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Abstract:

Faba bean\{icia Faba L.) is the second most widely grown grain legume in Europe after pea
(Pisum Sativum L.) and presents several agronomic and environmental advantages when
inserted in cropping system&.d. decreased dependency on synthetic fertilisers and N
provision to the subsequent crop). However, yield variability due to several factors including
heat and drought impede wide adoption of faba bean by farmers. Soil-crop models provide
guantitative information to evaluate these processes and help to design innovative cropping

system including legumes. TI&1CS model was chosen for its agro-environmental purpose

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
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and its genericity allowing crop rotation simulati@nd robustness for a wide range of
pedoclimatic conditions. However, there is so far $TICS no parameterization for faba
bean. We calibrated 38 crop related parameterdb@sditerature, direct measurements and
sequential estimation using the optimisation OptimiSTICS and a dataset of winter faba
bean grown in two sites in France with contrastsmg conditions over several growing
seasons (2002-2015pata from 22 experimental plots were used forbecation and the
remaining independent 13 plots were used for medeluation. After calibration, th&TICS
model reproduced well phenology, Leaf Area Inded dgnamic growth of above ground
biomass, uptake of mineral N Hixation and grain yield, with satisfactory modéli@ency
(0.56 to 0.81) and low relative bias (-7% to 2%f)eTmodel adequately reproduced the large
observed variation in faba bean grain yield (0.4270 t hd) and total N fixed at harvest
(62 — 172 kg N hd) in the contrasted years and soil conditionshis study. Simulations
indicated that water stress was the overridingofagtiving yield and M fixation variability.
Simulation of temporal crop growth and water steesduring grain onset and grain filling
allowed a robust and credible agronomic diagnosighe® causes of this variability for faba
bean crops not significantly damaged by pests ardades. Water supply/demand ratio
averaged over a period of six days preceding baggnof grain filling explained 78% of the
observed grain yield variability while water defi¢actor for N fixation averaged over a
period of 20 days following the beginning of gréiling explained 83% of the variability of
fixed N, at harvest. Our work provides a first calibrateomd evaluation of th&TICS model

for faba bean. It offers the opportunity to quantife ecosystem services associated with crop
rotations including faba bean and the effect ainalie change on the performance of such

rotations.

Keywords: parameter estimation, yield variability, abiotic stresses, grain legume
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1. Introduction

Current cropping systems in Europe are charactbriag high productivity but rely on
simplification of crop rotations and high level ®fnthetic inputs which has led to soil, water
and air pollution and loss of biodiversitg.d. Stoate et al. 2009). Diversification of current
cropping systems with grain legumes can improvermmnic, economic and environmental
performance and provide supporting and regulatogggstem services. In particular, relying
on biological Nfixation decreases the dependence on synthetmgeitr fertilizer and reduces
the associated direct and indirect greenhouse gasessions and risks of nitrate leaching
(Plaza-Bonilla et al., 2017; Reckling et al., 20118pwever, legumes often suffer from water
and temperature stress: i) drought during repradeigthase can cause severe yield reduction
(Daryanto et al., 2017) and ii) heat can impactatiggly seed set and grain filling (Prasad et
al.,, 2017). Even though not always well appreciatdg fixation can also be severely
restricted by stresses due to drought, heat, aramdasoil mineral N content in the root zone
(Liu et al., 2011). Furthermore, legumes are expdasedamages from pests, diseases and
weeds at different time in their growth cycle (Ralbs et al., 2015). Strong yield variability
and lack of reliable agronomic diagnosis are thenmeasons mentioned by farmers for non-
adoption of legumes in cropping systems (Meynardalet 2017; Watson et al., 2017).
Dynamic process based soil crop models can adsestuhderstanding of current yield
variability by simulating patterns of seasonal wated temperature stress (Affholder et al.,
2003; Hayman et al., 2010). They are useful tamldiagnose agronomic constraints to crop
production and to explore the impact of current futdre climate variability. Therefore, they
can assist the design of more resilient croppingtesys by analysing model outputs.
Furthermore, these models allow to estimate indisathat are crucial for the assessment of

crop rotations but tedious or expensive to quaritifgxperimental plotse.g. biological N
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fixation (Liu et al., 2011), water drainage (Breekt al., 2017), pO emissions or nitrate

leaching (Plaza-Bonilla et al., 2015).

The STICS model is a generic dynamic soil-crop model that baen used to assess the
agronomic and environmental performances of crdations and to support the design of
innovative cropping systems in a wide range of ggrdo-climatic conditions (Coucheney et
al., 2015). For example, Bécel et al. (2015) assk$ise impact of various integrated weed
management strategies on nitrate leaching. Comstahtal. (2015) determined the optimal
date of emergence and destruction of cover cropsdice nitrate leaching. Jégo et al. (2010)
analyzed the effect of fertilization, irrigationratiegies and climate variability on nitrate
leaching in sugar beet/potato cropping systemsfagospring peaRisum Sativum L.) and
soybean Glycine max (L.) Merr.) are the only grain legume calibrated &1CS (Corre-
Hellou et al., 2009; Jégo et al., 2018JICS can simulate N sharing between companion
crops and N carry over effects on following cropsit all the involved crops must be
calibrated forSTICS. Given the potential of grain legume to improvepging system
sustainability in Europe (Watson et al., 2017) &mel potential of crop models to help with
the design of innovative and resilient croppingteys including legumes, there is a need to
broaden the number of grain legume crops calibratetlevaluated with th8TICS cropping

system model.

