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Abstract

Carbon fluxes between croplands and atmosphere are hightitmmed by farmer practices
that involved intense atmospheric €Optake during crop growing season compared to other
terrestrial ecosystems. Modelling and measuring landgpiinere carbon exchanges from arable
lands are important tasks to predict the influence of vegetalynamics on climate change and
its retroactive effects on crop productivity. We tested délgeo-ecosystem model CERES-EGC
against gap-filled daily net COexchanges over crop rotations monitored in three arabds sit
in Europe. The model parameters were estimated using Bayesiibration and the model
prediction accuracy was assessed with two supplementdgpendent data sets. As a result,
the calibrated model allows us to compute the net ecosysteduption (NEP) and net biome
production (NBP) for entire crop rotations. The Bayesialibcation method results in an im-
provement of goodness of fit compared to initial parameteseld simulations. The calibrated
model was accurate to estimate the NEP from daily time soaggregated NEP for entire crop
rotation. The carbon returns from application of organicxora and the carbon uptake from
catch crops and crop volunteers generated an importank@#ect on the NBP. Adding the ni-
trous oxide and methane fluxes from soils to the,G&ance will allow us to compute the global

warming potential of agro-ecosystems.
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1 Introduction

Agriculture contributes about 10-12% of the global antloggnic emissions of greenhouse gases
(GHGSs), a share expected to rise due to an increase in larahdseanagement intensity of agri-

culture worldwide [[Smith et &l[, Z0P7). The direct GHG enugs of agro-ecosystems comprise

nitrous oxide (2.8 Gt CO2-eq yt), methane (3.3 Gt CO2-eq V), their exchanges of CO
being considered approximately balanced with a net enmissid.04 Gt CO2-eq yr' to the
atmosphere[ (Smith etlal., Z007). The net fixation of,8YDcrops and soil respiration are the

two main processes by which adapted management practicgsnoraase the potential of C

sequestration in soil$ (Johnson &t gl., 2007). The balahiteese two terms corresponds to the

net ecosystem production (NEP) of carbon, which is a measfuttee C source or sink strength
of ecosystems respective to the atmospheric compartment.

Experimental monitoring of net ecosystem exchanges (NEBE¢ been increasingly carried out
using eddy-covariance (EC) techniques, and for all typesafaged ecosystems: grasslands
(Ammann et dl.[ 2007; Veenendaal et gl., 2007), for¢siseqRadrd et al[, 20p{; Kurbafova et al.,
P008), and cropland$ (Moureaux ef &l., 4006; Anthoni £2&8I04). Their values varied across

ecosystem types but also within each class due to pedodimi#fierences and management

practices. In Russiq, Kurbatova et &l. (Z008) reported alnmet ecosystem production (NEP=-

NEE) of -2000 kg C ha! yr—! (denoting a C source) and 1440 kg C hgr—! (C sink) for a
wet and dry spruce forest, respectively, during the same period. In the Netherlands, the

NEP of two grasslands on peat soils were measured at 57 kg Gyiia when they were man-

aged extensively, and at -1339 kg C hayr~! for an intensive managemeifit (Veenendaal kt al.,

P00T). [Soussana et]dl. (2007) reported an averaged NEPnf@mgnassland sites in Europe of

2400+£700 kg C ha' yr=t, correspond to strong C sinks. In Nebraska, Verma ef{ al.J200

measured NEP for irrigated and rainfed maize crops whicle\8800 and 5200 kg C hayr—1,



respectively. Croplands are usually characterized byodpss of high C uptake during the crops
growing season, directly related to farmers’ managemeattjpes. A large part of the fixed C
is removed from the field after harvest, and the residuesettened to the soil and processed
by soil microbial biomass. Accounting the absolute carbalatce of croplands requires to take
into consideration the export and import of organic C witthie agricultural field. This balance,
called the net biome production (NBP), presents large rahgariations between crop species,
management intensity and temporal variations at interainseale. For examplé¢, Grant ef al.
(200T) reported that a maize-soybean rotation in Nebrd$8&) was a net C source because of
the failure of positive maize NBP to offset negative soyb&® in the next yeaf. Anthoni etjal.
(2004) estimated the effect of manure application on NBR,@ointed out that manure largely
offsets the C loss in the year of application. They also rotihat C input in the previous years

significantly contributed to the next year C exchanges. @uebal. [2007) mentioned the strong

influence of climate on the interannual variations of the @dmi over a large domain (Oregon
state, USA). Accordingly, it appears that croplands maydweces or sinks of C and that entire
crop rotations should be considered to compute the C balance

Because the C balance of croplands is heavily manipulatéarners, and regulated by environ-

mental conditions, biophysical models that simulate tinedver of C in agro-ecosystems appear

a promising approach to estimate them (Huang Ef al.,]20p9antGt a). [2007) considered

that process-based ecosystem models are the best methoatlict met ecosystem production
for known or hypothesized management practices or climadendnere NEP measurements are
incomplete or non available. Complexity, provenance armliegtions explained the main dif-

ferences between the modelling approaches of C exchangeschiops. Carbon models were
developed either from agronomic sciencégrp-C, Huang et dl.[(2009)), biogeochemical sci-

ences Ecosys, [Grant et al. [[Z007)DNDC, Zhang et al.[(2002)), or for land surface models
for use in larger-scale atmospheric mod@&RCHIDEE-STICS, [Gervois et gl. [(Z008)ChinaA-




grosys, Wang et al.[(2007)). Eddy-covariance measurements hal@wleen used for develop-

ment and testing of the latter category of models, genekalbyvn as soil-vegetation-atmosphere

transfer (SVAT) models, which couple C to energy and watéarixaes on an hourly (or less) time

step. There is a wide body of work on foredts (Klemeditssoh|e2@0T;[Svensson etlal., 2008;
3; Duirene et

al., 2D05) or cropldndifdvet al.[ 20Q7; de Noblet-Ducoudré

et al.,[2004), but limited to maximum one year time span.
Crop models integrate longer timeframes (growing seasasrap rotation), and may include
more regulators (eg, N cycling) and drivers (crop managémérhey have been widely used

to simulate the growth and development of arable crops, estgéd against field data such as

crop dry matter or leaf area index (Zhang et [al., 2002), bueharely been compared to data

of daily net C exchanged. Adiku et]al. (ZD06) were surprised such measurements had not

been amply used before their study for the development ditthtian of crop gas exchange and
growth models. They developed a model for simulating theadion exchanges of spring barley
and compared its predictions with observations of grossgmy production over one cropping
season. Since their pioneering study, EC measurementstarelyaused for SVAT model devel-
opment and validation but their use is still limited for cnoppdel development.

