitrate and
ammonium contents for the 8 data sets.
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3.2 Nitrous oxide emissions1

The three parallel chains ran for the Bayesian calibration against Grignon-PP site, converged well2

for all the parameters after 50 000 iterations. The Table 1 summarizes the posterior expectancy3

of parameters and their standard deviation. Correlations with other parameters are also reported4

in Table 1. The posterior ratio of N2O to total denitrification was higher than is default value,5

while the posterior potential denitrification rate was highly reduced in comparison with its default6

values, 0.33 vs. 6.00 kg N ha−1 d−1 respectively. The posterior value of WFPS threshold for7

denitrification, the half-saturation constant for denitrification and the temperature threshold were8

similar of their default values.9

The Fig. 5 compares the simulations of daily N2O emissions after calibration and the observations10

of the Grignon-PP experiment. There was good agreement between simulated and observed data11

during the mineralization of crop residues of the barley at the end of 2007 and beginning of12

2008. The first peak flux in March 2007, corresponding to the first N fertiliser application,13

was not captured by the model due to WFPS simulated above 61% -the threshold that triggers14

denitrification in the model. The high peak fluxes that occurred in spring 2008 consecutive to15

the slurry and N-fertiliser applications for maize were correctly predicted. The N2O emissions16

observed during the time period consecutive to theses peakswere low and the model simulated17

emissions close to zero. The RMSE obtained with the posterior expectancy of parameters was18

reduced by 30% in comparison with the default parameter values (Table 4).19

The Fig. 6 shows the dynamic of N2O emissions for the three treatments of the Rafidin sites. At20

this site, N2O emissions were very low even for the high-N input treatment(N2). In fact, for21

this treatment, the highest emission rate measured was 7.4 gN2O-N ha−1 d−1. In this site, the22

rates of N2O emissions from denitrification were close to zero. Hénault et al. (2005) estimated23

that 98% of the N2O emissions originated from the nitrification process at thesame Rafidin site.24

The predicted rates of N2O emissions were satisfactory, with RMSEs of 0.3, 1.4 and 3.0g N2O-25
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N ha−1 d−1 after calibration for the N0, N1 and N2 treatments respectively (Table 4).1

The calibrated model was used to simulate the experiments ofGrignon-PAN1,-PAN2 and -PAN32

and of Gebesee. By this way, we assessed the model predictionaccuracy by computing the3

RMSEP, reported in Table 4. The predictions computed with the calibrated parameter set were4

improved in comparison with the predictions with default parameters values, by 6.3% in average5

for the Grignon-PAN1, -PAN2, -PAN3 treatments and by 39% forGebesee experiment. The6

Fig. 7 depicts the N2O emissions over one year for the three treatments PAN1, PAN2and PAN3 of7

the Grignon site and shows that the model correctly predictsthe N2O emission peaks consecutive8

to the N-fertiliser application that occurred in spring 2008, and also the period of low emissions.9

The Fig. 8 shows the time course of N2O emissions at Gebesee. The low emissions and most of10

the N2O peaks were well simulated by the model. However, the model can not predict the N2O11

deposition and N2O emissions due to freeze-thaw cycles in winter.12

3.3 Simulation of crop rotations13

In the previous section, we tested and calibrated the CERES-EGC model against datasets from14

8 field site experiments involving different sets of crop types, pedoclimatic conditions, and agri-15

cultural practices. The present section deals with the extrapolation of the model to calculate the16

GWP of complete cropping systems, including net C exchanges, direct emissions of N2O and17

CH4 fluxes in the field. The last term of the GHG balance, namely theindirect emissions, was18

also added.19

3.3.1 Net biome production20

Fig. 9 displays the breakdown of the NBP for the Grignon-PP rotation. The net ecosystem pro-21

duction was highest with the maize crop, amounting to 5830± 690 kg C ha−1, whereas the NEP22

of the wheat was 5300±750 and those of barley close to 4800±630 kg C ha−1. For the mustard,23

the soil respiration term was greater than net photosynthesis, and NEP was -440 kg C ha−1. In24

20



Rafidin, the NEP of rapeseed was 1300±1420, 4260±995 and 4640±1170 kg C ha−1 for the N0,1

