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Abstract

Nitrous oxide, carbon dioxide and methane are the main bioggeenhouse gases (GHG) con-
tributing to net greenhouse gas balance of agro-ecosystevaliating the impact of agriculture
on climate thus requires capacity to predict the net exobsuod these gases in a systemic ap-
proach, as related to environmental conditions and cropgement. Here, we used experimen-
tal data sets from intensively-monitored cropping systemisrance and Germany to calibrate
and evaluate the ability of the biophysical crop model CEREX:CEo simulate GHG exchanges
at the plot-scale. The experiments involved major cropsy(peaize-wheat-barley-rapeseed) on
loam and rendzina soils. The model was subsequently exatapoto predict C@Q and NO
fluxes over entire crop rotations. Indirect emissions (liiag from the production of agricul-
tural inputs and from use of farm machinery were also addé#uktfinal greenhouse gas balance.
One experimental site (involving a maize-wheat-barleystard rotation on a loamy soil) was a
net source of GHG with a net GHG balance of 670 kg,&Deq ha! yr—!, of which half were
due to IE and half to direct N emissions. The other site (involving a rapeseed-whedéypa
rotation on a rendzina) was a net sink of GHG for -650 kg, @eq ha' yr—!, mainly due to
high C returns to soil from crop residues. A selection of gation options were tested at one
experimental site, of which straw return to soils emergethasnost efficient to reduce the net
GHG balance of the crop rotation, with a 35% abatement. IHglthe rate of N inputs only
allowed a 27% reduction in net GHG balance. Removing the acdartilizer application led
to a substantial loss of C for the entire crop rotation thas wat compensated by a significant
decrease of ND emissions due to a lower N supply in the system. Agro-et¢esysnodeling
and scenario analysis may therefore contribute to desiggugtive cropping systems with low

GHG emissions.
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1 Introduction

While the security of food supply to an increasing populat@s turned into a pressing is-
sue worldwide, the growing environmental footprint of agiture due to land use change and
management intensification is posing a forthcoming chgbefTilman, 1999). Assessing the
contribution of agriculture to climate change is one of tleg guestions that environmental sci-
entists have to address in order to identify possible meadorreduce the burden of agriculture
on global warming (Galloway et al., 2008; Sutton et al., 200¥griculture bears a significant
contribution to the anthropogenic emissions of greenhgases (GHG), with a share estimated
at 10-12% of worldwide emissions, corresponding to a net @.g.1 Gt CQ-eq y! (Smith

et al., 2007). In the case of arable crops, the latter figurleidtes the direct exchanges of GHGs
between agro-ecosystems and the atmosphere, but not tthearpgindirect) emissions result-
ing from the use of agricultural inputs and farm machinerijol should also be attributed to
agricultural activities (Ceschia et al., 2010). Direct esiuas of GHG are made up of three
terms: emissions of nitrous oxide, net carbon fluxes betvgedrplant systems and the atmo-
sphere, and methane exchanges. Nitrous oxid®©JNs produced by soil micro-organisms via
the processes of nitrification and denitrification (Hutcmin and Davidson, 1993). Arable soils
are responsible for 60% of the global anthropogenic emssid N,O (Smith et al., 2007), and
their source strength primarily depends on the fertilizenplts necessary for crop production.
Other environmental factors regulate these emissionadnal soil temperature, soil moisture,
soil NO; and NH] concentrations, and the availability of organic C substtamicro-organisms
(Conrad, 1996). The effect of these factors results in a lapg¢ial and temporal variability of
N>O emissions (Jungkunst et al., 2006; Kaiser and Ruser, 200@) second term in the GHG
balance, the net C exchange, equals the change in ecosysttoraGe. These variations reflect

the balance between C inputs to the agro-ecosystems, yarestdue return, root deposition



and organic amendments, and outputs via harvested biosmlsstganic matter mineralization,
erosion and leaching. At the rotation scale, the C budgéieidalance between the net ecosys-
tem production plus the import of organic C from manure aggion minus the C in harvested
biomass (Ammann et al., 2007; Ceschia et al., 2010; Grant,e2@07). Lastly, non-flooded
cropland is usually considered a weak methane-sink thajaets the GHG balance of cropping
systems by 1% to 3% (Mosier et al., 2005; Robertson et al., 2000

Indirect emissions of GHG arising from the production ofiagftural inputs (fertilizers, pesti-
cides and lime), fuel combustion and use of machinery ondhma fnay contribute as much as
half of the total GHG budget of agricultural crops (Advierorbe et al., 2007; Mosier et al.,
2005; Robertson et al., 2000). Thus, reducing the indiregsgons provides high potential to
mitigate the GHG budget of crop production (West and Mar|20D2).

The global GHG budget of an agro-ecosystem may be expresse@,iequivalents, using the
GWPs of all the trace gases with radiative forcing (IPCC, 200Various agricultural prac-
tices impact the GHG balance of agro-ecosystems. Some of iy first enhance the carbon
sink-strength of soils: conversion to no-tillage practidde introduction of catch crops, and the
incorporation of crop residues into the topsoil were showietd to possible C sequestration
into the organic carbon pool of agricultural soils (Arrosat al., 2002; Smith et al., 2001). The
evaluation of candidate agricultural practices to redheaiet GHG balance of agro-ecosystems
should encompass indirect and direct emissions of all Gld@yobid trade-off effects. For in-
stance, because the C and N biogeochemical cycles areantexcted, increased Gland N,O
emissions may offset the beneficial C storage associatédmitimum tillage practices aiming
at sequestering C in soil (Desjardins et al., 2005; Li et28lQ5a; Six et al., 2004).

In a given rotation, the previous crop affect the crop thdbfes because the crop sequence has
an effect on the nutrients’ turn-over, and soil organic anderal status. In addition, the nutri-

ents derived from fertilizers or biological fixation may leeycled or stored into the pools of the



soil organic matter (SOM), and may be re-emitted into air atewin subsequent years (Anthoni
et al., 2004; Del Grosso et al., 2005). Calculating the net Gidfance of a complete sequence
of crops is more relevant than calculating that of one sioghp.

Estimates of net GHG emissions from agro-ecosystems hareused to assess the effect of the
conversion to a new management practice, e.g., no-tilkhcatops, farmyard manure applica-
tion, or land use change (Bhatia et al., 2005; Mosier et aDb2Robertson et al., 2000), or for
inclusion into the life cycle assessment of a crop-derivextipct. These include biofuels, ani-
mal feed, or human food (Adler et al., 2007; Gabrielle andriaag, 2008; Kim and Dale, 2005).
Direct GHG emissions may be either estimated from dired fisdasurements (Adviento-Borbe
et al., 2007; Bhatia et al., 2005; Ceschia et al., 2010; Mosiak ,005; Robertson et al., 2000),
or by using biogeochemical models simulating GHG emiss(@ualer et al., 2007; Del Grosso
et al., 2005; Desjardins et al., 2005; Pathak et al., 200%)stMgro-ecosystems have a positive
net GHG balance (meaning they enhance global warming),hmitiend is mainly controlled
by the C storage potential of the soil. In the US Midwest, Rtdmer et al. (2000) measured
the net GHG balance of an annual crop rotation (maize-soyhdeeat) as 40 and 310 kg GO

C eq ha! yr=! for no-till and conventional tillage systems, respectivéh Colorado, for rain-
fed crops under no-till practices, Mosier et al. (2005) nieed a topsoil C-storage of about
300 kg CQ-C eq ha! yr~! in perennial, rainfed crops under no-till, which offset tither terms

in the GHG balance and resulted in a negative net GHG balan@&sd&g CO,-C eq ha! yr—1.
Adviento-Borbe et al. (2007) quantified GHG balances in faghtyielding maize systems in
Nebraska (USA) for continuous system and maize-soybeations, with recommended and in-
tensive management for both systems. They reported thal,@dluxes were similar across the
two treatments despite the large differences in crop manageand N fertilizer applications.
As a result, all the systems were net sources of GHGs with GBEI@nbes between 540 and

1020 kg CQ-C eq hal yr!.



Indirect emissions may be easily calculated thanks to datsbof life cycle inventories (Neme-
cek et al., 2003; West and Marland, 2002), but direct fieldssians of NO and C storage in soil
are extremely dependent of pedoclimatic conditions anct@agural management practices. To
take into account these sources of variability, and to @emgigation strategies, the processes
occurring in the soil-crop-atmosphere system should beefeddsimultaneously, together with
the effect of agricultural practices. In the past, modeapgroaches were developed in parallel
either by agronomists seeking to predict crop growth anldlgie relation to their management
(Boote et al., 1996), or by ecologists focusing on biogeodbaincycles and in particular min-
eralization, nitrification and denitrification in soils ¢e. Li et al., 1992). With the increasing
interest in the prediction of trace gas emissions from arablls (or pollutants in general), both
approaches have already been linked together in a moremggsperspective (Gijsman et al.,
2002; Zhang et al., 2002). The CERES-EGC model was designesving this purpose to es-
timate site-and-management specific environmental inspactegionalised inventories of trace
gas emissions (Gabrielle et al., 2006; Rolland et al., 2010).