In a large number of crop models, crop mass accumulationtis&®d with the relationship
between plant dry matter and interception of solar radmati2aily biomass production is usually
calculated as the product of the daily cumulative radiatimarcepted with the radiation use ef-
ficiency (RUE, g DM MJ1). Radiation use efficiency is determined by measuring cropti

commonly based on measurements of above-ground biomdssulvistimating root compart-

ment (Sinclair and Muchdw, 1999]. Gabrielle ef &l. (4002)ceal that low C mineralization

fluxes in soil simulated by soil-crop models may be attridutea strong under-estimation of the
turnover of below-ground plant biomass. The authors advisat much more dry matter should

be partitioned to the roots and that RUE should be accorglingteased. Here we assume that



calibration of RUE parameters of crop growth sub-modelsragaet C exchanges would allow
us to take into account the whole plant C fixation integratimgroot growth and rhizodeposi-
tion.

Our general objective was to test the capacity of the soibranodel CERES-EGC to predict
daily NEP over crop rotations, using experimental data fevable sites in Europe (part of the
CarboEurope measurement network). We first calibrated thaehparameters against field data
using Bayesian techniques, and subsequently assesseddieéprediction error using two sup-
plementary independent data sets. Finally, we calculagdarbon balances of the crop rotations

involved in the various field sites.

2 Material and Methods

We used four different data sets from intensively monitarexpping systems to test the ability
of the biophysical CERES-EGC model to simulate Gfxchanges at the field scale. The ex-
perimental sites are located in Grignon (Fr.), Auradé) (Bnd Gebesee (Germ.), and involved
different pedoclimatic conditions, crop types and manag®m At the three sites, net carbon
fluxes were measured using the eddy covariance techniglosviiot) the methodology of the
CarboEurope integrated project. The model was parametertizing a Bayesian calibration
method based on the Metropolis-Hastings algorithm agamstdata sets of daily NEP mea-
surements collected over crop rotations. We also testegrimdiction accuracy of calibrated
model with two other independent data sets and finally, wéieghhe model to compute carbon

balances for crop rotations.



2.1 The CERES-EGC model

2.1.1 A process-based agro-ecosystem model

CERES-EGC was adapted from the CERES suite of soil-crop le¢@ienes and Kinityj, 1986),

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

N,O and nitrogen oxide$ (Gabrielle ef 4l., 2006). CERES-EQ® n a daily time step, and

requires daily rain, mean air temperature and Penman patterapo-transpiration as forcing

variables. The CERES models are available for a large nuoflop species, which share the

same soil componentg (Jones and Kinjry, 1986).

CERES-EGC comprises sub-models for the major processesrgoyg the cycles of water, car-
bon and nitrogen in soil-crop systems. A physical sub-msuhelilates the transfer of heat, water
and nitrate down the soil profile, as well as soil evaporafent water uptake and transpiration
in relation to climatic demand. Water infiltrates down thé pmfile following a tipping-bucket
approach, and may be redistributed upwards after evapsghation has dried some soil layers.
In both of these equations, the generalised Darcy’s lawiasegjuently been introduced in order

to better simulate water dynamics in fine-textured spildi@de et al.[1995).

A biological sub-model simulates the growth and phenoldghe crops. Crop net photosynthe-
sis is a linear function of intercepted radiation accordimghe Monteith approach, with inter-
ception depending on leaf area index based on Beer’s lavifaédin in turbid media. Radiation
use efficiency (RUE) is defined for each crop as the dry biompessuced per unit of radiation
intercepted by the crop. Photosynthates are partitioned daily basis to currently growing
organs (roots, leaves, stems, fruits) according to cropldpment stage. The latter is driven by
the accumulation of growing degree days, as well as cold ¢eatpre and day-length for crops
sensitive to vernalisation and photoperiod. Lastly, cropptike is computed through a sup-
ply/demand scheme, with soil supply depending on soil f@teand ammonium concentrations

and root length density.



A micro-biological sub-model simulates the turnover ofaig matter in the plough layer. De-
composition, mineralisation and N-immobilisation are ralbed with three pools of organic mat-
ter (OM): the labil OM, the microbial biomass and the humd€isetic rate constants define the
C and N flows between the different pools. Direct field emissiof CG, N,O, NO and NH

into the atmosphere are simulated with different trace gaguies.
2.1.2 Modelling of net carbon exchange

Carbon dioxide exchanges between soil-plant system aratritiesphere are modelled via the net
photosynthesis and soil organic carbon (SOC) mineratingirocesses. Net primary production
(NPP) is simulated by the crop growth modules of the differ@op species (wheat, maize,
barley, rapeseed and sunflower), while soil heterotropgspiration (Rs) is deduced from the
SOC mineralization rates calculated by the microbioloigstdo-model such as represented in
Fig.[}. The net ecosystem production (NEP), which is catedlas NPP minus Rs, may be
computed on a daily basis and directly tested against theaustystem exchanges measured by
eddy covariance. The confrontation between the daily ratesmulated and measured NEP
provides a good opportunity to calibrate the parameteegaélto CQ flux modelling and to
test the simulation of C dynamics by the ecosystem modelll itas, a complete rotation was
ran before the measurement period to stabilize the soil Q\gpdols and dampen the effects of
initial conditions.

The net biome production was calculated by aggregating P estimated by simulation or
observation over cropping cycles, plus organic manure rspminus C exported by harvested

biomass.

2.2 Field sites

Net ecosystem exchange measurements were carried outddifttevariance technique at three

experimental sites located in Europe: Grignon (northeamée, 48.9 N, 1.95 E), Auradé (south-
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ern France, 43.5 N, 1.1 E) and Gebesee (Germany, 51.1 N, JOTh&site characteristics and
crop rotations are detailed in Taljle 2.