N1 and N2 treatments, respectively, the NEP of wheat was between 4870 and 5190 and the NEP2

of barley between 3150 and 3440 kg C ha−1. Inter-annual variability was quite large for the net3

primary production, showing a strong dependence of the climate on crop growth.4

Over long-term simulation period with the maize-wheat-barley-mustard rotation in Grignon-PP,5

we estimated a stable C stock with 10 kg C ha−1 yr−1 sequestered on average. In Rafidin, we6

estimated large C accumulation of 525, 1153 and 1269 kg C ha1 yr−1 for the N0, N1 and N2 treat-7

ments, resp., due to a minor part of the fixed C which was exported out of the field. In Grignon,8

the straw of wheat and barley was removed for use as litter foranimal production, whereas in9

Rafidin the straw was left on the soil surface at harvest, and subsequently incorporated into the10

topsoil layer. As a consequence, the C inputs from crop residues were much higher in Rafidin11

than in Grignon, averaging 4250 kg C ha−1 yr−1for the N1 rotation and 4290 kg C ha−1 yr−1for12

the N2 rotation. With these levels of C inputs to the soil, theCERES-EGC model predicted a13

high C sequestration for the rotations of Rafidin suggestingthat the Rafidin soil was a potentially14

large sink for atmospheric CO2.15

For the other experimental fields of Grignon, the NBPs were 85for the PAN1 treatment, -256 for16

the PAN2 treatment and -32 kg C ha−1 yr−1 for the PAN3 treatment.17

3.3.2 Indirect emissions18

The GHG cost of agricultural inputs contributes a large partof the GWP of agro-ecosystems. For19

the Grignon-PP cropping system, the mean indirect emissions were 350 kg CO2-C eq ha−1 yr−1,20

for the Rafidin system, the mean IE were 320, 410 and 460 kg CO2-C eq ha−1 yr−1 for the N0,21

N1 and N2 treatments, respectively. For the Grignon-PAN treatments, the mean IE were 420, 48022

and 410 kg CO2-C eq ha−1 yr−1 for PAN1, PAN2, PAN3 treatments. The IE were 590 kg CO2-23

C eq ha−1 yr−1 for the wheat crop cycle of Gebesee, a higher value compared to the other site24
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due to more frequent cropping operations. N fertilizer production is the top contributor to the IE1

by a wide margin, with a 55-75% share (Fig. 10). Cropping operations came next, with a 30-40%2

in the total IE term, mainly due to from fossil-fuel combustion by farm machinery. The transport3

of inputs from the production plant to the farm was the lowestcontributor to the GWP with less4

than 1% of IE.5

3.4 Global Warming Potential6

The 30-yr simulation period enabled us to explore the effectof climate variability on biomass7

production and N2O emissions. At Grignon-PP, N2O emissions averaged 316± 82 kg CO2-8

C eq ha−1 yr−1 (CV=26%) over maize-wheat-barley-mustard rotation, and we estimated a GWP9

of 670±150 kg CO2-C eq ha−1 yr−1 (Table 5) for this system. Methane measurements from10

manual chambers allowed us to estimate its contribution to the final GWP. The soil of Grignon11

was a weak methane sink that mitigated the GWP of the rotationby 2%. However, the slurry ap-12

plication during mustard cropping cycle induced a large methane emission of 660 g CH4-C d−1
13

the day of application.14

At Rafidin, we estimated three times lower N2O emissions than in Grignon-PP (<140 kg CO2-15

C eq ha−1 yr−1), and a large C storage potential resulting from the high level of residue return.16

The more than offset the emissions of N2O and the indirect emissions, so that the GWP were17

-90±150, -621±135 and -673±139 kg CO2C eq ha−1 yr−1 for the N0, N1 and N2 systems,18

respectively (Table 5). The Rafidin crop rotation is an intensive system with a high level of in-19

puts and indirect emissions of GHG, but it is compensated forby the resulting high potential of20

biomass production and SOC storage. Overall, the Rafidin system emerges a potentially strong21

sink of GHG.22

The Table 6 summarizes the GWP for the PAN1, PAN2, PAN3 treatments of Grignon and that23

of the wheat crop cycle of Gebesee. For each field site, only one crop sequence was simu-24
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lated. The Grignon-PANs experiments had the same crop sequences as Grignon-PP but without1

slurry application and maize was harvested for grain and notfor silage as it was the case in2

Grignon-PP. The PAN1, PAN2 and PAN3 treatments were net sources of GHGs with 509, 9133

and 547 kg CO2C eq ha−1 yr−1, resp. The net GWP was higher in the PAN2 treatment due to4

an additional N fertiliser application on wheat in comparison with the two other treatments. In5