Faba bean\icia Faba L.) is the second most widely grown European glegumes (Watson
et al., 2017). Its proportion of crop N derivedrfratmospheric Nis the greatest among
major grain legumes cultivated in Europe (153 kigaN on average) (Jensen et al. 2010). It is
a high-biomass crop leaving more residues and gigirgreater nitrogen-related yield effect
on the subsequent crop compared with low biomags ldte chickpea and lentil for example

(Watson et al., 2017). However faba bean, like otegume crops, can suffer from strong
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yield and N fixation reduction due to abiotic factors (Bisheipal., 2016; Khan et al., 2010;

Lépez-Bellido et al., 2011) and pests and dise¢®esldard et al., 2010)

Winter faba bean experiments were conducted inhsegtern France over several growing
seasons (2002-2015) with limited pest, diseaseva®ts pressure, This dataset provides a
rich basis to ada@TICS to faba bean and analyse the capacity of the ntodehravel the
role of abiotic factors in driving yield and;Nixation variability. Our first objective was to
calibrate and assess the performanceSICS to simulate N acquisition by soil mineral
uptake and biological Nfixation, crop development and shoot biomass prtidn, grain
yield formation, N content in grain and straw, @i water and mineral N contents along the
whole profile during crop growth and after harvd®y.doing so, we explored the hypothesis
that the generic modeli €. with the same formalism for all crops) can taki iaccount the
specificities of faba bean ¢Nixation) and can be robustly calibrated for tgrain legume.
The second objective was to analyze the abilitgldCS to generate robust prediction for
an independent dataset and allow a credible agrandiragnosis of yield and Nfixation
variability due to abiotic stresses. For this obje, our hypothesis was thatthe spatio-
temporal adequacy of soil/crop relationships (B.qutrition based on both mineral-N uptake
and N2 fixation) and the realism of the implemenpedcess equations allow for an accurate

prediction of abiotic stresses.

2. Materialsand Methods

2.1. STICS, a soil-crop model

2.1.1. Overview of the model
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The soil-crop model (as well as cropping system et)d8l'CS (Brisson et al., 2008, 2002,
1998) was chosen for its agro-environmental purpasep genericity (allowing the
simulation of crop successions with the same mauel)robustnes&TICS simulates carbon,
water and nitrogen dynamics in the soil-crop sysbena daily time step over the crop cycle.
Unlike crop models that combine crop modules wiiffetent structures,e.g. DSSAT
(Decision Support System for Agrotechnology Transflones et al., 2003) APSIM (
Agricultural Production Systems sIMulator, Keatigigal., 2003)STICS uses a common and
generic structure for different crop species. &especific sets of parameters define the
differences between speciédICS has been adapted and tested for different typerays
(e.g. winter wheat, maize, barley, sunflower, rapeseg@ssland, tomato, grapevines)

(Coucheney et al., 2015).

Inputs to the model include daily weather inforraat{minimum and maximum temperature,
rainfall, wind and global radiation), soil charaisécs (per-layer initial soil water and
mineral N content, field capacity and wilting pgiand crop/soil management (date and depth
of planting, planting density, soil tillage, resedu management, organic and mineral

fertilisation, irrigation).

Crops are defined by species parameters, ecopbgsgial options €.g. effect of photoperiod
and/or cold requirements on crop phenology, paémdéidiation use efficiency) and cultivar
specific parametersef. flowering precocity, maximum number of grains pef). Crop
temperature (calculated from weather variables) @matoperiod drive crop phenology. The
model dynamically simulates (i) development of thet system that takes up N and water
according to root density over the whole soil geofind (ii) the establishment of the canopy

that transpires water and intercepts light to poaedine crop biomass.
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Two processes account for yield formation in thedelo (i) setting of grain number per
square meter and (ii) accumulation of biomass &ngrThe number of grains before the start
of grain filling is a function of: (i) the numbelf days before the beginning of grain filling
during which grain number is determined (crop paatem), (i) the mean canopy growth rate
during this phase (calculated by the model), (i@ sensitivity of grain onset to growth
conditions (crop parameter) and (iv) the maximunmhbar of grain (crop parameter). Dry
matter accumulation in grains is calculated by wppl a dynamic harvest index (grain to
shoot biomass ratio) to the dry weight of the plghnir and Sinclair, 1991). This harvest
index increases with time from the beginning ofigréling to physiological maturity, the
rate of increase being a crop parameter. A maxirfinal harvest index (crop parameter)
prevent unrealistic remobilization levels. A maximugrain yield corresponding to the
simulated number of grains multiplied by the maximweight of one grain (crop parameter)

is computed to avoid unrealistic yield level.