The Grignon site is located about 40 km W of Paris, France.sbilevas a silt loam with 18.9%
clay and 71.3% silt in the topsoil and in the top 15 cm, orga@aibon content was 20 g k¢
the pH (water) was 7.6 and the bulk density 1.3 g-énin Grignon, two field-sites experiments
(NitroEurope, NEU-Grignon andioPoll Atm, BPA-Grignon) were conducted on adjacent plots
with the same soil characteristics. The crop rotation ofNlEJ-Grignon experiment included
maize, winter wheat, winter barley and mustard which wastplhto serve as a catch crop to re-
duce nitrate leaching during winter. Dairy cow slurry waplé between the harvest of barley
and the planting of mustard on 31 August 2004, and before @izasowing on 16 April 2008.
For the BPA-Grignon experiment, NEE measurements wergedaduring the maize growing
season in 2002.

Auradé is located about 30 km W of Toulouse, France. Thevgad a clay loam with 30.2%
clay and 48.4% silt in the top 15 cm, organic carbon was 10 kifpe pH (water) was 6.9 and
the bulk density 1.4 g cii¥. The Auradé site involved a winter wheat-sunflower-wintéieat-
rapeseed rotation since at least 2000.

The Gebesee experimental site is located about 20 km NW aftinf Germany. The soil was
a Chernozerm (silty clay loam) with 35.8% clay and 60.3%isithe top 20 cm, organic carbon
was 23 g kg', the pH (water) was 6.7 and the bulk density 1.3 génThe crop sequence from
2003 to 2007 was rapeseed-winter barley-sugar beet-wirtteat. Two applications of organic
fertilizers were carried out in 2007, one application oftlleaslurry (18 nt ha ') on the wheat

crop in 11 Apr. and 35t hd of farmyard manure in 4 Sept.



2.3 CO, fluxes and biomass measurements

In all sites, the measurements of C@uxes at the field scale were carried out following the

methodology the CarboEurope integrated project[(TP; Aeibal al. [Z000)). Water vapour and

CQO, fluxes were measured at a 2 to 3 m height above the crop canoyythe eddy covariance
technique. Wind speed was monitored with three-dimensisomic anemometers, and €O
concentration with infrared gas analysers (model Li750Gignon and Auradé and model Li-
7000 in Gebesee; LiCor Inc., Lincoln, NE, USA). Daily NEP afrleon dioxide (g C m? d=1)
and evapotranspiration rate (mnT#nd-!) were calculated by integrating the 30-minute fluxes
obtained with the micrometeorological measurements o%ér@eriods. The data sets were pro-

cessed following the standardised methodology describBdpale et al[ (20D6). Carbon dioxide

fluxes were corrected for GGtorage below EC measurement height, low turbulence dondit
were filtered using a friction velocity threshold criteriofihe eddy covariance technique and
subsequent data processing produce gaps in the half-hGuhk data, making it necessary to
fill the missing values before integration at the daily tinsals. The gap-filling methodology of

CarboEurope-IP was applied to the experimental data[Salgdlet al.[ Z001).

Above-ground plant dry matter (DM) was measured every tweksaluring crop growth, over
the full crop sequences of the Auradé, NEU-Grignon and EBRA&mMon experiments. Daily
weather data were recorded with automatic meteorologiabs, including maximum and min-
imum daily air temperatures (°C), rainfall (mnt4, solar radiation (MJ m?* d=!) and wind

speed (m s!) at each site.

2.4 Parameter calibration

The parameters were estimated using the Bayesian catibragthod described al.
(2009). Tabld]1 lists the parameters involved in the calibnaas well as their prior probability

density functions (pdf). Briefly, Bayesian methods are usedstimate model parameters by



combining two sources of information: prior informationoaib parameter values and observa-
tions of model output variables. In our case, the obsematomnsisted of the NEP measure-
ments. Bayes’ theorem makes it possible to combine the twaoces of information in order
to calibrate the model parameters. The first step is to assigrobability distribution to the
parameters, representing our prior uncertainty about trediies. We specified lower and up-
per bounds of the parameters’ uncertainty, and defined the ifs as uniform (Tablg] 1). The
aim of Bayesian calibration is to reduce this uncertaintyusing measured data, thereby pro-
ducing the posterior distribution for the parameters. Téiachieved by multiplying the prior
with the likelihood function, which is the probability oféhdata given the parameters. Because
probability densities may be very small numbers, roundimmgre needed to be avoided and all
calculations were carried out using logarithms. The |dbariof the data likelihood was thus

calculated for each data set &s follows:

logL; = Z (—0.5 <L(wk’9l))2 — 0.5log(2m) — log(@)) 1)

=1 7
where y is the NEP measured on sampling date j in the data searfi?lo; the standard devi-
ation,wy, is the vector of model input data for the same ddteyy; 6;) is the model simulation

of y; with the parameter vectat;, and K is the total number of observation dates in the data
sets. Two additional parameters were involved in the caiibn, corresponding to a site-specific
experimental error of NEE measurements. Param@ssl for systematic error of measure-
ment in NEU-Grignon angbsys2 for Auradé were introduced in the log-likelihood functias
multiplicative factors of . We defined their prior pdfs as uniform over the [0.5-2] range

generate a representative sample of parameter vectordhieposterior distribution, we used a

Markov Chain Monte Carlo (MCMC) method: the Metropolis-iHags algorithm (Metropolis

et al.,[I95B). We formed Markov chains of length*l@” using a multivariate Gaussian pdf

to generate candidate parameter vectors. The variancerafithis Gaussian was adjusted to
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ensure an efficient exploration of the parameter space btr&ov chains. We first set the

marginal variances to the square of 1% of the prior paramatgjes, and the covariances to zero

(WVan Ornen et al.[ 2005). In addition, the acceptance rate avéficially adjusted by increasing

the measurement uncertainty in order to smooth the liketirgurface and make the calibration
easier. Due to the large amount of observed data involvedikitlihood surface presented sharp
peaks and the probability for the model to hit a 'target afea’a successful calibration was

too small otherwise. Ten percent of the total number of itens at the beginning of the chain

were discarded as unrepresentative ‘burn-in’ segmenteeothains[(Van Oijen et kI, 2005).