The objectives of this work were: i/ to test and calibrate @RES-EGC crop model with ex-
perimental data from cropping systems representative ct&ke Europe, ii/ to apply the model
to assess the net GHG balance of the cropping systems, ingldislect and indirect emissions of
GHG and iii/ to assess mitigation options for net GHG emissenluction for a set of agricultural

practices in Western Europe.

2 Material and Methods

2.1 Experimental data
2.1.1 Field sites

The field experiments were carried out at three locationsesté&/n Europe, at Rafidin (northern

France, 48.5 N, 2.15 E) in the Champagne region in 1994-196859&et al., 1999), at Grignon



near the city of Paris (northern France, 48.9 N, 1.95 E) iM22008 (Loubet et al., 2011) and at
Gebesee (20 km NW of Erfurt in Germany, 51.1 N, 10.9 E) in 20067 (Skiba et al., 2009).

At Rafidin, the soil was a grey rendzina overlying a subsoil ofad compact and cryoturbed
chalk. The topsoil (0-30 cm) has a clay loam texture with 31&y and 28% sand, an organic
matter content of 19.5 g kg, a pH (water) of 8.3, and a bulk density of 1.23 Mg At
Grignon, the soil was a silt loam with 18.9% clay and 71.3% isilthe topsoil. In the top
15 cm, organic carbon content was 20.0 g kgthe pH (water) was 7.6 and the bulk density
1.30 Mg n13. At Gebesee, the soil was a Chernozerm (silty clay loam) witi8% clay and
60.3% silt in the top 20 cm, organic carbon was 23.0 g'kthe pH (water) was 6.7 and the bulk
density 1.3 Mg m?.

Table 1 recapitulates the crop sequences of the experihgtga and the main cropping op-
erations. The Rafidin site involved a rapeseed - winter wheanter barley rotation, and the
measurements essentially took place during the rapeseadngr cycle, from its sowing on 9
Sept., 1994 to its harvest on 11 July, 1995. Three fertilldereatments (N0O=0 kg N ha,
N1=155 kg N ha' and N2=242 kg N ha') were set up 080 x 30 m blocks arranged in a split-
plot design with three replicates. For this site, the rotadiwe simulated were only different
regarding the fertilizer N inputs on the rapeseed crop. Therccrops in the rotation (wheat and
barley) were managed identically in the NO, N1 and N2 rotegio

At the Grignon site, two experiments were monitored in gakaln two fields: a principal field
(Grignon-PP, 19 ha), on which a maize - winter wheat - wintndy - mustard rotation was
monitored since 2004 and 3 adjacent plots (Grignon-PANAN-R -PAN3, 2500 m? each) on
another field on which the same rotation was applied sincé,200h 0, 1 and 2 years time-lag
interval in order to have all the crops each year. The adjgulets were monitored from July
2007 to September 2008. In the rotation, a mustard was pldolewing the harvest of barley

the year before to serve as a catch crop to reduce nitrateitgadn the Grignon-PP field, dairy



cow slurry was applied between the harvest of barley andlt@ipg of mustard on 31 August
2004 (60 kg total N ha! and 45 kg N-NH ha!), and before the maize sowing on 16 April
2008 (80 kg total N ha! and 60 kg N-NH ha!).

At Gebesee, the 6-ha field was cropped from 2003 to 2007 witipaseed - winter barley -
sugar beet - winter wheat crop sequence. Two applicatioosgaiic fertilizers were carried out
in 2007, one application of cattle slurry (18 ima!) in the wheat crop on 11 Apr. and 35 tHa

of farmyard manure on 4 Sept. after harvest. For this sitepmi assessed the net greenhouse

gas emissions of the winter wheat cycle starting on 27 O@62Md ending on 5 Oct. 2007.

2.1.2 Soil and crop measurements

Soil mineral nitrogen content (NOand NH}) and moisture content were monitored in the fol-
lowing layers: 0-15 cm, 15-30 cm, 30-60 cm and 60-90 cm at &g 0-30 cm, 30-60 cm,
60-90 cm, and 90-120 cm at Rafidin, and 0-10 cm and 10-20 cm ageeb Soil samples were
taken in triplicates with an automatic (Rafidin) or manuali§@on and Gebesee) auger every 1
to 4 weeks, and analyzed for moisture content and mineralhd.|dtter involved an extraction
of soil samples with 1 M KCI and colorimetric analysis of thgsetnatant. At the three sites,
soil moisture and temperature were also continuously dstbusing TDR (Time Domain Re-
flectrometry, Campbell Scientific, Logan, Utah, USA) and thecouples at 5, 10, 20 and 30 cm
depth at Grignon, at 8, 16 ,32 and 64 cm depth in Gebesee and @t 80 and 45 cm depth at
Rafidin (N2 treatment). Soil bulk density was measured oneael site, using steel rings, by
layer of 15 cm over 0-60 cm at Grignon, by layer of 10 cm oveOQ@& at Gebesee and by layer
of 30 cm over 0-120 cm at Rafidin. For both experiments of Gnigaond Rafidin, plants were
collected every 2 to 4 weeks as soon as the plants were grpandgeparated into leaves, stems,
ears or pods, and roots. On the same as plant sampling, Emfratex was measured with an

optical leaf area meter or analysis of leaf scans. The pkmpges were dried for 48 h at 80° C



and weighted, and analyzed for C, N, P and K content by flash astian.
2.1.3 Trace gas fluxes and micrometeorological measurement

At the three sites, daily climatic data were recorded witraatomatic meteorological station,
including maximum and minimum daily air temperatures (° @nfall (mm day!), solar ra-
diation (MJ nmr? day!) and wind speed (m—s). The monitoring periods of GHGs for the 3
sites are summarized in Table 1. At Grignon and Gebesee, ¢éasurements of C(fluxes at
the field scale were carried out in the framework of the Carbopgiand NitroEurope integrated
projects (European Commission Framework VI research pnogie Aubinet et al. (2000)).
Water vapour and COfluxes were measured using the eddy covariance method abewedp
canopy. Wind speed was monitored with three-dimensionaitsamemometers, and G@on-
centration with infrared gas analyzers (model Li-7500 agy@n and model Li-7000 at Gebesee,;
LiCor Inc., Lincoln, NE, USA) located on a mast above the can@aily net ecosystem carbon
dioxide exchanges (g C ™ day!) were calculated by integrating the 30-minute fluxes deter-
mined by the micrometeorological measurements over eaghTee gap-filling methodology
of CarboEurope-IP was applied to the experimental data Batgd et al., 2001). Prior to gap-
filling, the gaps in the NEE times series represented 30 ar¥d 85the number of total values,
at Grignon-PP and Gebesee, respectively. At Rafidin, there me@ micrometeorological mea-
surements of C@exchanges.

For the Grignon-PP experiment,,@ emissions were measured with 6 automatic chambers
(55 L, 0.5 n1?2) with the method described by Laville et al. (2011). The chars were se-
guentially closed for 15 min, resulting in a cycle of 90 mirr tbe six chambers. TheJ®
concentrations were measured using an infrared gas anédyz® Analyzer 46C, Thermo Sci-
entific Inc., Waltham, MA, USA) which was connected on linglwihe chambers. Air was

pumped from the chamber into the gas analyzer and injecteldibto the chambers after anal-



ysis. Nitrous oxide fluxes were calculated from the slopehefdgas concentration increase in
the headspace over time. Nitrous oxide emissions were oredifor 442 days from January 1,
2007, to August 31, 2008.

For the three Grignon-PAN plots, the three GHGs@NCO, and CH) were measured with 5
static circular chambers (0.271¥) per plot. The chambers were closed over a period of 30 min-
utes and 4 gas samples were collected with a syringe at 0,01&n@ 30 minutes after closure.
Gas samples were analyzed by gas chromatography fitted wigheatron capture detector for
N,O analysis and with a flame ionization detector and a methafos CO, and CH, analysis.
From July 2007 to September 2008, eight manual chambersalsayeleployed in the Grignon-
PP field in order to measure,N, CO, and CH, fluxes on a monthly frequency or following
fertilizer application. An intensive monitoring of the GHgBnissions was carried out following
the slurry application in spring 2008 with gas sampling omilAl6, 17, 18, 21, 24 and 30.

At Gebesee, GHG measurements were carried out with manaatkmrs (10€100x30 cm)
from February 2006 to December 2007, weekly during the grgweason and every two weeks
otherwise. The chambers were closed for one hour and sagnpés carried out every 20 min-
utes during closure. Once canopy height exceeded 30 cm, ert@esions were fixed on the
chambers to include the total canopy. From February to Dbee2007, two automatic cham-
bers (95<25x 125 cm) were installed in the same plot. Gas samples werenatitally collected
every 20 minutes during one hour of closure and each chaméieclesed 6 times in a day. In
both cases, gas samples were analyzed with gas chroméatggragh as described above.

At Rafidin, nitrous oxide emissions were monitored by thastdtamber method using circular
chambers (0.2 n?), with 8 replicates on one 3@ 30 m plot for each treatment. On each sam-
pling date, the chambers were closed with an airtight lid, the head space was sampled 4 times
over a period of 2 hours. The gas samples were analyzed iabloedtory by gas chromatogra-

phy. The measurements were done every 1-3 weeks betweesn8ept 1994 and April, 1995

10



(Gosse et al., 1999).
At the dates of mineral or organic fertilizer applicatiohgtchambers were closed during the
spreading operation and then, the amount correspondirge toitamber surface was applied by

hand within the chambers.