The model also accounts for soil water and N dysamNet N mineralization from crop
residues and soil organic matter (affected by @dag CaC@ content in the topsoil and
governed by soil moisture and temperature), ni@iion (affected by pH in the topsoil),
nitrate leaching and ammonia and nitrous oxide @asemissions are daily simulated as well

as vertical water drainage when field capacityxiseeded.

STICSalso simulates N acquisition by fixation for legumes. Nodule formation is a fuicti
of soil thermal time and sets the potential fixatidctual N fixation then depends on shoot
growth rate (C limitation for M fixation), soil temperature, soil moisture, andnigrate

inhibition effect linked with nitrate-N concentrati in the nodulation layer (see section 2.1.2).

The equations governing physical and biologicakpsses occurring in the soil/crop system

are based on a unique set of general parametexdelNdarameters and equations describing
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yield formation are of particular interest in tsisidy and are described in details in Table S2.
An exhaustive description of inputs, equations dethult parameter values of ti&1CS
model is given in Brisson et al. (2008). Bergealket(2014) give an overview of the latest
plant and soil process-based developments oETheéS model, and Coucheney et al. (2015)

detailed theSTICSversion 8.5 used in this study.

2.1.2. Stressfactors

Physical and biological processes are successatglyessed in two types of equations: 1) the
calculation of the potential flux or rate of theopess; 2) the effect of the environmental
limiting factors, including the stress factors bétcrop (light, C, N and water). Four stress
factors can indirectly affect grain yield througlamt growth. The first is a water stress factor
that affects radiation use efficiency and planhgmration, and is computed as the ratio of
actual evapotranspiration over potential evapopiaton. Potential transpiration is function
of Leaf Area Index (LAI) and daily potential Penmewvapotranspiration, as calculated by the
model. Actual transpiration is calculated as theimum between water soil supply and
maximal crop demand. The second stress factor Nitragen stress that affects 1) LAl
increase, 2) radiation use efficiency and 3) pdgsfienescence. The N stress index is
computed as the ratio of actual Nitrogen conceiomabver Critical crop N concentration.
Critical crop N concentration is the minimum N centration that allow to maximise biomass
production (Lemaire and Gastal, 1997). Actual Nalpt is calculated as the minimum
between soil supply and maximal crop demand. Thd #iress is a heat reduction factor on
radiation use efficiency that increases when davgrage crop temperature exceeds optimal
crop temperature and is maximal when daily averagp temperature exceeds maximal crop
temperature. The fourth is a heat stress factdrstags grain yield when daily average crop

temperature exceeds maximal temperature for gilingf
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For legumesSTICS also calculates water, heat, anoxia and nitrogesss factors for N
fixation. The water deficit factor for Nfixation is the proportion of soil layers in the
nodulation area (crop parametgrrdfnod”, set to 30 cm in our study) for which moisture is
above wilting point. The heat stress factor forfiXation increases and is maximal when soll
temperature in nodulation zone exceeds optimal arakimal temperature thresholds.
Nitrogen stress for Nfixation increases and is maximal when the meaousiof mineral
nitrogen in the rooting zonea.€. the upper soil layers where the bacterial symbidsithe
most active) exceeds an optimal or maximal N cotraéon threshold. Eventually, anoxia
stress factor for M fixation increases with the proportion of soil éay in anaerobic

conditions.

Stress factors are computed daily and vary betveéromplete stress) and 1 (no stress).
Model parameters and equations used to compute wiaéss factor and water deficit factor
for N, fixation are of particular interest in this stualyd are described in details in Table S2.
The exhaustive description of the equations andmaters governing the stresses definition

can be found in Brisson et al. (2008).

2.2. Experimental data

2.2.1. Sitesand experimental design

The experimental data was collected in south ohéeaat the experimental sites of INRA in
Auzeville (43°31'N 1°28’E), and of CREAB-MP in Auc(®3°38'N 0°36’E) during seven
growing seasons in each site. In both sites, theaté is oceanic temperate under
mediterranean influence and characterized by sumadneughts and cool wet winters.
Cumulative global radiation, growing degree-daysd arainfall during crop growth
(November-July), averaged across growing seasomse wimilar in Auch and Auzeville

(Table 1). Experimental plots were in the valleydaep (.e. average maximum rooting depth
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of 135 cm) clay-loamy soils in Auzeville and on thélside on shallow i(e. average
maximum rooting depth of 70 cm) clay loamy soilsAinch. As a result, average maximum
available water to maximum rooting deptle.(soil water content at field capacity minus soil
water content at wilting point) was higher in Auitlev (167 mm) than in Auch (64 mm)

(Table 1).

Cropping systems strongly differed between expenialesites In Auzeville, the data

originated from two distinct types of experimeriftke first type was annual experiments with
replicated plots (1.62 m wide x 13m long) of sabkd bean (see Bedoussac and Justes (2010)
and Kammoun (2014) for a detailed description gfezmental design). The second type was
a long-term cropping system experiment establish@®03 on 200 x 30 m plots with

different three-years rotations varying in the frency of grain legumes and the use or not of
cover crops (Plaza-Bonilla et al., 2017). Approjariaerbicide and pesticides were applied to
control weeds, pests and diseases and no N fertiias applied on legumes.In Auch, the

data originated from an organic long-term soilifiéytmonitoring experiment (2002-2013)

with 50 x 50 m plots with Faba bean — Oat or whe&tnflower rotations (Colomb et al.,
2013).Auch was managed without mineral fertiliserbicides and pesticides. As a result,

only the plots where the monitoring revealed nelgleggpests, disease and weed pressure were
considered. In both sites, the land was plowed poisowing and only in 2007 in Auzeville
small amounts of irrigation water (20-50mm) waslegupafter sowing (Table 2) to ensure

satisfactory crop establishment.