The rest of the chains were considered as a representatiydesfrom the posterior pdf, and
were used to calculate the mean vector, the variance maidixtee 90% confidence interval for
each parameter. Bayesian calibration was successiveligdpp the Auradé experiment and the

NEU-Grignon treatment.

2.5 Goodness of fit

The goodness of fit between simulations and observationassessed by calculating the root
mean square error (RMSE). The RMSE was used to judge therpenfce of the parameter cal-

ibration as well as the model prediction error for the twoependent data sets. It was calculated

for each data set [as follows [Wallagh] 2006):

K

RMSE = | 3 (s — Flwri0))° @

j=1
where y is the observed NEP on day j of data set &nd f(vy; 6;) is the corresponding model
predictions with input variables, and parameter. Simulations were carried out using either
the posterior expectancy of parametet3 ¢r the maximum a posteriori (MAP) estimate tbf

(Orrars)- Oaap is the single best value of the parameter vector in MCMC chatrich max-

imizes the posterior probability density (Van Oijen et BD0%). The posterior expectancy of
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Parameter vectdt = [6;...016)

Prior probability

Posterior probability

distribution distribution
0; Symbol Description Unit Default 0,,;,() 0,...(1) References Mean SD Mean SD
value NEU-Grignon Auradé
0, ruemaize Radiation use efficiency of maize gDMMJ 4.5 1.0 5.5 Sinclair and Muchow (1999); Choudhury (2001) 3.00.1 NA NA
Andrade et al. (1993); Lindquist et al. (2005)
6, ruewheat Radiation use efficiency of winter witeag DM MJ~! 7.5 25 8.0 Choudhury (2000); Hui et al. (2001); Sinclair duthow (1999) 6.3 0.2 5.4 0.6
6; ruerapl  Radiation use efficiency of rapeseed g DMMJ2.7 0.8 4.0 Gabirielle et al. (1998); Justes et al. (2000) 1.83.04 4.75 1.48
for vegetative phase
6, ruerap2  Radiation use efficiency of rapeseed g DMMJ2.7 0.8 3.2 Gabirielle et al. (1998) 2.81 0.17 1.85 0.17
for reproductive phase
05 sflol Radiation use efficiency of sunflower gDMMJ 1.4 0.7 3.0 Villalobos et al. (1996); Sinclair and Muchow 429 NA NA 0.72 0.03
for vegetative phase Albrizio and Steduto (2005)
0  sflo2 Radiation use efficiency of sunflower gDMMJ 1.3 0.9 15 Villalobos et al. (1996); Sinclair and Muchow 42 NA NA 1.62 0.61
for reproductive phase
6; propl Partitioning coefficient of total C % 0.015 0.010 0.03(Molina et al. (1983); Gabrielle et al. (2004) 0.024 0.006 1@.0 0.003
into microbial biomass pool Molina et al. (1997); Corbeels et al. (1999); Nicolardot amalina (1994)
Nicolardot et al. (1994)
fs  prop2 Partitioning coefficient of total C % 0.12 0.10 0.35 lmls et al. (1999); Molina et al. (1997) 0.142 0.040 0.209 060.
into humads pool Nicolardot and Molina (1994); Gabrielle et al. (2002)
0y coefl Partitioning coefficient of residue C % 0.20 0.15 0.23 entiksen and Breland (1999) 0.204 0.015 0.210 0.014
into residue carbohydrate pool
00 coef2 Partitioning coefficient of residue C % 0.70 0.65 0.73 entiksen and Breland (1999) 0.69 0.03 0.70 0.01
into residue cellulose pool
61 cfl Decomposition rate of labile microbial 8 0.332 0.25 0.50 Henriksen and Breland (1999); Godwin ané (b991) 0.29 0.03 0.35 0.06
biomass pool Nicolardot and Molina (1994); Lengnick and Fox (1994)
01, cf2 Decomposition rate of resistant | 0.0404 0.0250 0.0600 Henriksen and Breland (1999); Nidotzand Molina (1994) 0.0362 0.0062 0.0416 0.0083
microbial biomass pool Dou and Fox (1995); Lengnick and Fox (1994)
013 cf3 Decomposition rate of humads pool —id 0.003 0.002 0.007 Molinaetal. (1997); Nicolardot and Mal{ti994) 0.004 0.002 0.003 0.001
Dou and Fox (1995); Gabrielle et al. (2002)
614 cfresl Decomposition rate of residue -d 0.20 0.15 0.80 Corbeels et al. (1999); Henriksen and Breg|a9€9) 0.29 0.11 0.61 0.13
carbohydrate pool Godwin and Jone (1991)
015 cfres2 Decomposition rate of residue —d 0.050 0.013 0.055 Corbeels et al. (1999); Henriksen ancaBde{1999) 0.045 0.006 0.022 0.010
cellulose pool Godwin and Jone (1991); Hadas et al. (1993)
06 cfres3 Decomposition rate of residue —d 0.0090 0.0095 0.015 Corbeels et al. (1999); Dou and Fox (1995 0.0099 0.0008 0.0120 0.0017

lignin pool

“For wheat, net photosynthesis rate is fonction of ruewhBAR

Table 1: Description of the 16 model parameters involvechan Bayesian calibration. The prior probability distrilautiis a
multivariate uniform distribution between bounds;,, andé,,,., as extracted from the above-cited literature referendédse
posterior parameter distributions are characterised éyrtban value of the posteriors and their standard devig®bDi).



predictions were obtained from the posterior parameteis fgthe root mean square errors were
computed for the experiments used in the parameter cabhr@tiEU-Grignon and Auradé) and
in the subsequent model testing against independent datéBfeA-Grignon and Gebesee). In
the latter case, the RMSE corresponded to the root meanestjeiaor of prediction (RMSEPY),
since the data were involved neither in parameter estimatis model developmenit (Walldch,
P00®). RMSEP is a measure of the model’s accuracy in thegrediof NEP.

3 Results

3.1 Model calibration

Table[1 recapitulates the mean and standard deviationgqfdsterior parameter distributions
obtained after calibration against the NEU-Grignon anda@lérdata sets. The posterior radiation
use efficiencies (RUEs) of maize and wheat were lower than dieault values for both sites,
by 30% for maize, and 15% to 30% for wheat. Thus, the uncabbdravheat and maize crop
components of CERES-EGC tended to over-estimate crop lsimm@onversely, the calibrated
RUEs of rapeseed and sunflower were lower or higher than ithiéal values, depending on
development phase and experimental site.