2.2 Indirect GHG emissions

The GHG emissions associated with input production and Ufsera machinery were calculated
from the Ecoinvent life cycle inventory database (Nemede&l.e 2003). Table 2 summarizes
the GHG emissions (CQ CH, and N,O) associated with the different inputs, transports and
cropping operations. For each crop, specific elementaryagement operations including soil
tillage, fertilization, sowing, plant protection, harvesd transport were translated in terms of
GHG emissions based on the emission factors given in thenizoi database. The entire life
cycle of each machinery was computed by including the machiand the tractor production,
the production and consumption of diesel and the air ermssiiring the cropping operations.
For fertilizer and pesticides, the production and the tpansof the raw materials, the construc-
tion of the production plant and the air emissions during ufiacturing were included. The
final transport stage at the farm included the production e&ms of transportation, the energy

production and consumption and the air emissions were eduntthe indirect emissions.

2.3 The CERES-EGC model

CERES-EGC was adapted from the CERES suite of soil-crop mod®isghnd Kiniry, 1986),
with a focus on the simulation of environmental outputs suittate leaching, emissions ok
ammonia, and nitric oxide (Gabrielle et al., 2006). The ni@il@ulates the cycles of water,
carbon and nitrogen within agro-ecosystems (Gabriellé 1295, 2006).

Direct field emissions of C& N,O, NO and NH into the atmosphere are simulated with differ-

11



ent trace gas modules (Lehuger et al., 2009, 2010). Heregaus on gases with global warming
potential, i.e. CQand N,O.

Carbon dioxide exchanges between soil-plant system andrtiesphere are modeled via the net
photosynthesis and soil organic carbon (SOC) mineralizgiitocesses. Net primary production
(NPP) is simulated by the crop growth module while hetegiro respiration (Rs) is deduced
from the SOC mineralization rates calculated by the mi@iolgical sub-model. The net ecosys-
tem production (NEP), which is calculated as NPP minus Rs, lmagomputed on a daily basis
and directly tested against the net ecosystem exchangesiredeby eddy covariance (Lehuger
et al., 2010).

CERES-EGC simulates the,® production in the soil through both the nitrification ane th
denitrification pathways. The denitrification componericgkates the actual denitrification rate
(Da, kg N ha! d=1) as the product of a potential rate at 20 °C (PDR, kg N'hdr!) with three
unitless factors related to water-filled pore spage)fitrate content (k) and temperature (5

in the topsoil, as follows:

Da = PDR x Fy x Fy x Fy 1)

In a similar fashion, the daily nitrification rate (Ni, kg N had~!) is modeled as the product
of a maximum nitrification rate at 20 °C (MNR, kg N had~!) with three unitless factors
related to water-filled pore space (I, ammonium concentration (N and temperature (N
and expressed as follows:

Ni:MNRxNNxNWxNT (2)

Nitrous oxide emissions resulting from the two processessail-specific proportions of total

denitrification and nitrification pathways, and are caltedeaccording to:

NyO =r x Da+cx Ni 3)

12



where r is the fraction of denitrified N and c is the fractiomdfified N that both evolve as JO.
The N,O sub-model of CERES-EGC involves a total set of 15 parametelsding PDR, MNR,

c and r as defined above. The equations of the response fusatith the other associated
parameters are detailed in Lehuger et al. (2009). CERES-E@G€an a daily time step and
requires input data for agricultural management practiclésatic variables (mean air tempera-
ture, daily rain, global radiation and facultatively Permpeptential evapotranspiration), and soll

properties.

2.4 Parameter selection and model calibration

The parameters of the G@xchange module of CERES-EGC were estimated by Bayesian cal-
ibration in a previous study (Lehuger et al., 2010) and wealdkem for the model simulations
of net ecosystem exchanges. A multivariate global seitgitnalysis, developed by Lamboni
et al. (2009), allowed us to select the 6 most sensitive peatens of the NO emission module
of CERES-EGC. The most influent parameters were then estimatied\Bayesian calibration
approach. Table 3 recapitulates the parameters involvéteicalibration. The calibration was
carried out with the DO emission measurements of the experimental site of Gridttover
the years 2007 and 2008 (340 days of monitoring). The caéidrparameters were then used to
simulate the NO emission from the Grignon-PAN and Gebesee experiments. pahameters
values used for the Rafidin site originated from a previousdition (Lehuger et al., 2009).

Van QOijen et al. (2005) and Lehuger et al. (2009) describeatkiails the Bayesian method that
was used in this work. Briefly, the aim of Bayesian calibrati®toi reduce the prior parameter
uncertainty by using measured data, thereby producingdktepor distribution for the param-
eters. In our case, we specified lower and upper bounds ofatemgterization uncertainty,
defining the prior parameter distributions as uniform (€B). The posterior probability den-

sity function (pdf) is then computed by multiplying the pripdf with the likelihood function,

13



which is the data probability given the parameters. Becausieapility densities may be very
small numbers, rounding errors needed to be avoided andlaillations were carried out using

logarithms. The logarithm of the data likelihood is thusigets follows, for each data set.Y

logL; = Z (—0.5 (w) — 0.5log(27) — log(@)) (4)

=1 73

where y is the mean NO flux measured on sampling date j in the data seantio; the stan-
dard deviation across the replicates on that datdas the vector of model input data for the
same datef (w;; 0;) is the model simulation of ywith the parameter vect®, and K is the total
number of observation dates in the data sets. To generafgesentative sample of parameter
vectors from the posterior distribution, we used a Markovi@hMonte Carlo (MCMC) method:
the Metropolis-Hastings algorithm (Metropolis et al., B95For each calibration, three parallel
Markov chains were started from three different startingp{san the parameter spaag). Con-
vergence was checked with the diagnostic proposed by GedmdrRubin (1992). The chains

were considered to be a representative sample from therjwogtef, and the mean vector, the

variance matrix and the 90% confident interval of each paramveere calculated.

2.5 Model evaluation

Two statistical indicators were used to evaluate the medglbdness of fit to observed data: the

mean deviation (MD) defined as:

K
Z wka 9[ (5)

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

RMSE = J %Z(yj — fwg; 6)))? (6)

j=1
where y is the time series of the observed data on day | of data setrid f(u;; 6;) is the corre-

sponding model predictions with input variablesand parameters;.

14



The RMSE was computed for the experiments used in the cabbré®&rignon-PP and Rafidin)
and in the subsequent model testing against the indepeddéamtsets of Grignon-PANs, and
Gebesee. In both last cases, the RMSE corresponds to the eaotsquare error of prediction
(RMSEP®)), since the data were involved neither in parameter estimaor model develop-

ment (Wallach, 2006). The RMSEP was computed for the predistof N,O emissions.

2.6 Net greenhouse gas emissions of crop rotations
The carbon balance was calculated as the net biome prodbt®P) equal to:
NBP = NEP — Exported biomass + Imported biomass (7)

The NEP is the net ecosystem production and corresponds tettC exchanges between agro-
ecosystems and the atmosphere. Exported biomass cordssfmoharvested products and im-
ported biomass to the applications of manure or compost. cahnaon dioxide exchange for a
crop was accumulated from its sowing to the sowing of theofaithg crop. The values of NBP
were obtained by averaging the NBP simulated over 12 maizsaisbarley-mustard rotations
on a 36-yr series of historical weather data (1972-2008%fignon-PP, with constant crop man-
agement corresponding to the real practices of the 2003-2@p sequence (Table 1). The same
simulation was done for the three treatments of Rafidin ovap@seed-winter wheat-winter bar-
ley rotations on a 27-yr series of weather data with constiaorg management corresponding to
the practices over the 1994-1997 time period (Table 1). &itmg the rotations over about 30
years allowed us to explore the climatic variability andetfect on the net primary production
and soil respiration. For Grignon-PANs and Gebesee siimakstthe model was run for two ro-
tations before the measurement period to stabilize the QNeswll pools and dampen the initial
conditions and only the last rotation was used to comput&tié balances.

The net greenhouse gas balance of crop sequences was cdropwtdding model predictions

of NBP and NO emissions, measurements of Cékchanges in the case of Grignon-PP and
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the indirect emissions. Global warming potential of the GH&ere used at the 100-year time
horizon (CQ=1, CH;=25 and NO=298 ; IPCC (2007)). The usual sign convention for NBP
is that a positive NBP corresponds to a net carbon fixationweuteversed it in the calculation
of the net GHG balance. Methane fluxes were ignored to conthat&HG balance of Rafidin
rotation due to a lack of measurement for this gas at this 5ite GHG balances were expressed

in kg CO,-C equivalent using the mass conversion factor of 12/44 kg CA,.