Gebesee, the wheat crop was a high sink of GHGs due to high C input from manure and slurry6

applications during its cropping cycle.7

3.5 Mitigation strategies8

Figure 11 compares the GWP of five scenarios with differentiated management crop practices.9

The initial scenario was the cropping system of Grignon-PP described in section 2.7 and the10

sensitivity of its GWP was assessed by changing management of crop residues, catch crop in11

the rotation, N mineral fertiliser amount and CN inputs fromorganic fertiliser application. The12

scenario SW with straw not removed out of the field presents the lowest GWP due to a high13

negative CO2 balance. Despite of a substantial increase of soil respiration (+50% compared to14

the initial scenario), the return of C from crop residues makes the soil C stock increased by15

265 kg C ha−1 yr−1 that offsets the other GHG emissions and makes the GWP 35% less emitter16

of GHGs than the initial scenario (434 kg CO2-C ha−1 yr−1).17

The effect of catch crop was assessed by running simulationswithout sowing mustard between18

barley and maize. The effect on the GWP was minor (+6% compared to the initial scenario) due19

to a very low C fixation simulated in the initial scenario and the C input from slurry application20

that made mustard a strong C sink was displaced on the barley crop.21

The N fertilisation affects the GWP due to its effects on fixation, N2O emissions and indirect22

emissions. Increasing the amount of mineral N fertilisers by 50% involved a GWP 22% higher23

than that of the initial scenario for which the N fertilisation was balanced in relation to N crop24
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demand. N2O emissions were increased by 17%, indirect emissions by 27%and net primary1

production only by 1% meaning that optimal yield was alreadyreached with fertilisation of2

initial scenario. On the contrary, decreasing the N fertiliser by 50% led to a 27% decrease of3

GWP compared to initial scenario.4

We assessed in the last scenario, the effect of slurry application on the GWP. Organic fertiliser5

application represent large C and N inputs in the crop systemand its elimination of the rotation6

resulted in a three-times higher GWP in comparison with initial scenario. Slurry brought in the7

crop system 1760 kg C ha−1 yr−1 which represented half of the C removed by straw removal.8

4 Discussion9

4.1 Relevance of modelling to estimate GHG balances10

The first objective of this work was to test and calibrate the CERES-EGC model against exper-11

imental data of CO2, N2O, soil variables and crop biomass, from 3 temperate sites located in12

Western Europe. The model well captured the time course of total above-ground biomass for13

the crops of the rotations (maize, wheat, barley, rapeseed). The net carbon exchanges between14

the soil-plant system and the atmosphere were in agreement with the measurements from daily15

time scale to cropping cycle season and rotations. For the 8 experimental sites and treatments,16

the soils drivers for N2O emissions were correctly reproduced and, accordingly, N2O emissions17

were in agreement with the observations in all sites with RMSEs or RMSEPs ranging from 0.318

to 14.2 g N2O-N ha−1 d−1. Bayesian calibration applied on the six most influent parameters of19

the nitrous oxide emission module of CERES-EGC allowed us toreduce error of prediction by20

6-40% compared to default parameters-based simulations against 4 independent data sets of N2O21

measurements.22

Other studies with similar modelling approaches mention that the discrepancies between mod-23

elled and observed N2O data were in the same range of errors as our simulations. Forexam-24
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ple, Del Grosso et al. (2005) showed that the DAYCENT model gave daily prediction of N2O1

emissions with a quite high discrepancy (RRMSE=64%, n=21) for major crops in the USA.2

Del Grosso et al. (2008) also reported that DAYCENT largely overestimated N2O emissions in3

irrigated system due to an over responsive effect of soil NO−

3 on N2O. In the same way, Babu4

et al. (2006) indicate that the DNDC model predicted daily N2O fluxes with a large lack of fit5

(RMSE=529.6 g N2O-N ha−1 d−1, n=134 ) for rice-based production systems in India with high6

level of N2O emissions (observed daily mean=49.4 g N2O-N ha−1 d−1). Frolking et al. (1998)7

and Li et al. (2005b) compared different models or sub-models for their capacity to simulate N2O8

emissions from cropland. In most cases, the models were not able to capture the daily N2O flux9

patterns because of time lag between observed and modelled peaks and over- or underestimation10

of the measured N2O spikes.11

Regarding the C balance, we assumed that the net biome production reflected the SOC changes.12