The posterior parameter values of SOC mineralization parars were generally close to their
default values excepted for the paramef@ipl, prop2, cfresl andcfres2. The decomposition
rate of residue carbohydrate pooiresl) was substantially increased for calibration against Au-
radé data set (0.61 vs. 0.20') and slightly for calibration against NEU-Grignon data €29
vs. 0.20 d'). The coefficients partitioning endogenous soil organintG the microbial biomass
(propl) and humadspfop2) pools were also higher than their default values, respagt0%
for propl in NEU-Grignon and 75% foprop2 in Auradé. The parametepsysl andpsys2 were
calibrated within the BC at the same time as the model paensiand their mean posterior val-

ues were 1.3840.26) and 0.87 £0.20) for NEU-Grignon and Auradé respectively. This result
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means that the measurements in NEU-Grignon would be urstiensted whereas they would
be over-estimated in Auradé.

Table[ summarizes the RMSEs for daily and cumulative NE®Padove-ground plant biomass
obtained with the various parameter sets (prior and pasjerihe calibration led to a 15% to

30% reduction of the RMSE relative to the uncalibrated pa&temset. There were small dif-

ferences between the RMSEs computed with posterior expacts# parameters and posterior
expectancy of predictions. The simulations computed viighytarameter set with maximum pos-
terior probability, i.e. when likelihood is maximal, inn@d RMSE values for daily NEP lower

than RMSEs computed with posterior expectancy of parameBart this parameter set may in-
volve higher RMSE values for cumulative sum of NEP and ABQimss, compared to RMSEs

computed with posterior expectancy of prediction and pastexpectancy of parameters.

3.2 Dynamics of net carbon exchanges

Figure[2 (a and d) compares the simulations of daily NEP afiBbration and the observations
for the crop rotations of the NEU-Grignon and Auradé experits. There was good agreement
between the two series at the time scale of a growing seasom fowing to harvest), and also
for the time intervals in between two crops. The growing eeasof spring crops (maize and
sunflower) were shorter than those of winter crops (rapesebdat, barley), but simulations
of daily C uptake reached higher values for maize and sunflowbe net carbon exchanges
reached a peak value of 15 g Ctnd~! for the maize crop in Grignon, while they did not ex-
ceed 10 g C m? d~! with winter crops. The net fixation of C was directly relatedgiobal
solar radiation, which led to irregular patterns of net plsgnhthesis. Crop residues, senescent
roots and the application of organic manure fed the fresaroogmatter pool of soil and were
slowly decomposed after incorporation in soil. Soil reafpan mainly occurred in autumn and

winter following the incorporation of crop residues in saifith daily rates ranging between -5
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and0gCm?d.

In Grignon, after the harvest of barley crops in years 20a# 2007, mustard was planted as a
catch crop. Its growth was well simulated in 2008, whered0ipd, the simulated time span of
crop growth and net C fixation was shorter than observed. Assalt; the total C fixation by
the mustard was under-estimated in 2004 by the model, ashaaeftthe maize crop in 2008
(Fig.[2.c). In Auradé, no catch crop was sown after the rstsvef rapeseed in 2005 and wheat
in 2006, but volunteers of previous crops grew up and emtalaet C uptake. This effect was
modelled by resowing the same crop after harvest and stgpgargrowth upon tillage. Net
ecosystem production was remarkably well predicted dutliegrapeseed and wheat growing
seasons, but it was over-estimated over the sunflower crbfs Was due to the model under-
estimation of soil respiration rates in the months preagtie sowing of sunflower.

Figures[R.b andl] 2.e show the regressions between obserdedadelled daily NEP at NEU-
Grignon and Auradé. The coefficients of determination wiaimy good, with an R of 0.76
and 0.59 in Grignon and Auradé, respectively. There wasldatke systematic error in the pre-
dictions: the slope of the regressions was equal to unitig(®n) or close to this value (0.82)
in Auradé, and the intercepts were negligible (0.25 an® @.€ n7t2 d-! in Grignon and Au-
radé, respectively). When cumulated over the measurepegittd, net C fluxes were correctly
predicted by the model for the NEU-Grignon and Auradé expents (Fig[R.c anfl 2.e), which
proves its capacity to integrate the various C fluxes anduenrates within the agro-ecosystem.
The simulations of above-ground biomass of crops were addbwithin the experimental mea-
surement errors (Fid] 3.a afid 3.c), for the various cropispgwith the exception of the 2008
maize upon harvest in Grignon, whose dry matter was undatigted. The regression analysis
evidenced a good match between observed and simulatedadtatac@libration). For the NEU-
Grignon experiment, we obtained ari Bf 0.95, an intercept of -0.75 t DM h& and a slope

of 1.2, and for Auradé, an®of 0.94, an intercept of 0.35 t DM ha and a slope of 1.12. Six
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different crop species, involving 6 crop-specific sub-megdeere involved in the rotations but

did not hamper a good match to the field-measurements.

3.3 Model prediction assessment

The experiments of Gebesee and BPA-Grignon were used tesassemodel prediction accu-
racy by computing the RMSEP, after calibration against th&a drom the NEU-Grignon trial
(Table[4). The field experiments used in model testing remtes different climate and soil con-
ditions compared to the calibration sites, with similar@croanagement. The RMSEP for daily
NEP was lower for the wheat in Gebesee than for the maize inBRgnon, amounting to 1.55
and 3.78 g C m? d~!, respectively. Conversely, the RMSEP for cumulative NER ®&aimes
lower for BPA-Grignon than for Gebesee, being respectieél$1.61 and 90.95 g C ni. The
RMSEP of above-ground (ABG) biomass was computed only fék-Bifignon due to a lack of
biomass measurements in Gebesee. Fidures 4.f and 4.dsdbpiclynamics of daily NEP for
Gebesee and BPA-Grignon. At Gebesee, the model accuraetyred the dynamics of net C
fixation by the crop and the post-harvest soil respiratiarthe BPA-Grignon trial, the measure-
ment period was focused on the maize growing season, angitteeaf net C fixation measured
in July was not captured by the model. The radiation use effayi of maize calibrated with the
NEU-Grignon dataset appeared suboptimal for the BPA-Grigexperiment. The regressions
between observed and simulated daily NEP were overallfaatisy, with an R of 0.49 and
0.79 in Grignon and Gebesee, respectively, while the slogreged from 0.77 to 0.88, and the
intercepts ranged from -0.37 to 0.79 g Cthd~! (Figs[4.b and]4.e). The relatively low”Ror
the Grignon-BPA experiment stems from the model failing tmia the peak C fixation fluxes in
July, probably because it over-estimated the effect of mstess on photosynthesis. The model
overestimated the cumulative sum of NEP in Gebesee whetrstghtly underestimated this