2.7 Mitigation scenarios

Five scenarios were tested in order to assess the effectiotiigral practices on the net GHG
balance, and to explore the potential of GHG abatement apang systems level. They were
implemented based on the Grignon-PP rotation, with a 36gjieaulation time period. The first
scenario W) was designed to assess the effect of returning straw tothather than removing
it. The scenario@C) compared rotations with and without a catch crop, in thseca mustard
was grown between the harvest of a winter crop and the sowiagpring crop. We also tested
the effect of N fertilization rates by simulating rotatiowsth either 50% less (scenarhg-) or
50% more (scenaridl+) N inputs compared to the baseline management. The lasaisgen
(ORG) was run to evaluate the effect of the absence of C and N impot §lurry application on
the GHG balance of the rotation compared to the baseline geamant with a slurry application

after barley every three years.

3 Results

3.1 Model testing
3.1.1 Crop growth

At Grignon, the crop growth was well simulated for the vasauwop species of the rotation, as

reported in Fig. 1.a. The maize silage yield was underestichim 2005 with bias (observed -
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simulated yields) of 1960 kg DM hd, due to too high water stress simulated but the maize yield
was well simulated in 2008. The grain yields of barley andterinwheat were predicted with
discrepancies of -100 and -430 kg DM Habetween simulations and observations. The LAI
increase and the senescence phase were well simulated RMS& of 1.37 M m~2 over the
period 2005-2008 (Fig.1.b).

At the Rafidin site, CERES-EGC provided good simulations of sapd growth for the N1
and N2 treatments. The simulated patterns of biomass (Rigd® LAI (Fig. 2b, €) and N
content (Fig. 2c, f) variations matched the observatiorex ¢ve entire growing cycles. Final
grain yields were well estimated, with a simulated value & 8DM ha ! and an observed
one of 4.1 t DM ha! for N1, and an exact match at 4.9 t DM Hafor N2. The root mean
square errors of the simulated LAl against the measured L&xev0.7 and 0.5 fim~2 for the
rapeseed crop of the N1 and N2 treatments respectivelyhEdd® treatment (unfertilized), the
model overestimated LAI by a factor of 2 throughout the grayseason, but total above ground
biomass was underestimated by about 25% when compared tathgnot shown). For this
treatment, the simulated N stress was too high at the endeagrtip’s growing cycle to allow

sufficient grain filling, and the final grain yield was unde¢ieated as a result.
3.1.2 Net carbon exchanges

The carbon dioxide exchanges measured by eddy covarianeeused either to calibrate the
model parameters or to evaluate the model prediction acgytaehuger et al., 2010). The
measurements from Grignon-PP were used for the parameimaten and those of Gebesee
for evaluation of the model prediction accuracy. For botbssiNEP was well simulated at daily
and seasonal scales (Fig. 1.c and Fig. 3). The RMSE computéldef@rignon-PP experiment
was 1.90 g C m?*d—! (n=1627) and the RMSEP of Gebesee 1.5 g Cdn' (n=310). The RMSE

of cumulative sum of NEP was 137.65 g C frover the 2005-2008 maize-wheat-barley-mustard
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rotation at Grignon-PP and 90.95 g C frover the 2007 winter wheat crop cycle at Gebesee.
3.1.3 Soil drivers of NJO emissions

Figure 4 provides a test for the simulation of the key drivars, O emissions at the Grignon-PP
site. Soil moisture, temperature and inorganic N contentrobN,O emissions by their influ-
ence on the nitrification and denitrification processes. Agi@n, for the period of measurement
(2006-2008), their dynamics were well predicted (Fig. 4., 4.c), except for soil water content
which was slightly underestimated during summer period¥i@7 and 2008. Table 4 recapitu-
lates the MDs and RMSEs computed with the different soil dsivesed as input variables of the
N,O emission module. Soil temperature and soil water conten¢ well predicted by the model
with RMSE close to 3°C for the soil temperature and from 4 to 8% for the soil water content
across the field-site experiments. The model's RMSE over the8riments ranged between 9.9
and 57.0 kg N ha! for the simulation of nitrate content and to 4.1 to 28.6 kg N'Har the am-
monium content. For the Grignon-PAN2 field site, the moddIlrt fit with the measurements
of NO; and NH} soil contents. An over-application of nitrogen due to wraedtings of the
fertilizer spreader in this plot could explain the high N ambin soil and the lack of correlation

between measured N concentration values and recordediltésrsupplies in this plot.

3.2 Nitrous oxide emissions

The three parallel chains that were run for the Bayesian regidn against Grignon-PP site,
converged well for all the parameters after 50 000 iteratiofable 3 summarizes the posterior
expectancy of parameters, their standard deviation anddbeelations with other parameters.
The posterior ratio of DO to total denitrification was higher than its default valudile the
posterior potential denitrification rate was highly rediicéown to 0.33 compared to a default
value of 6.00 kg N ha'! d~!. On the other hand, the posterior value of the WFPS threshold

for denitrification, the half-saturation constant for defication and the temperature threshold
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remained close to their default values.

Fig. 5 compares the simulations of daily® emissions after calibration and the observations of
the Grignon-PP experiment. There was good agreement betsweeilated and observed data
during the mineralization of crop residues of the barley002 The RMSE between simulated
and measured data for the period from 19 Jul. 2007 to 23 J&8 &8s 7.6 g NO-N ha ! d!
(n=183 and mean of measured data=7.0,@MN ha! d-!). The first measured emission peak
in March 2007, corresponding to the first N fertilizer apation, was not captured by the model
due to simulated WFPS remaining under 61% - the thresholdrilggers denitrification in the
model. The high fluxes that occurred in spring 2008 conseetnithe slurry and N-fertilizer ap-
plications for maize were well predicted. The subsequeseénied NO emissions were low and
the model simulated emissions close to zero. The RMSE olatauith the complete measured
data set and the posterior expectancy of parameters wass33%hban with the default parameter
values, evidencing the benefits of the calibration (Table 5)

Fig. 6 shows the dynamics of;® emissions for the three treatments of the Rafidin sites. Ob-
served NO emissions were very low even for the high-N input treatn{Bi®). In fact, for this
treatment, the highest emission rate measured was 7g\N\ha! d—!. At this site, the rates
of N,O emissions from denitrification were close to zercenidult et al. (2005) estimated that
98% of the NO emissions originated from the nitrification process atsthime Rafidin site. The
predicted rates of ND emissions were satisfactory, with RMSEs of 0.3, 1.4 and 3\ ©-

N ha ! d—! after calibration for the NO, N1 and N2 treatments respetti¢Table 5).

The calibrated model was used to simulate the experimer@@sighon-PAN1,-PAN2 and -PAN3
and of Gebesee. We could thus assessed the model prediotiorvia the calculation of the
RMSEP, as reported in Table 5. Values of RMSEP were lower wélcHiibrated parameter set
compared to the default one, by 6.3% in average for the GnigPAN1, -PAN2, -PANS3 treat-

ments and by 39% for Gebesee experiment. Fig. 7 depicts 4@eelfissions over one year for
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the three treatments PAN1, PAN2 and PAN3 of the Grignon siteshows that the model pre-
dicts the NO emission peaks subsequent to the N-fertilizer applinatiat occurred in spring
2008, and also the period of low emissions ensuing.

Fig. 8 shows the time course of,® emissions at Gebesee. The low emissions and the largest

N,O peaks occurring in Sept-Oct 2007 at this site were predlicyethe model.

3.3 Simulation of crop rotations

In the previous section, we tested and calibrated the CERES4BGdel against datasets from
8 field site experiments involving different sets of cropagppedoclimatic conditions, and agri-
cultural practices. In the present section, we used the htodmlculate the GHG balance of
complete crop rotations, including net C exchanges, degussions of NO and CH fluxes in

the field, and indirect (upstream) emissions.
3.3.1 Net biome production

Fig. 9 displays the breakdown of the NBP for the Grignon-PBtiat. The net ecosystem pro-
duction values were 582890 kg C ha', 5301750 and 4778634 kg C ha' for maize, wheat
and barley, respectively. For the mustard, the soil reBpirderm was greater than net photo-
synthesis, and NEP was thus negative at 488 kg C ha'! (Table 6). At Rafidin, the NEP of
rapeseed was 1383420, 4263-995 and 46321168 kg C ha! for the NO, N1 and N2 treat-
ments, respectively (Table 6). The NEP of wheat ranged letw877 and 5194 and the NEP of
barley between 3149 and 3440 kg C h4Table 6). Inter-annual variability was quite large for
the net primary production (Fig.9),pinpointing the stratggpendency of crop growth on climate.
The coefficient of variation (CV, ratio of the SD to the meanyW@a% on average for the maize,
wheat and barley crops.