The balance between C inputs and C losses of the Grignon-PP field-site was nearly balanced,13

while Rafidin had a high potential of C sequestration resulting from a high C fixation by crops14

and a large fraction of inputs as crop residues. As a consequence, C storage was estimated be-15

tween 500 and 1300 kg C ha−1 yr−1 for the various treatments of Rafidin. This is in agreement16

with the relatively low SOC mineralization rate of rendzinasoils (<0.5% of SOC yr−1), such as17

that of Rafidin, due to physical protection process by the formation of calcite formation on the18

organic fractions (Trinsoutrot et al., 2000). The high level of biomass production made possible19

by ample fertilizer inputs, together with this low SOC mineralization rate induced a large net20

fixation of atmospheric CO2. Adviento-Borbe et al. (2007) measured the SOC changes overa21

5-yr period in continuous maize system with recommended andintensive fertilisation treatments22

(+70-100% more N fertiliser applied than in the recommendedtreatment) in Nebraska (USA).23

They reported that C sequestration rates ranging from 440 to620 kg C ha−1 yr−1 for recom-24

mended and intensive treatments, resp., mainly due to high Cresidue returns from maize crops.25
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The latters ranged between 5500 and 6500 kg C ha−1 yr−1 in both cropping systems. In Rafidin,1

C storage for the intensive rotation was almost twice greater than those of the intensive treatment2

reported by Adviento-Borbe et al. (2007) whereas the crop residues were slightly lower.3

The C dynamics predicted by the model were evaluated at the daily time scale against microme-4

teorological measurements of CO2 exchanges for entire crop rotations, but it will be necessary to5

supplement this test by further verifying the ability of CERES-EGC to simulate the rate of soil6

C changes in the long term. With this test, we could also compare the methods of estimation of7

C term by computing either NBP or long-term simulations for assessing change of soil C stock.8

4.2 Model application for predicting global warming potential9

Applying the model to predict the GWPs of crop rotations was the second objective of this work.10

Climate variability on the different terms of the GHG balance was taken into consideration by11

computing the direct emissions over∼30-yr time series as the succession of∼10 rotations. As a12

result, the GWPs of Rafidin and Grignon-PP were markedly different: the rapeseed-wheat-barley13

rotation on a rendzina was a net sink of GHG with a GWP of -620 to-670 kg C ha−1 yr−1 for14

balanced and intensive treatments, while the wheat-maize-barley-mustard rotation on a loamy15

soil in Grignon was a net source of GHG, with a GWP of 670 kg C ha−1 yr−1.16

Few other references of GWP of crop rotations, in particularin Europe were available for17

comparison with our results. The GWP of Grignon is twice higher than that of 310 kg CO2-18

C eq ha−1 yr−1, measured by Robertson et al. (2000) for a conventional maize-soybean-wheat19

system in the US Midwest United States. The latter authors found no measurable soil C se-20

questration with conventional tillage, and our estimationwas also close to zero (-10 kg CO2-21

C eq ha−1 yr−1). However, their rotation included a legume crop (soybean)that required less22

N fertilizer amount than cereal or oilseed crops as into our rotation. In addition, the system23

boundaries they set for the indirect emissions were narrower than ours. They only accounted24
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for the CO2 emissions occurring during the production of agriculturalinputs, and not the other1

GHGs, although these may account for half of the total IE of GHG. Consequently, we estimated2

a twice higher IE term. In both cases, N2O emissions contributed 50% of the GWP but we3

estimated a N2O term twice higher than their estimate from measurements, 316 vs. 142 kg CO2-4

C eq ha−1 yr−1, respectively. Our estimations of indirect emissions are much more closer of those5

of Adviento-Borbe et al. (2007) who estimated indirect emissions that ranged between 290 and6

660 kg CO2-C eq ha−1 yr−1 for continuous maize and soybean-maize cropping systems (without7

accounting GHG contribution of irrigation and grain drying).8

4.3 Efficiency of mitigation options9

The last objective of this work was to assess the sensitivityof GWPs to different agricultural10

practices in order to test mitigation options. The most efficient strategy we identified was to11

return crop residues to the soil, ie the wheat and barley straw. The worst one was to remove12

the organic fertiliser application which was a substantialinput of C for the entire rotation. Al-13

though high CH4 emissions were recorded immediately after application, they were stopped by14

soil incorporation a few hours later and the soil was a net sink of CH4 during the rest of the year.15