variable in BPA-Grignon (FigH 4.c arjd 4.).
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Figure [b depicts the time course of ABG dry matter for the maimp of the BPA-Grignon

experiment. Simulations were computed either with thegrastexpectancy of parameters de-
rived from the calibration of NEU-Grignon or with the initifuncalibrated) parameter values.
Surprisingly, the latter resulted in a more accurate sitmnaf crop biomass accumulation than
the calibrated parameters. On the basis of these resudigpéars that the calibration improved
the simulation of NEP but without improving the predictiohlmomass accumulation. As a

result, the RMSEP for ABG biomass with calibrated model waisechigh (Tabld}).

3.4 Carbon balance of crop rotations

Figurg® shows the time course of carbon balance in all sigelsroken down across crops during
the time period extending from their sowing to the sowingha following crop. In the NEU-
Grignon experiment, NPP was higher for the 2006 winter wiaeat 2007 barley than for the
2005 and 2008 maize crops. On the other hand, soil respirafier winter wheat and barley
were higher than for maize crops due to a longer period of oietespiration from harvest to
sowing. As a result, NEP was higher for maize than for wintxeals, averaging 4770 and
4090 kg C ha', respectively. The mustard sown in 2004 was a net source gfi@0ts net pho-
tosynthesis was lower than the net soil respiration. Thitepawas reversed with the mustard
sown in 2008, which was overall a net sink of £Qn both cases, the introduction of a catch
crop between winter cereals and the following spring crapeases ecosystem uptake of C at
the rotation scale.

In Auradé, seasonal net photosynthesis, soil respirainohnet ecosystem production were sim-
ilar for the 2005 winter rapeseed crop and the 2006 winteratv(féig.[$.b), resulting in a NEP
(equivalent to a net C-uptake by the ecosystem) of 2800 kg C. h@he net photosynthesis
of sunflower was underestimated by the model, resulting ife® Mwer than for winter crops

(1600 kg C ha'). In Gebesee, the net photosynthesis of winter wheat reag?@0 kg C ha',
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soil respiration totalled -4000 kg C haand net ecosystem production 2230 kg C'hgrig.8.c).

In this site, soil organic carbon was higher than in the offies, generating higher soil respi-
ration rates. In the BPA-Grignon experiment, the net edesyproduction of maize totalled
6490 kg C ha' over the growing season, corresponding to the balance batnet photosyn-
thesis (7740 kg C hd) and soil respiration (-1250 kg C ha- Fig.[8.c).

Table[b recapitulates the modelled and observed carbotsiapd exports for the 4 experiments,
by crop. As in the previous section, the C budget for each staged upon sowing and ended
upon sowing of the following crop, except for Auradé, Gedmand BPA-Grignon where the
starting date was the first day of measurement. In the NEgs®n experiment, the model pre-
dicted the 3-yr rotation to be a net sink of 215 kg C havhereas the observations indicated a
net source of C (-1520 kg C h&over the three years). This discrepancy was due to the under-
estimation of C fixation by the 2005 maize crop and of the arhotistraw removed after winter
wheat in 2006. In this site, the straw of winter wheat anddyawas harvested, whereas in the
other sites it was incorporated into the soil. The expertalethetermination of straw removal
rate may also have led to an over-estimation of this terntesiasses probably occurred upon
harvest. The simulated year-round NEP for the year 2005 &1-BEgnon (encompassing the
maize cropping cycle) was 4350 kg CHayr—! (vs. 3120 kg C ha! yr—! observed) and was
5200 kg C ha! yr~! for the year 2002 at BPA-Grignon.

In Gebesee, cattle slurry and farmyard manure were appli@D07 during the winter wheat
growing season, making this crop cycle a large C sink. Theilsitad year-round NEP for 2007
(encompassing a part of the wheat cropping cycle) was 24@Hay! yr—!, which is much lower
than the total of 1133 kg C h&d measured from 1 Jan. 2007 to 5 Oct. 2007 (the end of mea-
surement period). The modelled NEP was slightly higher tharvalue of 1930 kg C ha yr—!
reported by Anthoni et al[ (20D4) and based on measuremantisef same site in 2001 for win-

ter wheat. In additiorf, Anthoni et g[. (Z004) reported thaew they removed C exported by the
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harvest to the NEP, the site became a net source gf(610970 kg C ha! yr—!), whereas we
modelled for the year 2007 a NBP of -4765 kg C hsr—! when we removed harvested biomass
to the NEP. In Auradé, we overestimated the C sink of theimt2005-2007 as compared with
the observations, 2270 vs. 500 kg C haver 2.5 years which is due to a 30% underestimation
of rapeseed grain yield in 2005 and an overestimation of NiRdpeseed and winter wheat
by 10 and 35% respectively as compared with observationshedBPA-Grignon experiment,
the model underestimated harvested biomass by 40% whicicénlda large bias in NBP: 25 vs.

2575 kg C ha! over 117 days.

4 Discussion

4.1 Model calibration and prediction error

Our goal was to parameterise the agro-ecosystem model CIHRESIn order to estimate the
daily NEP over crop rotations, assuming that the calibreéigainst daily NEP data would simul-
taneously improve the predictions of net ecosystem praalyotrop growth and carbon balance
at rotation scale.