Over the 36-yr simulation periods with the maize-wheatdyamustard rotation in Grignon-PP,

we estimated a stable soil organic C (SOC) stock with a sligbs bf 10 kg C ha! yr—!. At
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Rafidin, we estimated large SOC accumulation rates amoutat®®p, 1153 and 1269 kg C hayr—!
for the NO, N1 and N2 treatments, respectively. This arisegart because of the lower frac-
tion of net primary production which was exported out of tleddj compared to Grignon-PP. At
Grignon, the straw of wheat and barley was removed for usaiasadlitter, whereas at Rafidin
the straw was left on the soil surface at harvest, and subsdgiuncorporated into the topsoil.
As a consequence, the C inputs from crop residues were mgheihat Rafidin than at Grignon,
averaging 4250 kg C ha yr—! for the N1 rotation and 4290 kg C hayr—! for the N2 rotation
(Table 6). With these levels of C inputs to the soil, the CEREZZENnodel predicted a high C
sequestration for the rotations of Rafidin suggesting traRfidin soil was a potentially large
sink for atmospheric CO

For the other experimental fields of Grignon, the NBPs werdeB88he PANL1 treatment, 256 for
the PAN2 treatment and -32 kg CHayr—! for the PAN3 treatment (Table 7). Despite its largest
NEE, the NBP of Grignon-PAN2 was higher than those of GrigRaiN1 and -PAN3 due to its
large maize exports in 2007. At Gebesee, the NEE and explontkeat crop cycle were half of
the averaged NEE and exports of the Grignon-PANSs, but tige lamount of C from manure and

slurry applications made the NBP very low at this site.
3.3.2 Indirect emissions

The GHG of agricultural inputs contributes a large part e HG balance of agro-ecosystems.
For the Grignon-PP cropping system, the mean IE were 350 kg@©®@q ha' yr—! which
represented half of the GHG balance. For the Rafidin systesréan IE were 320, 410 and
460 kg CQ-C eq ha' yr~! for the NO, N1 and N2 treatments, respectively (Table 6). tRer
Grignon-PAN treatments, the mean IE were 420, 480 and 410 kg@é&xy ha' yr—! for PAN1,
PAN2, PAN3 treatments, respectively. The IE were 589 kg©Ceq ha'! yr—! for the wheat

crop cycle of Gebesee, a higher value compared to the otieetlis® to more frequent cropping
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operations(Table 7). N fertilizer production is the top tdoutor to the IE by a wide margin,
with a 55-75% share (Fig. 10). Cropping operations came mdgit, a 30-40% in the total IE
term, mainly due to fossil-fuel combustion by farm machyndrhe transport of inputs from the
production plant to the farm was the lowest contributor ®@&HG balance with less than 1% of

IE.

3.4 Net greenhouse gas balance

The simulation of rotations enabled us to explore the efféatlimate variability on biomass
production and DO emissions. At Grignon-PP, 8 emissions averaged 3161 kg CG-

C eq ha! yr—! (CV=20%) over maize-wheat-barley-mustard rotation, and:stanated a GHG
balance of 2011 kg COC eq ha' over the full rotation or 678226 kg CQ-C eq ha! per year
on average (Table 6) for this system. Methane measurentrentstianual chambers allowed us
to estimate its contribution to the final GHG balance. The@oh soil was a weak methane sink
which mitigated the GHG balance of the rotation by only 2%.

At Rafidin, we estimated three times lowes®l emissions than at Grignon-PR 140 kg CQ-

C eq ha' yr1), and a large C storage potential resulting from the higkllef residue return
that offset the emissions of,l and the indirect emissions. The GHG balances were-62@,
-621+660 and -673723 kg CQ-C eq ha'! yr~! for the NO, N1 and N2 systems, respectively
(Table 6). The Rafidin crop rotation is an intensive systerh wihigh level of inputs and indirect
emissions of GHG, but it is compensated for by the resultigh potential of biomass produc-
tion and SOC storage. Overall, the Rafidin system emergesatmity strong sink of GHG.
The Table 7 summarizes the GHG balances for the PAN1, PANR3RAeatments of Grignon
and that of the wheat crop cycle of Gebesee. For each fieldasitg one crop sequence was
simulated. The Grignon-PANs experiments had the same @qgpesices as Grignon-PP but

without slurry application and maize was harvested forrgaaud not for silage as it was the case
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at Grignon-PP. The PAN1, PAN2 and PAN3 treatments were ngtee of GHGs with 509, 913
and 547 kg C@-C eq ha' yr!, respectively. The net GHG balance was higher in the PAN2
treatment due to an additional N fertilizer application dmeat in comparison with the two other
treatments. At Gebesee, the wheat crop cycle was a high 8@KGs due to high C input from
manure and slurry applications during its cropping cycle.

Figure 11 shows the ratio between net GHG balance and kg Otexp(GHG intensity) for
each crop of the different treatments. The GHG intensitiesevall lower than 1 meaning that
the net GHG balance in C-eq were all lower than the C exports (Fi). In some cases the
ratio can be below 0 meaning that the crop had fixed more C tileaum of all the GHG emis-
sions plus the C exports. The maize crop in Grignon-PAN1 &*#dN3 had the lowest GHG
intensities due to a large return of crop residues to the sbile GHG intensity of maize in
Grignon-PP was slightly higher than O due to an export of hrapete plant for silage. The
highest GHG intensities were those of the wheat crop of thei§Gn-PAN treatments with a
mean value of 0.41 kg CC kg! C exported followed by the Grignon-PP with a value of 0.25
and those of Rafidin treatments with a mean value of -0.24. dda&ianal N fertilizer applica-
tion in the Grignon-PAN2 treatment led to a higher GHG inignsompared to Grignon-PAN1
and Grignon-PAN3 (0.46 vs 0.37 an 0.39 kg £O kg~! C exported respectively). It did not
lead to an extra C fixation and higher yield that compensdtedtditional indirect and direct
emissions. While the management of the barley crop was gifieeht between the treatments
(Table 1) the GHG intensities were quite homogeneous argethhetween 0.06 and 0.21. The
GHG intensities of rapeseed crop from Rafidin N1 and Rafidin M2jarte similar. The largest
GHG emissions of the N2 treatments are compensated by a e productivity and return
of crop residues compared to the N1 treatment. The vatiglfithe GHG intensity within the
crop species was high suggesting that ascribing a unique yar crop was not possible if the

management and pedoclimatic conditions were not takerartount.
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3.5 Mitigation strategies

Figure 12 compares the net GHG balance of five scenarios Widnahtiated management crop
practices. The initial (baseline) scenario was the crappystem of Grignon-PP, as described in
section 2.7. Scenarf®N with straw returned to the soil had the lowest GHG balancdadadiigh
negative CQ balance. Despite of a substantial increase of soil regpirg#50% compared to
the initial scenario), the return of C from crop residueséased the SOC by 265 kg CHayr !
and reduced the GHG balance by 35% compared to the baseline.

The effect of not planting the mustard catch crop betweelepand maize was negligible com-
pared to the initial scenario. This was due to a very low Cifdxesimulated in the initial scenario
and the C input from slurry application, that made mustarglang C sink, was attributed to the
previous barley crop in this scenario.

Nitrogen fertilization affects the GHG balance due to iteetls on C fixation, NO emissions
and indirect emissions. Increasing the amount of minerailizers by 50% involved a GHG
balance 22% higher than that of the initial scenario for Wwhite N fertilization was balanced in
relation to N crop demand. JO emissions were increased by 17%, indirect emissions by 27%
and net primary production only by 1% meaning that optimald/was already reached with
fertilization in the initial scenario. On the contrary, deasing the N fertilizer by 50% led to a
27% decrease of GHG balance compared to the initial scenario

We assessed in the last scenario, the effect of slurry ajalicon the GHG balance. Organic fer-
tilizer application represented large inputs of C and N tepa the agro-ecosystem, and its elimi-
nation of the rotation resulted in a 45% higher GHG balan¢éaireduction of 20% of the fO
emissions in comparison with initial scenario. Slurry adidethe crop system 1760 kg C ha
which represented half of the C exported by straw removal.

The GHG intensities were 0.12, 0.09, 0.12, 0.14, 0.09 and Ky1CO,-C eq kg C! for the

I, SW, CC, N+, N- and ORG scenarios for the entire rotations, respectively (datashotvn).

24



The worst option was the removal of organic fertilizer in tb&tion followed by the option of
increasing N fertilizer rate by 50%. Decreasing N fertitizate by 50% led to a similar GHG
intensity as the option of straw incorporation in soil withealuction of around 20% of the GHG

intensity compared to the baseline scenario.