The methane has little impact on the GHG balance but the incorporation of organic fertilisers16

immeditely after spreading appears as good option to reduceCH4 emissions from organic fertil-17

izer applications. In the same way, Jones et al. (2005) measured GHG fluxes from a managed18

grassland and reported that application of cattle slurry resulted in an immediate CH4 peak flux19

of 2850 g CH4-C ha−1 d−1, during 2-3 days. However, CH4 fluxes were insignificant compared20

to N2O emissions in terme of GWP (1500 times lower).21

Reducing N fertiliser rates lowers N2O and indirect emissions of GHG, but also C fixation by22

plants. As a result, the fresh organic matter supply in soil from crop residues is diminished. For23

the Rafidin site, the most intensive system (N2) had the lowest GWP due to its large capacity24
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to store C fixed by crops. On the other hand, adding a third N fertiliser split application on1

the wheat crop in the rotation of the Grignon-PAN2 treatmentresulted in a greater GWP due to2

higher indirect and N2O emissions compared to the benefits in term of C fixation. Thissupple-3

mentary application was mostly aimed at increasing proteincontent and not plant biomass.4

Assessing the effects of new mitigation strategies requires an integrated systems approach in5

order to encompass the indirect effects of mitigation strategies and counter-intuitive or uninten-6

tional flux changes (Robertson and Grace, 2004). Implementation of mitigation strategies that7

combines the options of i) enhancing soil carbon sequestration, ii) reducing N2O emissions and8

iii) minimizing synthetic fertilizer use would be highly efficient in term of systemic reduction of9

GWP.10

For example, Del Grosso et al. (2009) showed with the DAYCENTmodel that the most efficient11

strategy to reduce GHG fluxes, at the global scale, was to adopt no-till cultivation combined with12

nitrification inhibitors. However, no-till cultivation led to greater emissions in some wet regions13

of the world where soil moisture was conserved by no-till effect which enhanced denitrification14

and N2O emissions which offseted the overall benefits of C storage.15

Although the CERES-EGC model allowed us to quantify GWP of cropping systems and to test16

some mitigation strategies, it faced with a number of limitations, it lacks a capacity to i) well17

reproduce the effect of tillage practices on the soil C change, ii) reflect the nitrification inhibitor18

effects on N2O emissions and iii) simulate methanogenesis and methanotrophy processes in soil19

and the resulting CH4 fluxes. Further developments should focus on these points toimprove the20

accuracy of GWP quantification and the assessment of mitigation options and new mitigation21

technologies.22
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5 Conclusion1

The assessment of the direct emissions at the field scale is paramount in an accurate estimation2

of GHG balances for agricultural systems. Biophysical modelling of the soil-crop-atmosphere3

system provides a unique capacity to address this issue while taking into account the complex4

interactions between C and N cycling, as influenced by anthropogenic actions. Here, we tested5

and calibrated the CERES-EGC model to simulate the GHG fluxesof the agro-ecosystem, and6

showed it achieved satisfactory predictions of N2O and CO2 fluxes for different cropping systems7

representing distinct pedoclimatic conditions and agricultural practices.8

The C dynamics predicted by the model were validated at the daily time scale against microm-9

eteorological measurements of CO2 exchanges in two of the three sites, but it will be necessary10

to supplement this test by further verifying the ability of CERES-EGC to simulate the rate of11

changes in the long term.12

The modeling approach was used to devise different strategies to mitigate the GWP of cropping13

systems. Various scenarios involving some modifications ofcrop management (eg, fertilisation,14

rotation, crop residue management) were tested for this purpose. Other environmental impacts15

may be output by the model and included in the analysis, in particular the emissions into air or16

water of NH3, NO−

3 , or NO. Thus, the overall environmental balance of the agricultural systems17

may be approached, making it possible to design agricultural systems with high environmental18

performance.19
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N Fertilizer
Site Crop Sowing date Date Amount

(kg N ha−1)
GRIGNON-PP Wheat 16/10/2002 26/02/2003 52

27/03/2003 60
Barley 17/10/2003 18/02/2004 59

19/03/2004 59
02/04/2004 39

Mustard 02/09/2004 31/08/2004 Slurry (90)
Maize 09/05/2005 09/05/2005 140
Wheat 16/10/2005 15/03/2006 55