The considered faba bean cultivars were Castel lmh (Table 2). These winter-type
cultivars sown between November and January hawéasiphenology and yield potential
(Flores et al., 2012). Site, year, and managenaahorfs (cultivar, crop density, incorporation
of a cover crop before planting and sowing datdndd 35 Site-Year-Management units

(Table 2). Site-year-management units coveringoadrange of soil types, growing seasons
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and management situations (He et al., 2017) wesseazhfor the calibration dataset (Table 2).
The remaining units, differing in growing seasond/an management (compared with

calibration dataset) formed the evaluation dat@issle 2).
2.2.2. Measurements

Faba bean development stages were recorded in rtheala experiments in Auzeville
following BBCH scale (Meier, 2001), namely (i) BBCBB: 50% of shoot have emerged
through soil surface (ii) BBCH 70: first pods haresached final length (corresponding to
“drp” stage in STICS i.e. the beginning of grain filling). Additionally, ietpolation of
discontinuous LAI observations allowed for deteriminthe date of the end of juvenile phase
(amf stage in STICS, corresponding to maximum growtl od LAI). The interpolation was
carried out with the tool integrated 8TICS that uses an functional equation to differentiate
LAI growth (logistic equation) and senescence (equtial equation), the difference between
the two functions giving the green LAI (see Casanlet 2012, for detailed equations and

procedure).

In each experimental field, soil texture and pHeavereasured over the whole soil profile (O-
120 cm). Soil mineral N and water content were messby layers of 30 cm three times per
year: (1) end of autumn prior to sowing, (2) midier and (3) at harvest. Crop variables
such as LAI, above-ground biomass, fixega¥d total accumulated N, grain yield and grain
N content were measured from 1 to 5 times depenalingjte, year and experiment (Table 2):
(1) in mid-Marchi.e. wheat ‘lcm ear’ stage, (2) in mid-Aprile. legume flowering, (3) in
mid-mayi.e. wheat flowering, (4) in early June. wheat ripening, and (5) in early Julye.
legume maturity. At each measurement, six centwakr0.5 m long (annual experiments in
Auzeville), six nf (long term cropping system experiment in Auzeyiiad nine subplots of

two rows 1 m long (in Auch) were harvested by agfplants at the soil surface. In the annual
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experiments in Auzeville, a LI-3100 planimeter COR, Lincoln, NE) was used to

determine green leaf area. In all experiments,tf@mass samples were dried at 80°C for
48 h and weighted. At maturity, plants were threste determine grain yield and harvest
index. Above-ground plant and grain N concentrati@me determined on finely ground plant
material with the Dumas combustion method usingeok2000 analyzer (LECO, St. Joseph,
MI, US). In Auzeville, N fixation ratio, i.e. the proportion of plant N derived from

atmosphere (%Ndfa) was determined using ‘i natural abundance method (Unkovich,
2008) with unfertilized wheat and non-legume weadgeference plants in the annual and

long-term experiments respectively. %Ndfa was dated as follows:

615Nref_ 615Nfababean

%Ndfa = 100 X T 1)

whered™N is the deviation from the international standafdtmospheric h(0.3663%"™N)
for faba beandNiava vea) and for the reference crop'{Nre), andp is thes N of shoots of
faba bean fully dependent upon fikation, assumed equal to —0.63 %. (Unkovich, 2008
The amount of fixed was calculated as the product of %Ndfa aal above-ground plant

N.

Moreover, dynamics of maximum rooting depth of fdlgan was monitored in 2013 during
the annual experiment in Auzeville (Table 2) usegotary scanner-based minirhizotron
system (CI-600, CID Bio-science, Camas, WA, USA)tenes during crop growth (16 and

28 March, 12 April, 6 May, 3 June, 17 July).
2.3. Calibration procedure

The calibration consisted in choosing the formaséisand corresponding parameters involved
in the simulation of crop phenology, leaf area amit system expansion, biomass

accumulation, biological nitrogen fixation, nitragaptake and grain yield elaboration.
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The parameterization procedure included three steigsre 1). The first step was a literature
review to select the options offered by the mottekimulate the different crop processes and
determine existing parameter values s. The sedepdcerresponded to the determination of
parameters from experimental data by direct measeme or observation (phenology). The
last step consisted in a mathematical optimisabased on the approach developed by
Guillaume et al. (2011), including nine stages espnting the different key processes in the
simulation of the final outputs of the model (Talde For each stage, sensitivity analysis
(Ruget et al.,, 2002) and expert knowledge were usesklect the parameters having the
strongest impact on model outputs. In total, 29pcmarameters were mathematically
optimised (Table 3). Stage-specific target varigblere selected: (i) dates of key
development stages (emergence, end of juvenileephasginning of grain filling and
physiological maturity), (i) dynamic variables @feArea Index, above-ground biomass,
fixed N and total plant N, overall soil moisturentent and overall soil N content) and (iii)
variables at crop maturity (yield components, gsaaid and grain N content) (Table 3). The
calibration stages were carried out by using tHevswe packageptimiSTICS (Wallach et
al., 2011) and the methodology detailed by Buiale{2011). Model error was computed as
the difference between measured and simulated vdturea given target variable at a given

date. The goodness of fiv@Qvas obtained following the formula:

C, = Y niZL[ Os,i — Ps,i(g)]z (2)

Wherev is the target variables is the site-year-management unit andsnthe number of
measurements ig Os; is the measured value in site-year-managersentthe ith dateand

Ps((0) is the corresponding simulated value with theapseter sef.
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This average squared error for a given target blriavas minimised using a simplex
algorithm. For each optimised parameter, , lowed ampper limits corresponding to
reasonable physiological values were fixed basetit@rature and expert knowledge (Table
3). The optimised parameter values at a given stage the default values of the next steps.
The initial plant parameters before optimisationraveaken from the spring pea plant file
(Corre-Hellou et al., 2009). Given the similarities crop functioning and yield potential
observed in our experiments between the two stuidibd bean cultivars (Irena and Castel),
we did not calibrate specific cultivar parameters.

Soil analysis informed the input parameters requii@ soil in STICS. Moisture at field
capacity and wilting point were first obtained wpipedo-transfer functions (Saxton and
Rawls, 2006) and also based on laboratory measuitsroe sieved soil for field capacity, and
then adjusted by trial and error to minimize theoebetween simulated and observed soll
water content in mid-winter. The recorded crop nggmaents (Table 2) were used to create
management files used for each simulatioitial soil mineral nitrogen (nitrate ammonium)
and water content were measured for each experiarehset between 13 and 120 kg Ntha
and 162 and 342 mm respectively, depending on iffiereht Site-year-management units

(Table 2).

2.4. Model evaluation

Model performance (with optimised parameter sety ewealuated graphically and quantified
by calculating Mean Bias Error (MBE) and its relatvalue (rMBE), Model Efficiency (EF),

Root Mean Square Error (RMSE) and its relative @ghiRMSE):

1
MBE = ~ S1,(P; - 0)) 3)
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rMBE = % x 100 (4)

_ _ Z?=1(Oi_Pi)2
EF =1- S 05 (5)
1
rRMSE = R’V(’;E x 100 (7)

where Qand Rare the observed and simulated values for'tmedasurement, n is the number

of observations and is the mean of the observed values.

MBE and rMBE indicate whether the model under/osgneate a given variable, and gives
the absolute and relative magnitude and directiaime bias. EF is based on the comparison
of the simulation model with a constant moiad. the average of measured data) and ranges
between E] and one. Negative EF values indicate that thetaahsnodel performs better than
or as well as the simulation model. A value of amdicate a perfect model. EF is a good
indicator to compare model simulations with twdaliént sets of parameteesd. before/after
calibration) against the same dataset. It is howel/éttle value to compare two simulations
with the same set of parameters against two diffedatasets, because it depends on the
variance of the observed dataset. RMSE and rRM&Etree model absolute and relative
prediction error. The combined analysis of these fadicators give a robust assessment of
model accuracy. Similarly to Beaudoin et al. (2068d Constantin et al. (2015), model
predictions were judged satisfactory when EF valeee greater than 0.5 and rMBE lower

than 10%. A summary of the calibration and evadmafirocedure can be found in Figure 1.
2.5. Stressfactorsand variability in grain yield and total N, fixed

Stress factors calculated ISfICS (see section 2.1.2 and Table S2) were averaged ove

periods ranging from -60 to + 60 days before/afiter beginning of grain filling. For each
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period, the Pearson correlation coefficienf)(Retween observed grain yield (total fixed N
respectively) and stress factor affecting grairdy{®\ fixation respectively) over the period
was computed. The period corresponding to the main® was determined. For this

analysis, calibration and evaluation datasets weoded.

3. Reaults
3.1. Parameter values obtained from literature, experimental data and optimisation

Eight parameters values were obtained from liteeafliable 4). Faba bean shows a long day
response to photoperiod (Ellis et al., 1988) anddsevernalisation (Patrick and Stoddard,
2010) so we activated these physiological optionthée faba bean plant file. Faba bean base
temperature for crop developmetdn(in) was set to 0°C (Tribouillois et al., 2016). Besau
there was no available data in the literature, laaskoptimal temperature for photosynthesis
(temin andteopt) were approximated from those for emergence &ieduillois et al., 2016)
(Table 4), based on the assumption that cardingbéeatures for developmental processes are
close for a given speciead. Parent and Tardieu, 2012). Cardinal temperaturesddulation
(tempnodl, tempnod2, tempnod3, tempnod4) were obtained from Boote et al. (2002) (Table

4).