In order for the calibration algorithm to converge, we hadttificially increase the measure-
ment uncertainty to smooth the likelihood surface. Thedamgmber of daily observations in our
sample (several hundreds of data points) led to a sharpkepdielihood which is difficult to
reach and explore by traditional Metropolis-Hastings atgm. Processing the data in weekly or
monthly means would help in reducing the amount of infororatind thus it would improve the

calibration process. Using an adaptive MCMC sampling dilgor, such as developed by Haario

I |
et al. (200[L), could also help in adapting the proposalibistion and in optimising MCMC algo-
rithm. Bayesian calibration was applied on daily NEP datakimg the assumption that whether
daily values were well simulated, thus the cumulative surald/@lso be well estimated. This

assumption could be questioned and we should compare aatalibagainst NEP data cumu-
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lated for cropping cycles with daily NEP. The processing afadand time length of summary
statistics (daily, weekly..) would then depend on the goathich the model is applied for.

The Bayesian calibration on the NEU-Grignon and Auradéeexrpents resulted in a slight re-
duction of RMSE compared to the initial parameterizatiohere was also a close correlation
between observed and modelled NEP on daily or seasonal baglencing a good capacity of
the model to predict NEP at both scales. The coefficients td#roenation (R) we obtained
ranged from 0.59 to 0.76, and compare well to literatfire.dduet al. [2009) reported ar? Rf

0.43 when simulating two years of NEP data over an arableifiglthina with an agro-ecosystem

model.[Wang et al[(20D5) parameterised an ecosystem mgdielsh NEP measurements over

a wheat-maize sequence in China, and obtainede®veen 0.74 and 0.76, in the range we ob-
tained in the NEU-Grignon experiment.

After calibration, we estimated the model prediction e(RMSEP) using independent data sets
from two experiments with similar crop management but d#fé soil or climate conditions
(BPA-Grignon and Gebesee). The RMSEP ranged between 1.3.8mndC nt2 d—!, indicating

a good capacity of CERES-EGC to capture NEP at daily and sahsoales, and were 4 to 7
times lower than the value of 11.3 g Cthd~! reported by Huang et pl. (2009). However, the

crop growth at BPA-Grignon was not well simulated becauseRUE parameter for maize, cal-
ibrated against NEU-Grignon dataset, was not accuraténéontaize crop of the BPA-Grignon

field site experiment.

4.2 Using a crop model to simulate the net carbon exchanges

We originally assumed that calibration of RUE parametersrop growth sub-models against
net C exchanges would allow us to take into account the whalat |© fixation by integrating
the root growth and the RUEs would have been increased. Asudtréhe RUEs of maize and

wheat were substantially reduced after calibration, in ganson with their initial values. An
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underlying explanation of such results could be that thibition directly applied on C balance
between net C fixation and heterotrophic respiration do reltenpossible to well calibrate si-
multaneously both processes. Calibrating each processately with their specific measured
data may help in better estimating the RUEs and soil respiralhe main limitation being that
it is difficult to measure separately the C fluxes from soil atahts compartments, especially
for roots.

While the modelled estimates of NEP were in agreement wiienations, those for grain yield
and straw removal were lower than observed, which had a kffget on the final C balances.
However, the observations of straw removal in the NEU-Goigaxperiment were relatively un-
certain since they were based on destructive sampling ofgfaior to harvest, and did not take
harvest losses or cutting height into account. The diffeesrin the modelled and measured C
balances should therefore be mitigated, considering thenpally large experimental error on
the removal terms.

Grant et 3. [[20Q7) showed that tBeosys model well captured the ABG biomass dynamic for

maize and soybean crops and that the model predicted withddguracy the grain removal
for the two crops of the rotation. The CERES-EGC predicteavalground biomass and grain
yield in the same range of accuracy but it remains an uncgytaith the estimation of straw

removal. At the crop rotation scale, the simulated NEP ofyth& encompassing maize crop-
ping season in Grignon are in accordance with literatura é@t temperate climates. Verma

et al. (200b) measured NEP values for irrigated and rainfaencrops ranging from 3800 to

5200 kg C ha' yr~!. Wang ef 4. [[2005) simulated with a biogeochemical modelEd vf

3340 kg C ha' yr~! for wheat and 3850 kg C hdyr—! for maize, whil§f Moureaux et al. {ZJ06)

measured a higher value of 6100 kg C hgr— for a spring crop, sugar beet in Belgium.

Lastly, [Huang et al.[{2Z0D9) measured a NEP over 608 days foineemwheat-maize-winter

wheat rotation in Yucheng (China; semi-humid and monsoiomate), and obtained a mean NEP
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of 7200 kg C ha', with no time interval between two successive crops. Theidetied estimate
was very similar, at 7810 kg C ha We estimated for a similar crop sequence of maize-winter
wheat-winter barley (893 days) in Grignon an observed NEP3437 kg C ha' and simulated
NEP of 13510 kg C ha'. The difference between both studies is due to differentedmn the
estimation of NPP. In facf, Wang ef|dl. (2D05) modelled th&Ni# the same site in China equal

to 3340 for wheat growing season and 3850 kg C'Har maize growing season, whereas we
estimated NPP of 6680 kg C hiafor maize in 2005 and 7435 kg C hafor winter wheat in
2006.

Net biome production is very sensitive to the estimationiofrtass removal from the field and
organic manure inputs. Our model predicted the rotationsEif)-Grignon and Auradé to be

net C sinks, whereds Grant et 4I. (2007) simulated rainfédigated maize-soybean rotations

as being net sources of C, emitting between 400 and 800 kg €yma® into the atmosphere.
They compared their estimation of NBP by simulating theat#oih of soil C stock over 100-year
simulation periods. In this way, they estimated a soil oig&hloss of 300 kg C ha' yr—* for
rainfed system and an increase of 600 kg C'ha~! for irrigated system. The carbon returns
from application of organic fertilizers generates alsorapartant effect on NBP reducing it by
50 to 115% in case of the rotation of NEU-Grignon. Carbon kgpfeom catch crops and volun-
teers also appear as non negligible input of C in the crosyst

Our agro-ecosystem model simulates water, C and N cyclinlg@HAG fluxes as well as the
drivers controlling plant and microbial processes. Simntanet carbon exchanges and crop
productivity for various crop species requires to combiterge number of processes. In partic-
ular special attention should be focused on simulatingratewcrop phenology (date of harvest),
water and N stress on crop growth, sharing between biomasstexl out of the field and residue

return to soil.
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5 Conclusion and future work