4 Discussion

4.1 Relevance of modeling to the estimation of GHG balances

The first objective of this work was to test and calibrate thd(REE-EGC model against exper-
imental data of CQ, N,O, soil variables and crop biomass, from 3 temperate sitestdd in
Western Europe. The model adequately captured the timseaditotal above-ground biomass
for the crops of the rotations (maize, wheat, barley, rap#sealong with the net carbon ex-
changes between the soil-plant system and the atmosploenedily to growing season and
crop rotation time scales. The soils drivers fofQNemissions were correctly predicted for all
sites except at Grignon-PAN2 where N soil content measunegsweere not in agreement with the
amount of N applied. Accordingly, /D emissions were in agreement with the observations in
all sites with RMSEs or RMSEPs computed with the calibratedehtiht ranged between 0.3 to
14.2 g NO-N ha! d=!. At Grignon-PP, the underestimation of SWC during the dpesiods in
summer did not lead to model error of@ emissions because denitrification was inactivated by
the low WFPS which was below the activation threshold paranddtthe denitrification process.
Applying Bayesian calibration to the six most influent partaneof the nitrous oxide emission
module allowed us to reduce error of prediction by 6-40% cara@ to default parameters-based
simulations against 4 independent data sets ) Keasurements. The mean RMSEP gON
emissions for the 4 treatments of model validation (GrigR&iN1, -PAN2, -PAN3 and Gebesee)
was estimated to 200% relatively to the daily mean of meakshis®© fluxes. The uncertainty of

model simulation at daily scale was quite high but the pragiag of this normal error of stan-
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dard deviation 200% times the daily @ flux in the calculation of the accumulated® budget
over the full rotation, led to an error of 10% around the sabed annual mean (i.e. 95 kg GQ

eq for the full rotation). Hence the uncertainty on the acelated NO flux was low enough to
allow us the comparison between different mitigation scesa

The model was not designed to simulate neither th® Monsumption by soil surface nor the
N,O production after freeze-thawing. Few field studies hawwvshand explained the denitri-
fication dynamics for these types of processes (Neftel eR@07). The mechanisms are still
not very well-known and it is still difficult to formalize thsoil processes in our model. Several
hypotheses which are reported in Laville et al. (2011) majar the fluxes during freeze-thaw
periods and only few models are able to estimate the €t &missions, e.g. de Bruijn et al.
(2009) tested different hypotheses with the MOBILE model &ndnt and Pattey (1999) incor-
porated the mechanisms in the Ecosys model. The inabilt@ERES-EGC to simulate the
mechanisms may lead to overestimation of the net emissiareas with stronger continental
influences and frequent freeze-thawing but the effects df guocesses were of relatively low
magnitude at Grignon, and neither was noted at Rafidien@dlt et al., 2005). However, the
model can not predict the JJO deposition and ND emissions due to freeze-thaw periods that
were observed at the Gebesee site.

Other studies with similar modeling approaches reportrdisncies between modeled and ob-
served NO data in a similar range as our simulations. Del Grosso €2808) reported that
DAYCENT largely overestimated )D emissions in irrigated system -daily Rere less than 2%-
due to an over responsive effect of soil NOn N,O. In the same way, Babu et al. (2006) indicate
that the DNDC model predicted daily,® fluxes with a large lack of fit (RMSE = 529.6 g.8-

N ha ! d=!, n=134) for rice-based production systems in India witthHayel of N,O emissions
(observed daily mean=49.4 g,®8-N ha* d!). Frolking et al. (1998) and Li et al. (2005b) com-

pared different models or sub-models for their aptitudeinoutate N O emissions from crop-
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land, and in most cases, the models were not able to capteiis,t flux dynamics because
of temporal deviation of the fluxes, time lag between obskamd modeled peaks and over- or
underestimation of the measured@peaks.

Regarding the C balance, we assumed that the budget betweaettlecosystem production,
the organic C exported by harvesting and imported by mareftected the SOC changes. The
C-budget of the Grignon-PP field-site was nearly balancedev&afidin had a high potential of
C sequestration resulting from a high C fixation by crops atatge fraction of inputs as crop
residues due to no straw exports. As a consequence, the ®tHgestwas estimated between
500 and 1300 kg C hd yr—! for the various treatments at Rafidin. This result is in agesm
with the relatively low SOC mineralization rate of rendzswils (<0.5% of SOC yr'), such as
that of Rafidin, due to physical protection process by the &iom of calcite on the organic frac-
tions (Trinsoutrot et al., 2000). Thus, the high level ofrhass production permitted by ample
fertilizer inputs, together with this low SOC mineralizatirate induced a large net fixation of
atmospheric CQ Adviento-Borbe et al. (2007) measured the SOC changes dver geriod

in continuous maize system with recommended and intensitiéZation treatments (+70-100%
more N fertilizer applied than in the recommended treatinentiebraska (USA). They reported
SOC sequestration rates of 440 and 620 kg C lya~! for the recommended and intensive treat-
ments, respectively, mainly due to high C residue from maines which ranged between 5500
and 6500 kg C ha yr~! in both systems. At Rafidin, SOC accumulation for the intemsita-
tion was almost twice greater than those of the intensianrent reported by Adviento-Borbe
et al. (2007) whereas inputs from crop residues were sjidgbver.

The C dynamics predicted by the model were evaluated at thetitae scale against microme-
teorological measurements of @é&xchanges for entire crop rotations, but it will be necessar
supplement this test by further verifying the ability of CEREGC to simulate the rate of soll

C changes in the long term.
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4.2 Model application for predicting net GHG balance

Applying the model to predict the GHG balance of crop rotagiavas the second objective
of this work. The GHG balances of Rafidin and Grignon-PP werekety different: the
rapeseed-wheat-barley rotation on a rendzina was a neo$iG#G with a GHG balance of
-620to0 -670 kg C ha! yr~! for the N1 and N2 treatments, respectively, while the maibeat-
barley-mustard rotation on a loamy soil at Grignon was a natce of GHG, with a balance
of 670 kg C ha! yr=!. The main difference between both sites was from the manegeai
the crop residues and its effect on the variation of SOC. Intiadl the soil type at Rafidin
minimized the NO emissions due to its soil specific parameters that infuliite denitrification
process (#nault et al., 2005). Hence the® flux at Rafidin N1 was 2.5 times lower than that
of Grignon-PP whereas the IE were only 15% lower for the ratadf Grignon-PP.

Our results were within the range of GHG balances reporte@dschia et al. (2010) who com-
puted GHG balances of 15 cropland sites in Europe based gnaeddriance CQ flux mea-
surements. The study sites were sources of GHG by-£96@0 kg C-eq ha! yr~—! on average.
Their estimation for the Grignon-PP site was 3590 kg C-egtyra! by including only winter
wheat and barley crops during the period 2006-2007. While #valuation of NO emissions
and indirect emissions were 44% (176 vs. 316 kg C-ed lya~!) and 37% (220 vs. 347 kg C-
eq ha' yr=1) lower, respectively, than our estimates, the net C bakmee 5 and 4 times
higher than our values for wheat and barley, respectivdigirivalues of cumulated indirect and
N,O emissions represented 10% of the GHG balance on averageaghse estimated that the
IE and NO emissions each contributed half of the emission sourc€sighon-PP. The differ-
ences with their results were from (i) the methods used imagt, NBP, IE and DO emissions
and (ii) the system boundaries for IE. They used IPCC emidsiciors to estimate fD emis-
sions and a compilation of literature data for IE, whereasisexrl the CERES-EGC model and a

LCA database, respectively.
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4.3 Efficiency of mitigation options

The last objective of this work was to assess the sensitfiyHG balances to different agricul-
tural mitigation practices. The most efficient strategy denitified was to keep the crop residues
in the system without exporting the straw produced by whedtzarley crops. The scenai$uV
had also the lowest GHG intensity: 0.09 kg C eq k@ exported against 0.12 kg C eqkgC
exported for the initial scenario. Laville et al. (2011) sleal that the mineralization of organic
matter by incorporation of crop residues was found to be drteeomain factor controlling the
N,O emissions peaks at the Grignon-PP site. The authors déstirtzat between August and
December 2007, the accumulatedNemissions over the 5 months totaled 56% of the annual
emission although no N was applied during this period. Incase, while the mineralization of
crop residues and soil organic matter after the harvesoledlbstantial DO emission peaks, it
was not high enough to offset the beneficial effects of thet@me

The worst option consisted of removing the organic feeiliapplication which provided a sub-
stantial input of C for the entire crop rotation. The simo&aus decrease of N supply in the
system did not lead to significant reduction giemissions which could have compensated the
C loss. The GHG intensity of this scenario is also the worsh aivalue of 0.17 kg C eq kg

C exported. The GHG intensity was related to the total C egldrom the field without distin-
guishing either the crop type, its intrinsic quality (e.ge fprotein grain content) or its function
(e.g. biomass for food, feed, litter bedding, bioenergyThus, our GHG intensity values can
not be used as emission factors for LCA inventories (Cesclah,1010).

Reducing N fertilizers implies lower )}D and indirect emissions but C fixation by plant is also
reduced and, as a result, the supply of fresh organic matpgiysto soil is diminished. For the
Rafidin site, the most intensive system (N2) was the systemtiwt lowest GHG balance due to
a large capacity to store C fixed by crops, whereas, addingdaNifertilizer split application on

the wheat crop in the rotation of the Grignon-PAN2 treatmestilted in a greater GHG balance
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due to higher indirect and JO emissions not being compensated for by the limited bemefit i
term of C fixation. This extra application was actually aina¢thcreasing the protein grain con-
tent, i.e. the economic value of the harvest, and not cromass. In the same way, the scenario
N+ applied at Grignon-PP led to a low increase in NEP which diccompensate the increase in
N,O and IE emissions and its GHG intensity was 17% higher thaiadthe initial scenario. On
the contrary, the scenarld- had a GHG intensity 25% lower than the initial scenario megni
that reducing the N supply implied a strong effect on IE an®Mmissions without degrading

the NEP and the yield.

5 Conclusion

The assessment of the direct emissions at the field scaleampant to an accurate estimation
of GHG balances for agricultural systems. Biophysical miogdebf the soil-crop-atmosphere
system provides a unique capacity to address this issue wdking into account the complex
interactions between C and N cycling, as influenced by aptigenic actions. Here, we tested
and calibrated the CERES-EGC model to simulate the GHG fluxéseafigro-ecosystem, and
showed it achieved satisfactory predictions gflNand CQ fluxes for different cropping systems
representing distinct pedoclimatic conditions and adpucal practices.