Four parameters values were obtained using dinefi¢lid measurement (Table 4). Maximum
and minimum number of grain per square metdgr(max and nbgrmin), maximum grain

weight (pgrainmaxi) and maximum harvest indexrrfiax) were set to the maximum or
minimum measured values in the experiments in Ailleeand Auch with an added or

subtracted 10% respectively to reach assumed palteatues (Table 4 and Figure 2).

The other 30 parameters values were set accorditing result of the sequential optimisation

with OptimiSTICS using measured variables (Table 4).
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3.2. Agreement between simulated and observed values
3.2.1. Crop development and LAl

Calibration led to satisfactory prediction of thates of emergence, end of juvenile phase,
beginning of grain filling and physiological matiyri Relative bias was low (0 — 10%) with

fair EF values (Figure 3), indicating the relevanéealculating crop development based on
vernalisation and photoperiodic and thermal timerse formalisms. Simulated LAI values

for the calibration dataset were close to obsematdes with a low relative bias of 1% and a
satisfactory EF of 0.69. Prediction error was hosvayreat due to a bias of a few days in the
senescence dynamic that had large consequencéd® ataily agreement between observed

and simulated LAl values (rRMSE=56%) (Figure 4a).
3.2.2. Above ground biomass, N fixation and N acquisition

Predicted biomass agreed with observation througth@ugrowth seasons in both calibration
and validation datasets (EF>0.77 and -7% < bia$6y. ®rediction error was high due to
senescence defoliation between grain physiolograurity and harvest that was difficult to
precisely simulate (rRMSE of 41 and 31% for calilmaand evaluation respectively). There
was a large variation in faba bean biomass at ba(le5 - 11.6 t Hhand 2.8 - 7.2 t h&for
calibration and evaluation datasets respectivegpedding on site, year and management

(Figure 4c, d) and the model was able to reprodhisebehaviour.

The calibration of parameters related tpfiXation (Table 3 and Table 4) allowed to reach a
good agreement of simulated versus observed vatuesghout crop growth (Figure 4e,f)
(EF = 0.77 with negligible bias). EF remained haid bias remained low in the evaluation
indicating that the model was able to reproducewvifte range of final fixed at harvest

(62-166 kg N hd, Figure 4f). N acquired (N content in crop aepalts) was adequately
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simulated with low bias both in calibration and lexaion (-7 and 2% respectively) and EF

values above 0.5 (Figure 4g, h).
3.2.3. Grainyield and grain N content

Observed grain yield greatly varied depending de-gear-management (0.42 — 4.7 t'ha-
Figure 5a). The model performed well in simulatgrain yield (EF=0.66 with low relative
bias) for calibration dataset. Model performanceamed satisfactory during evaluation, with

an EF value of 0.65 and a relative bias of -1%uFedb).

Simulated grain N content was slightly underesteda(relative bias of -10%) in the

calibration dataset with a satisfactory EF valu®.60 (Figure 5c). In the evaluation, grain N
content was predicted with a low relative bias (3%)e EF was low (0.27) but the range of
observed values for evaluation (65-162 kg N)haas narrower than for calibration (21-200

kg N hab).
3.2.4. Soil water and soil mineral N contents

Soil water content over the entire profile was eotlly simulated by the model, both during
calibration and evaluation (EF>0.70 with small teka bias) (Figure 5e, f). Soil N content
was less adequately predicted, with small (0.28)reggative (-1.42) EF values, in calibration
and evaluation respectively (Figure 5g, h). Bias Waav in the evaluation (-10%), indicating
that though the model was not able to reproduceigely the differences between site, year
and management, it predicted soil mineral N conteitthin the range of the rather low

observed values.
3.3. Impact of temporal dynamics of stressfactors

With regard to grain yield, the water stress fa¢t@ water supply/demand ratio, see section

2.1.2 and Table S2) had the strongest explanatowep Indeed, when averaged over a
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period of 6 days before the beginning of grainngl(i.e. the end of grain onset), it explained
78% of the observed grain yield variability in tnerall dataset (Figure 6a). The model fairly
reproduced the temporal dynamic of above groundnags (Figure 7d, e, f). Water stress
during the end of grain onset (Figure 7a, b, cea#d the growth rate of above ground
biomass (Figure 7d, e, f), which in turn influendkd final number of grains (Figure 7g, h, i).
In the end, the model was able to simulate contigastater stresses that occurred in different
soil types (valley/hillside) for a range of climatconditions and their final impact on the
number of grain and grain yield (Figure 7). Heaess effect on radiation use efficiency,
conversely, had a limited explanatory power in comditions. Indeed, when averaged over a
period of 26 days after the beginning of grainrfdl (the period with the best correlation),
heat stress explained only 25% of the observead grield variability. The model diagnosed
no heat stress on grain filling in the majoritytbé site-year-management units. There were
only five days in 2002 in Auch during which cropmigerature exceeded the maximal

temperature above which grain filling stops (FigBig.