We applied a Bayesian method to calibrate the CERES-EGC Inagd@st two data sets of NEP
from contrasted pedoclimatic conditions and crop seque(g&U-Grignon and Auradé). The
calibrated model allows us to predict the net carbon exobsbgtween soil-crop and atmosphere
from daily to rotation time-scale. We computed the error afdel prediction by comparing
simulations and observations of NEP from two other indepanhdata sets (BPA-Grignon and
Gebesee). The model correctly predicted NEP in both sitésrier-estimated crop biomass in
one of them. The originality of our approach is that we can jgota the different terms of the C
balance for entire crop rotations and then assign equalZteource and sink between the crops
of the rotation. The model estimates the crop productiit is exported out of the field for
being used in food, feed or bioenergy supply chains. The @nlgal at the field gate could then

be introduced into life cycle assessment of agriculturabpcts such as recommended by Rabl

I |
et al. (200]7) who advised to count C-uptake and emissionascit gtage of the life cycle instead
of counting a zero C balance between C fixation and emission.

Anthoni et al. [2004) reported that up-scaling C fluxes framptands from plot to regional

scale was the most complicated task to establish C budgetsefegted region due to wide
variations in crop species, rotations, residue and feetiimanagement and soil C stocks. The
use of process-based models such as CERES-EGC would hefpinmagng the regional net

carbon fluxes. The calibration developed[in Tehuger ptf &I092 for N,O makes it possible

to apply plot-scale models at regional level by providingust estimates for generic (ie non
site-specific) parameters over this domain. Such a strategld also be used for GOusing

the calibration method we used here on a wider range of deddsénd parameter values that
would be universally applicable. The calibrated model ddnken be used to simulate a wide

range of environmental conditions, and coupled with Gl&blases to generate high-resolution
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regional maps of net COfluxes with daily time resolution. Estimating C fluxes fronrdets,
grasslands and other ecosystems (shrublands, wetlanesuld also be integrated for budgeting

biospheric C fluxes at regional or landscape sdale (Turnal,¢?00}). Regional validation of

model simulations with landscape or regional measuremsuoth as carried out by Soegaard

I |
et al. (200B), would combine the different sources and saiksarbon. Regional strategies of

C-abatement would then be tested using the model at thimbkpedle.
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Site Experiment Year Soil texture Sequence Number of daily

class of crops NEP measurements
Grignon NEU 2004-2008 Silt Loam M-WW-WB-m 1627
Grignon BPA 2002 Silt Loam M 115
Auradé 2005-2007 Clay Loam R-WW-SF 926
Gebesee 2007 Silty Clay Loam WW 310

Table 2: Selected characteristics of the various sites apdrenents (M: Maize; WW: winter
wheat; WB: winter barley; m: mustard; R: rapeseed; SF: sweiip

33



Site Output Unit RMSE computed with:

variables Initial parameter Posterior expectancy Maxinauposteriori Posterior expectancy
values of parameters parameter vector of predictions
NEU-Grignon Daily NEP gCoCm2d! 2.22 1.90 1.90 1.89
Cumulative sum of NEP g CEC m~2 415.85 137.65 92.57 127.11
Above-ground biomass t DM ha& 1.87 1.82 1.99 1.83
Auradé Daily NEP gCeCm2d! 2.68 1.88 1.80 1.88
Cumulative sum of NEP g CRC m™2 217.83 68.68 83.36 70.03
Above-ground biomass  t DM ha 1.84 1.24 2.93 1.24

Table 3: Root mean square errors (RMSES) of daily NEP, cuimalaum of NEP and above-
ground biomass based on the initial (prior) parameterseglihe posterior expectancy of param-
eters, the maximum a posteriori parameter vector and thtepmsexpectancy of predictions.
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Site RMSEP of:

Daily NEP Cumulative sum of NEP  Above-ground biomass
gCO-Cm2d! gCO,-Cm™2 t DM ha™!
Gebesee 1.55 90.95 no data
BPA-Grignon 3.78 31.61 3.65

Table 4: Root mean square errors of prediction (RMSEP) basdte posterior expectancy of
parameters for daily NEP, cumulative sum of NEP over crogtiam and above-ground biomass.
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Site Crop Time period Net ecosystem production Harvestexhass Manure Net biome production

(kg Chal) (kg DM ha'1) (kg Chal) (kg Chal)
Start End Modelled Observed Modelled Observed Modelled eBies!
NEU-Grignon Mustard 2004-09-01 2005-05-08 -822 -456 988 616 532
Maize 2005-05-09 2005-10-15 5515 5139 -13510 -15470 111 4910
Winter wheat 2005-10-16 2006-10-05 3510 2621 -7597 -7500 8721 -3751
(-5859) (-8430)
Barley 2006-10-06 2007-10-21 4485 5377 -8630 -8200 -419 641
(-3632) (-3640)
Mustard 2007-10-22 2008-04-26 632 875 1763 2395 2638
Maize 2008-04-27 2008-10-14 6627 8005 -13730 -20470 1135 83-1
Rotation 2005-05-09 2008-04-26 14143 14012 215 -1521
Auradé Rapeseed 2005-03-18 2005-10-24 2745 2504 -3768 00-53 1237 384
Winter wheat 2005-10-25 2007-04-09 2816 2088 -6378 -6000 526 -312
Sunflower 2007-04-10 2007-09-29 1611 1311 -2116 -2200 765 1 43
Rotation 2005-03-18 2007-09-29 7172 5903 2267 503
Gebesee Winter wheat 2007-01-01 2007-10-05 2622 1134 -7165-4700 4460 4216 3714
BPA-Grignon Maize 2002-06-15 2002-10-07 6476 6643 -16130 23040 24 -2573

Table 5: Carbon budgets of the crop sequences of NEU-Grighoradé, Gebesee and BPA-
Grignon. The C balance is broken down into net ecosystemugtamh, harvested biomass,
manure inputs.
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Figure 1: Schematic of C fluxes (solid arrows) and N flows (ddsdrrows) within the CERES-
EGC model.
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Figure 6: Carbon balances of the crop sequences at GrignanadA and Gebesee based on
simulations with the calibrated model. Net ecosystem petda (NEP) is broken down into net
primary production (NPP) and heterotrophic soil respora{iRs).
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