The C dynamics predicted by the model were validated at tig tilme scale against microm-
eteorological measurements of €&xchanges in two of the three sites, but it will be necessary
to supplement this test by further verifying the ability of RES-EGC to simulate the rate of
changes in the long term (Gabrielle et al., 2002).

The modeling approach was used to devise different steddgimitigate the GHG balance of
cropping systems. Various scenarios involving some madi6os of crop management (e.g.,
fertilization, rotation, crop residue management) westete for this purpose. Assessing the ef-

fects of new mitigation strategies requires an integrasiygtem approach in order to consider
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the whole ecosystem functioning that encompasses thesgtdiffects of mitigation strategies
and counter-intuitive or unintentional flux changes (Radmrtand Grace, 2004). Implementa-
tion of mitigation strategies that combines simultaneptist options of i) enhancing soil carbon
sequestration, ii) reducing- emissions and iii) minimizing synthetic fertilizer use wid be
highly efficient in term of systemic reduction of GHG balancalthough the CERES-EGC
model allowed us to quantify GHG balance of cropping systamd to test some mitigation
strategies, it faced with a number of limitations in thabitks a capacity to i) fully account for
the effect of tillage practices on the soil C changes, ii)eafthe nitrification inhibitor effects
on N,O emissions and iii) simulate methanogenesis and mettaitotiprocesses in soil and the
resulting CH fluxes. Further developments should focus on these pointagmve the accu-
racy of GHG balance quantification and the assessment @atidgn options and new mitigation
technologies. Other environmental impacts may also beubbitpthe model and included in the
analysis, in particular the emissions into air and water B NNO;', and NO. Thus, the over-
all environmental balance of the agricultural systems magpiproached, making it possible to

design agricultural systems with high environmental penfnce.
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Table 1: Experimental treatments, N input rates and mangoperiods for the GHGs at the
Grignon, Rafidin and Gebesee sites.

N Fertilizer Monitoring period
Site Crop Sowing date Date Amount GON,O CH;
(kg N hat)
RAFIDIN Rapeseed NO 04/09/1994
Rapeseed N1 04/09/1994  20/02/1995 80 0
15/03/1995 75 2
Rapeseed N2 04/09/1994  12/09/1994 49 g
20/02/1995 80 5
15/03/1995 75 .
20/03/1995 38 §
Wheat 27/10/1995 10/02/1996 60 o
10/03/1996 95 g
10/05/1996 65 s
Barley 27/10/1995  10/02/1997 90
10/03/1997 80
GRIGNON-PP  Wheat 16/10/2002  26/02/2003 52
27/03/2003 60 o © o
Barley 17/10/2003  18/02/2004 59 S8 8 8
19/03/2004 59 s g 5
02/04/2004 39 g 8 8
Mustard 02/09/2004 31/08/2004 Slurry (60))f ® ® S
Maize 09/05/2005  09/05/2005 140 ¢ 0~ o~
Wheat 16/10/2005  15/03/2006 55 8 8 8
14/04/2006 55 B o9 =
Barley 06/10/2006 ~ 22/02/2007 55 g g g
22/03/2007 55 < o o
Mustard 22/09/2007  17/04/2008 Slurry (80)
Maize 28/04/2008  05/05/2008 60
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 S8 8
GRIGNON-PAN2 Barley 05/10/2005  06/03/2006 50 S S
07/04/2006 50 g g
Mustard 30/09/2006 o [}
Maize 26/04/2007  02/05/2007 150 ~ I~
Wheat 24/10/2007  14/02/2008 50 § §
03/04/2008 120 = =
15/05/2008 40 g g
GRIGNON-PAN3 Mustard 02/09/2005 = o
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 Sugarbeet  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)

01/01/2007-
06/11/2007
27/02/2006-
27/12/2007
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Table 2: Greenhouse gases emitted by the production argpteation of fertilizers and pesticides, the croppingrapens and
the input transportation at the farm. Greenhouse gas emi&sitors are expressed with reference to different ukgsh(a, t km).
The contribution of CQ, CH, and N,O to the emissions were computed for each step. Data foreicidmissions are all from the
Ecoinvent database (Nemecek et al., 2003).

Source of indirect emissions Life cycles Products and nmekii  Reference unit GHG emissions £0OCH; N,O
kg CO,-C eq Contribution in %
Agricultural inputs Production and transport Ammonium rigra kg N 2.28 32 09 67
at the regional storehouse
Production and transport Urea kg N 15 47 15 51
at the regional storehouse
Production and transport Pesticide kg active ingredien®5 1. 95.7 34 0.8
at the regional storehouse
Cropping operations Ploughing Plough ha 31.1 96.2 2.7 0.9
Cultivating Chisel ha 18.6 96.2 27 0.9
Harrowing Rotary harrow ha 15.7 96.0 28 0.9
Harrowing Spring tine harrow ha 6.2 96.0 3.0 0.9
Sowing Seeder ha 5.7 96.0 29 0.9
Fertilizer application Broadcaster ha 6.6 96.1 28 09
Slurry spreading Slurry tanker m3 0.3 959 31 0.9
Application of plant protection products Field sprayer ha 7 2. 958 3.2 0.9
Harvesting Combine harvesting ha 40.4 96.1 28 0.9
Input transportation at the farm  Fertilizer transportatio Barge tkm 0.17 96.2 15 22
Fertilizer transport Freight, rail tkm 0.01 96.0 29 0.9
Fertilizer transport Lorry tkm 0.04 96.8 1.8 0.9

Pesticide transport Van tkm 0.3 965 20 14
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Table 3: Description of the 6 parameters selected for thibregilon of the NO emissions module. The prior probability dis-
tribution is defined as multivariate uniform between bouégs andé,,... The posterior parameter distributions are based on
the calibration with the Grignon-PP data set, and are ckeviaed by the mean value of the posterior, their standavéhtien
(SD). Correlations with other parameters are reported if Hiesolute value exceeds 0.4 (underlined parameters&xpneegative
correlation).

Parameter vectdt = [0;...0] Prior probability Posterior probability
distribution distribution

6; Symbol Description Unit Default 0,,;,(0)  0,02() Mean SD Correlated
value {6}

0, r Ratio of N,O emissions to total denitrification rate % 0.20 0.09 0.90 60.30.09 {2,456}

6, PDR Potential denitrification rate kgNhad=! 6.0 0.1 20.0 0.33 0.61 {2,15,6}

0s Trwrps  WFPS threshold below which no denitrification occurs % 0.62 400. 0.80 0.61 0.05 {245}

6, POW,.,;; Exponentofthe power law for the denitrification Unitless 4.7 0.00 2.00 0.46 0.21 {1,3}

response function to WFPS

05 KMgenir Half-saturation constant of denitrification response mgN'ksoil  22.00 5.00 120.00 2469 17.531,2,3,6
factor to NOy

0 TTren.;:  Temperature threshold between the two sequential °C 11.00.001 15.00 10.05 0.17 {1,2,5
Q10 functions of the denitrification response
factor to soil temperature




14

Table 4: Sample size (N), mean of measured in situ soil versagMean), mean deviation (MD) and root mean square errors
(RMSE) of the following model-predicted variables: soil {egnature, soil water content and topsoil nitrate and amuomoni
contents, for the 8 data sets.

Site Treatment Soil temperature Soil water content Nitrateent Ammonium content
N Mean MD RMSE N Mean MD RMSE N Mean MD RMSE N Mean MD RMSE
(°C) (Viv) (kg NO;-N ha' 1) (kg NH;-N ha' 1)
GRIGNON PP 637 109 -11 3.0 492 0.318 0.016 0.033 24 494 23D7 4 24 106 7.2 110
PAN1 - - - - 14 0.238 -0.039 0.064 13 367 -23 216 13 101 6.8 512
PAN2 - - - - 17 0.238 -0.045 0.064 16 719 312 570 16 17.8 142352
PAN3 - - - - 15 0.255 -0.029 0.042 14 265 -3.8 227 14 6.1 34 4.9
GEBESEE 729 107 -0.2 3.3 649 0.260 -0.065 0.080 78 181 -1.1524 78 7.7 44 286
RAFIDIN  NO 294 8.7 -12 3.0 20 0.253 -0.027 0.043 21 108 5.5 99 21 37 35 4.1
N1 294 8.7 -12 3.0 20 0.244 -0.035 0.051 21 129 80 118 21 58.0 6.8
N2 294 8.7 -12 3.0 20 0.240 -0.039 0.050 21 235 170 226 212 65.6 8.0




Table 5: Root mean square errors (RMSES) of daily nitrous osdissions (g N-BO ha ! d—1),
using either the default or calibrated set of parametersémtodel. The calibrated parameter
set is the posterior expectancy of parameters computeceiBalyesian calibration against the
Rafidin and Grignon-PP data sets. For the Grignon-PANL1, -RAREN3 and the Gebesee sites,
the RMSEP was computed with the posterior expectancy of peteambased on the Bayesian
calibration against the )0 measurements of the Grignon-PP site.