With regard to N fixation, the water deficit factor had also theoagest explanatory power.
Thus, when averaged over a period of 20 days tifebeginning of grain filling, it explained
82% of the observed variability in total fixed, Mt harvest (Figure 6b). Despite a limited
number of within-season measurements in some isiisafFigure 8d), the model reproduced
reasonably well the temporal dynamic of fikation (Figure 8c, d). In the end, the model was
able to reproduce the wide range of total fixedall harvest (62-172 kg Hasee Figure 6).
The model diagnosed no stress due to anoxia iroatlye cropping situations of this study.
Though the model diagnosed limited heat and nitiogfeesses in some situations (value of
0.67 and 0.58 respectively) the correlation with &mount of Mfixed was not significant for

any of the periods considered.

4, Discussion
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4.1. A method to adapt a generic crop model to a new crop

While the process of calibrating a new cultivawisll describedd.g. (Jégo et al., 2010), less
emphasis has been put on the description of thptatitan of a generic soil-crop model to a
new crop. Previous studies

(Confalonieri and Bechini, 2004; Ko et al.,
2009)

tl@ur study shows that the geneSldCS

soil-crop model can be successfully adapted tovaarep, and in particular a grain legume
having the specificity of Mfixation. The adaptation was based on two stepmaty: (i) a
parameter estimation based on measurement andtiiterand (i) a sound and careful
sequential optimisation of crop parameters thateweot measured nor estimated using
existing literature. Therefore, our work contritaite establish a generic method to calibrate a
new annual crop for soil-crop models that (i) haeommon structure for different crop
species, (ii) aréunctional deterministic models considering waterand N cycles, on a daily

time step (Di Paola et al., 2016) and (iii) haveamailable parameter optimisation tool.

Estimating a parameter from direct measurements lisgrdture has the advantage of not
being based on the assumption that model formadisdhall other parameters are reliable, as
it is the case with mathematical optimisation (@&r&901). It should be therefore prioritised
and in our approach we had 9 parameters estimatékis way (Table 4). However, this
procedure is not always possible for many readeinstly, field measurements of parameters
is expensive and time consuming (Anothai et al080Secondly, the dataset used for model
calibration may not be originally intended to cowewdel calibration issues (as it was the case
in our study), so that most of crop model paransedee not directly measureed. radiation
use efficiency). Thirdly, the need for similar emvimental conditions, varieties and exact

correspondence of the measured variable to theepsoepresented by the model limit the
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number of parameters that can be derived fronmeeatitire review. For example, the radiation
use efficiency parameters iSTICS (efcroijuv, efcroiveg and efcroirepro, see Table 3)
correspond to potential conditions with no strese] the presence or absence of stress is not
necessarily mentioned in the literature. Finalhere is a risk of error accumulation when
extensively relying on approximate or conflictirigtature values (Wallach et al., 2011). For
all these reasons, recourse to optimisation issatile. The strength of our approach lies in
the rational stepwise optimisation procedure choRather than an empirical trial and error
procedure (Flénet et al., 2004; Hartkamp et alQ220we chose a sequential optimisation
procedure that is fully documented and is easipficable for other crops and cultivars with
the STICS model. =Breaking down the optimisation into sel/stages and using it at the
module-scale rather than the scale of the entirdeinallow to avoid unrealistic simulations
where errors in parameter values would offset edlsar (Bechini et al., 2006; Grant, 2001).
Taking into account within-season dynamic measunésnéo successively calibrate the
different model components allows to estimate fasameters simultaneously and therefore
to reduce numerical problems (Guillaume et al.,1220/allach et al., 2011). The lower and
upper boundaries fixed for each parameter duriegofhtimisation ensures that the obtained
values correspond to reasonable physiological gathes limiting compensations due to
model structure weaknesses. The different optimoisattages and their order following crop
developmenti(e. phenology, LAI, biomass production and then pantitig) ensure that the
parameterisation is relevant according to planctiening. The order chosen is consistent
with previously published calibrations usifglCS (Corre-Hellou et al., 2009; Flénet et al.,
2004) andDSSAT (Hartkamp et al., 2002). Finally this method ledat satisfactory match of
observed and simulated values, with ranges foisstatl indicators (EF, rMBE and rRMSE)
consistent with those obtained for the adaptioST0CS to wheat and maize (Brisson et al.,

2002), linseed (Flénet et al., 2004) and spring (@are-Hellou et al., 2009). This approach
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can be valuable to calibrate new annual crops #mer @rain legumese(g. winter pea, lentil
and chick pea) for th8TICS model, and probably other generic soil-crop motleds have a

common structure for all speciesy. CROPSYST model(Stockle et al., 2003).

4.2. A robust and credible agronomic diagnosis

Agronomic diagnosis is crucial for the identifieatiof constraints affecting crop growth and
to help the identification of sound agronomic mamragnt. The diagnosis needs to be robust,
i.e. reliable under different sets of experimental a¢bods (Sinclair and Seligman, 2000), and
credible,i.e. offering trustworthy causal explanations (Caslalet2002). Robustness can be
ensured by an explicit reference to physical preegsn the construction of mathematical
relationships so that the model accurately capttines underlying processes driving the
system (Bellocchi et al., 2010). Lack of robustneas lead to a model being “right for the
wrong reasons” (Bellocchi et al., 2010). In thist&m, we want to highlight that we averted
these pitfalls, ensuring that our diagnosis wasisband credible.