14/04/2006 55
Barley 06/10/2006 22/02/2007 55

22/03/2007 55
Mustard 22/09/2007 17/04/2008 Slurry (80)
Maize 28/04/2008 05/05/2008 60

RAFIDIN Rapeseed N0 09/04/1994
Rapeseed N1 09/04/1994 20/02/1995 80

15/03/1995 75
Rapeseed N2 09/04/1994 12/09/1994 49

20/02/1995 80
15/03/1995 75
29/03/1995 38

Wheat 27/10/1995 10/02/1996 60
10/03/1996 95
10/05/1996 65

Barley 27/10/1995 10/02/1997 90
10/03/1997 80

GRIGNON-PAN1 Wheat 27/10/2005 06/03/2006 50
07/04/2006 110

Barley 06/10/2006 04/03/2007 50
26/03/2007 70

Mustard 31/08/2007
Maize 07/05/2008 08/05/2008 140

GRIGNON-PAN2 Barley 05/10/2005 06/03/2006 50
07/04/2006 50

Mustard 30/09/2006
Maize 26/04/2007 02/05/2007 150
Wheat 24/10/2007 14/02/2008 50

03/04/2008 120
15/05/2008 40

GRIGNON-PAN3 Mustard 02/09/2005
Maize 26/04/2006 04/05/2006 160
Wheat 10/10/2006 05/03/2007 50

26/03/2007 70
Barley 08/10/2007 15/02/2008 50

05/04/2008 90

GEBESEE Sugar beet 20/10/2006 10/04/2006 30
Wheat 27/10/2006 27/03/2007 80

11/04/2007 Slurry (20)
03/05/2007 85
03/09/2007 FYM (200)

Table 3: Experimental treatments and N input rates at the Grignon, Rafidin and Gebesee sites.
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Site Treatment RMSE or RMSEP (in italics) computed with:
Initial parameter Posterior expectancy

values of parameters
Grignon-PP 20.2 14.2
Rafidin N0 4.6 0.3

N1 10.4 1.4
N2 15.9 3.0

Grignon-PAN1 10.4 9.6
Grignon-PAN2 7.4 7.0
Grignon-PAN3 7.6 7.3
Gebesee 7.6 4.6

Table 4: Root mean square errors (RMSEs) of daily nitrous oxide emissions, based on the ini-
tial parameters values and the posterior expectancy of parameters. The posterior expectancy
of parameters was computed from the the Bayesian calibration of the nitrous oxide module of
CERES-EGC against the N2O measurements of the Rafidin site and of the Grignon-PP exper-
imental site. For the Grignon-PAN1, -PAN2, -PAN3 and the Gebesee sites, the RMSEP was
computed with the posterior expectancy of parameters basedon the Bayesian calibration against
the N2O measurements of the Grignon-PP site.
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Agricultural
Time period CO2 N2O CH4 inputs Net GWP

Start End kg CO2-C eq ha−1

GRIGNON-PP
Maize 9 May n 15 Oct. n 27(4) 179(45) -2 310 514(55)
Wheat 16 Oct. n 5 Oct. n+1 969(139) 235(66) -5 324 1522(204)
Barley 6 Oct. n+1 21 Oct. n+2 356(45) 400 (94) -5 338 1087(138)
Mustard 22 Oct. n+2 8 May n+3 -1322(68) 136(41) 3 70 -1112(55)
Rotation 9 May n 8 May n+3 29(255) 949(247) -9 1042 2011(453)

RAFIDIN
Rapeseed N0 10 Sept. n 26 Oct. n+1 187(144) 101(18) - 99 387(162)
Wheat 27 Oct n+1 26 Oct n+2 -1701(473) 128(41) - 471 -1102(246)
Barley 27 Oct n+2 9 Sept. n+3 -61(12) 108(43) - 397 444(43)
Rotation N0 10 Sept. n 9 Sept. n+3 -1575(629) 338(101) - 967 -270(451)

Rapeseed N1 10 Sept. n 26 Oct. n+1 -1850(348) 121(27) - 359 -1370(220)
Wheat 27 Oct n+1 26 Oct n+2 -1355(361) 135(44) - 471 -750(155)
Barley 27 Oct n+2 9 Sept. n+3 -255(47) 117(44) - 397 258(31)
Rotation N1 10 Sept. n 9 Sept. n+3 -3460(756) 372(114) - 1226 -1862(406)