Site Treatment RMSE or RMSEP (in italics) computed with:
Initial parameter Posterior expectancy
values of parameters

Grignon-PP 20.2 14.2
Rafidin NO 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
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Table 6: Predictions of net GHG balance based on simulatibnst biome production (the con-
vention sign was inversed to compute GHG balance) ajtd &émissions, estimation of methane
fluxes from chamber measurements and indirect GHG of agmi@llinputs. The 3-yr crop ro-
tations were successively simulated over 36 and 28 yeariGrignon-PP and Rafidin cropping
systems respectively. Simulations were averaged for eaghfiom the first year (n) to the last
year (n+2) of the rotations. The values of the complete 3#ations Rotation) were the total of
the 4 successive crops. Numbers in bracket indicate stdgigarations over the time periods.

Agricultural
CQO, N,O CH, inputs Net GHG balance
Time period NEP Exports NBP
Start End kg CO,-C eq ha'
GRIGNON-PP
Maize 9 May n 150Oct. n -5828(890)  5855(864) 27(327) 179(45) -2 310 514(348)
Wheat 16 Oct. n 5 Oct. n+1 -5301(750)  6269(682) 969(209) 235(66p 324 1522(251)
Barley 6 Oct. n+1 21 Oct. n+2 -4774(634)  5129(576) 356(194) 4ad( -5 338 1087(212)
Mustard 22 Oct. n+2 8 May n+3 441(68) 0 -1322(68)  136(41) 3 70 112155)
Rotation 9 May n 8 May n+3 -15462(1046) 17253(968) 29(381) 949(129) -9 1042 2011(323)
RAFIDIN
Rapeseed NO 10Sept.n 26 Oct. n+1 -1303(1420)  1490(726) 187(86701(18) 99 387(857)
Wheat 27 Octn+l 26 Octn+2 -5194(1253) 3493(1163) -1701(595) 8(412 471 -1102(626)
Barley 27 Octn+2 9 Sept. n+3 -3149(698)  3088(489) -61(378) (43)8 397 444(388)
Rotation NO 10 Sept. n 9 Sept. n+3 -9646(1772) 8071(1742) -1575(606) (7338 967 -270(603)
Rapeseed N1 10Sept.n 26 Oct. n+1 -4263(995)  2413(260) -18%&)(10121(27) 359 -1370(1010)
Wheat 27 Octn+l 26 Octn+2 -4877(1111) 3521(1127) -1355(462)5(443 471 -750(484)
Barley 27 Octn+2 9 Sept. n+3 -3376(707)  3121(501)  -255(493) 7(44) 397 258(486)
Rotation N1 10Sept. n 9 Sept. n+3 -12516(1691) 9056(1417) -3460(1110)2(78) 1226 -1862(1133)
Rapeseed N2 10Sept.n 26 Oct. n+1 -4639(1168)  2481(247) -2uEW(1 159(28) 506 -1493(1169)
Wheat 27 Octn+l 26 Octn+2 -4889(1101) 3350(1131) -1339(453) 6(453 471 -732(471)
Barley 27 Octn+2 9 Sept. n+3 -3440(716)  3130(505)  -309(536) 9(44) 397 206(530)
Rotation N2 10 Sept. n 9 Sept. n+3 -12968(1836) 9162(1439) -3806(1211(146) 1374 -2019(1232)
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Table 7: Predictions of net GHG balance based on simulatibnst biome production (the con-
vention sign was inversed to compute GHG balance) aytd &émissions, estimation of methane
fluxes from chamber measurements and indirect GHG costsrigiugtgral inputs, for the one-
year wheat crop cycle of Gebesee and the three treatment$, W2 and PAN3 of Grignon.
These last 3 treatments were simulated with the same soitlandte parameters and the same
rotation but with 0, 1 and 2 years time lag interval in the cseguence in order to have all the
crops each year. The values of the complete rotatiBostion) were the total of the 4 successive

crops.
Agricultural
CcOo, N,O CH, inputs Net GHG balance
Time period NEP  Exports NBP
Start End kg C@Cegha’
GRIGNON-PAN1
Wheat 27/10/05 05/10/06 -3907 5494 1587 117 -6 371 2070
Barley 06/10/06 30/08/07 -5368 5159 -209 208 -5 475 469
Mustard 31/08/07 06/05/08 579 0 579 101 -4 109 784
Maize 07/05/08 26/10/08 -4127 1916 -2211 119 -3 299 -1796
Rotation 27/10/05 26/10/08 -12823 12569 -254 545 -18 1253 1526
GRIGNON-PAN2
Barley 05/10/05 29/09/06 -3929 4477 548 154 -13 224 913
Mustard 30/09/06 25/04/07 537 0 537 164 -8 115 808
Maize 26/04/07 23/10/07 -6984 4675 -2310 140 -7 448 -1729
Wheat 24/10/07 04/10/08 -3863 5857 1994 123 -13 643 2747
Rotation 05/10/05 04/10/08 -14240 15009 769 580 -40 1430 2739
GRIGNON-PAN3
Mustard 02/09/05 25/04/06 372 0 372 71 -3 45 485
Maize 26/04/06 09/10/06 -5222 2630 -2592 80 -2 241 -2274
Wheat 10/10/06 07/10/07 -4895 6917 2023 221 -4 455 2695
Barley 08/10/07 01/09/08 -4687 4788 101 139 -4 497 734
Rotation 02/09/05 01/09/08 -14431 14335 -97 511 -12 1238 1640
GEBESEE
Wheat 27/10/06 05/10/07 -2378 3066 -3773 158 -4 589 -3030
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Figure 1: Simulations (black line) and observations (greyns + sd) of above-ground (ABG)
crop biomass (a), leaf area index (b) and net ecosystem giiod NEP) on a daily time scale
(b), at the Grignon-PP experimental field (M : maize ; WW : whet barley ; m : mustard).

52



a) N1 treatment b) N1 treatment c) N1 treatment

- ~ —
—=o© ABG biomass | —~ o
— X Roots © 'S 8 —
I‘G ﬁ N ~ 0 - < ]
= [\
= |E Z o
= N < D O +
g S £ < o
g = o 2
= < 9 o
> 0 - - N =N
[a) — © _
X XK XK z
O O O
T T T T T T T T T T 171 T T 1T T T T T T T T 11 T T 1T T T T T T T T 11
09/94 01/95 05/95 09/95 09/94 01/95 05/95 09/95 09/94 01/95 05/95 09/95
Date Date Date
d) N2 treatment e) N2 treatment f) N2 treatment
S ~ ] .
—o ABG biomass | —~ o
— X Roots © 'S 8 -
I"U ﬂ N ~ 0 - < ]
< < =
t‘: NE < 2 8 7
g S E < o
ki = o 2
= < 9 o
> 0+ - § 9
[a] . — - ; _
o M ¢ XXXXXXXNX o o
T T T T T T T T T T 171 T T T T T T T T T T T T T 1T T T T T T T T 11
09/94 01/95 05/95 09/95 09/94 01/95 05/95 09/95 09/94 01/95 05/95 09/95
Date Date Date

Figure 2: Simulated (lines) and measured (symhblsd) data for above ground (ABG) dry
matter and roots of rapeseed (a, d) , leaf area index (b, elaM pontent (c, f) for N1 and N2
treatments,respectively, in 1994-1995 at Rafidin (France).
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Figure 3: Simulated (black line) and observed (grey poidts)y net ecosystem production
(NEP) for the wheat crop cycle at Gebesee from Jan. to OcfZ.200
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Figure 4: Simulated (line) and observed (symblsl) daily soil temperature (a), soil water
content (b) and nitrogen content in the 0-15 cm topsoil Igggrfor the experimental field site
of Grignon-PP. Arrows show time of the fertilizer applicats.
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Figure 5: Simulated (black line) and observed (symhboeig) daily nitrous oxide emissions for
the Grignon-PP experimental site.
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Figure 8: Simulated (line) and observed (symhtlgl) daily nitrous oxide emissions for the
Gebesee experimental field site.
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Figure 9: Breakdown of net biome production (NBP) estimatedhigymodel into net primary
production (NPP), soil respiration (Rs), net ecosystemuycdn (NEP), grain or silage exports
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indicate standard deviations over the time period.
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Figure 10: Greenhouse gas of agricultural inputs and cngppperations for crop production

(indirect emissions) for the Grignon-PP (a), Rafidin (b) amigj@n-PANSs (c) cropping systems.

The emissions are broken down into the input productionicaljural operations and transport

steps. Mustard was grown as catch crop which was not hadsasig transported and did not

receive any agricultural input. In sub-figure c, maize, thkarley and mustard are designated
by M, W, B and m).
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Figure 11: Comparison of the crop GHG intensities (ratio eftlet GHG balance over the ex-
ported C) for the Grignon-PP (G), Grignon-PANs (PAN1=g1, R&N2, PAN3=g3) and Rafidin
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Figure 12: Comparison of net GHG balances of five scenariosaged over 36-years for the
Grignon-PP experiment. Error bars indicate standard tlemgover the time periods. I: initial
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63