Rapeseed N2 10 Sept. n 26 Oct. n+1 -2158(429) 159(28) - 506 -1493(241)
Wheat 27 Oct n+1 26 Oct n+2 -1339(354) 136(45) - 471 -732(150)
Barley 27 Oct n+2 9 Sept. n+3 -309(58) 119(44) - 397 206(25)
Rotation N2 10 Sept. n 9 Sept. n+3 -3806(841) 414(116) - 1374 -2019(417)

Table 5: Predictions of net global warming potential (GWP) from simulations of net biome
production (CO2=-NBP) and N2O emissions, estimation of methane fluxes from chamber mea-
surements and indirect GHG costs of agricultural inputs. Simulations were averaged over 36 and
28 years for Grignon-PP and Rafidin cropping systems, resp.
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Agricultural
Time period CO2 N2O CH4 inputs Net GWP

Start End kg CO2-C eq ha−1

GRIGNON-PAN1
Wheat 27/10/05 05/10/06 1587 117 -6 371 2070
Barley 06/10/06 30/08/07 -209 208 -5 475 469
Mustard 31/08/07 06/05/08 579 101 -4 109 784
Maize 07/05/08 26/10/08 -2211 119 -3 299 -1796
Rotation 27/10/05 26/10/08 -254 545 -18 1253 1526

GRIGNON-PAN2
Barley 05/10/05 29/09/06 548 154 -13 224 913
Mustard 30/09/06 25/04/07 537 164 -8 115 808
Maize 26/04/07 23/10/07 -2310 140 -7 448 -1729
Wheat 24/10/07 04/10/08 1994 123 -13 643 2747
Rotation 05/10/05 04/10/08 769 580 -40 1430 2739

GRIGNON-PAN3
Mustard 02/09/05 25/04/06 372 71 -3 45 485
Maize 26/04/06 09/10/06 -2592 80 -2 241 -2274
Wheat 10/10/06 07/10/07 2023 221 -4 455 2695
Barley 08/10/07 01/09/08 101 139 -4 497 734
Rotation 02/09/05 01/09/08 -97 511 -12 1238 1640

GEBESEE
Wheat 27/10/06 05/10/07 -3773 158 -4 589 -3030

Table 6: Predictions of net global warming potential (GWP) from simulations of net biome
production (CO2=-NBP) and N2O emissions, estimation of methane fluxes from chamber mea-
surements and indirect GHG costs of agricultural inputs, for the one-year wheat crop cycle of
Gebesee and the three treatments PAN1, PAN2 and PAN3 of Grignon.
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Figure 1: Simulations (black line) and observations (grey points) of above-ground (ABG) crop
biomass (a) and times course of simulated (black line) and observed (grey symbols) of net ecosys-
tem production (NEP) on a daily time scale (b), at the Grignon-PP experimental field.
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Figure 2: Simulated (lines) and measured (symbols± sd) data for (a) above ground (ABG)
dry matter and roots for N1 treatment, (b) above ground (ABG)dry matter and roots for N2
treatment, in 1995 at Rafidin (France).
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(NEP) for the wheat crop cycle of Gebesee.
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Figure 4: Simulated (line) and observed (symbols±sd) of daily soil temperature (a), soil water
content (b) and nitrogen content in the 0-15 cm topsoil layer(c), for the experimental field site
of Grignon-PP.
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Figure 7: Simulated (line) and observed (symbols±sd) of daily nitrous oxide emissions for the
Grignon-PAN1 (a), -PAN2 (b) and -PAN3 (c) experiments.
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Figure 9: Breakdown of net biome production (NBP) into net primary production (NPP), soil
respiration (Rs), net ecosystem production (NEP), grain orsilage yields plus straw removal
(YIELD) for the four crops of the rotation (maize, wheat, barley, mustard) at the Grignon-PP
experimental site.
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Figure 10: Greenhouse gas cost of agricultural inputs and cropping operations for crop produc-
tion (indirect emissions) for the Grignon-PP (a), Rafidin (b) and Grignon-PANs (c) cropping
systems. The emissions are broken down into the input production, agricultural operations and
transport steps.
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Figure 11: Comparison of net global warming potentials of five scenarios averaged over 36-years
for the Grignon-PP experiment (I: initial scenario, SW: straw left on soil, CC: without catch crop,
N+: 50% more N fertiliser, N-: 50% less N fertiliser, ORG: without organic fertiliser).
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