Our study adds to the body of literature showinat tim a temperate climate with rain fed
conditions and appropriate control of pest pressdreught is the prevailing stress and the
main driver of yield variability (Karrou and Owei2012; Mafakheri et al., 2010). The
explanations we found to explain yield variabil{syater stress during grain onset) angl N
fixation variability (water deficit factor duringrgin filling) are supported by principles of
crop physiology derived from experiments and knalgke on response of legume grain yield
and N fixation to water stress. With regard to grain gielvater deficit during grain onset
reduces grain legume biomass accumulation (decgsd®tosynthesis and reduction of leaf
area) and assimilate availability that in turn resldinal seed number (Guilioni et al., 2003;
Jiang and Egli, 1995; Lake and Sadras, 2016). Veiglard to N fixation, water stress directly
reduce faba bean nodules activity (Sprent, 1978)samsitivity of N fixation to drought is

often maximum during grain filling (Chalk et alQ20; Mastrodomenico et al., 2013). These
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two stress responses are implemente8TICS. Firstly, final seed number depends on plant
growth rate during the grain onset period (seei@ec2.1.1 and Table S2). Thus, the
magnitude of water stress during grain set angriggct on plant growth rate determines the
extent to which the plant can reach the maximuningnamber (bgrmax, see Table and
Figure 2). Secondly, in the model, water deficiduees the potential Nfixation, i.e.
nodulation and nitrogen fixation are partially astally inhibited according to nitrate
concentration in the topsoil and when soil mosstur the topsoil drops below permanent
wilting point (see section 2.1.2 and Table S2)sTdareful check of the behaviour of different
model functional modules (Figure 7, Figure 8) splgnsuggests that th&TICS model
accurately captured the underlying processes drigirain yield formation, WNfixation and
water stress. We can therefore be confident indiagnosis drawn from our site-year-
management units with regard to water stress. TihiesgenericSTICS processes describing
yield formation and water stress, when calibrated faba bean with the proper options
activated, have proven useful in explaining valtigbin yield for this particular legume crop,
without the need to build new processes into theege model.

The good fit obtained with the evaluation dataesdtdates that the current set of parameters
could be reliably used in other situations différéom the ones in the calibration. This
however needs to be confirmed with other studess, for situations where soil mineral N
levels would be higher than in our study (on averdg kg ha at sowing over the whole
profile), which could affect Nfixation. We verified by virtual experiment - cesponding to

a local sensitivity analysis - th&T1CS was able to simulate a strong reduction pfikation
when soil nitrate content was higher in the uppgets.

Eventually, by considering both a water deficit téacfor N, fixation and a water
supply/demand ratio (acting on crop biomass), thadeh allowed unravelling interesting

situations where similar faba bean biomass maskextehces in the amounts of fixed.Nor
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example, crop biomass and water/supply demand vegi@ similarly low in Auzeville in
2011 (3 t hd) and 2015 (4.1 t K due to similar water stress on biomass (wateplgup
demand ratio = 0.3). However, the amount offiXed was doubled (88 kg Hain 2015
compared with 2011 (46 kg fa The model indicated a stronger water deficitNerfixation

in 2011 (water deficit factor = 0.12) compared w215 (water deficit factor = 0.32). This
understanding of nonlinearities is crucial for &ssessment of innovative cropping system.
Pests and diseases can also reduce faba bean ygeddn Coupling STICS with an
epidemiological model (Donatelli et al., 2017) wabude relevant to refine the diagnosis in
situations where damages on leaves). (rust, Uromyces viciae-fabae, or chocolate spot,

Botrytis fabae) and noduleseg(g. sitonia beetlesStonia lineatus) can occur.

4.3. New opportunitiesto design and assessresilient cropping systems

Though the effects of climate change on cerealBurope have deserved a great attention
(e.g. Bregaglio et al., 2017; Dettori et al.,, 2017),dss on effects of climate change on
legume productivity remain scarce. Climate changejeptions for the temperate and
mediterranean regions of Europe point to a decréaggrecipitations during spring and
summer (Gao and Giorgi, 2008; Giannakopoulos et2809). Water stress will therefore
become even more acute with future climate. Ourehodlibration offers a good opportunity
to assess the impact of increased drought-indutedsson faba bean productivity and

therefore the potential contribution of legume ustainable cropping systems in the future.

Dynamic models have often been criticised for pgtttoo much emphasis on single crop
assessment on a year-to-year basis (Reckling,2Cl6).Taking into account pre-crop and
rotational effects€g. nutrient carry-over and alteration of soil watentent) will be crucial

to accurately assess the contribution of faba berah grain legumes in building more

diversified and resilient cropping systems. Ourusibcrop calibration an8TICS ability to
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simulate residues mineralisation (Justes et al09ROnitrate leaching and water drainage
(Plaza-Bonilla et al., 2015), would allow derivipgobabilities to achieve a certain level of

yield and N provision to the subsequent crop wimseriting legumes in cropping systems.

STICS can also simulate intercropping (Brisson et aD08). Cereal-legume intercropping
(e.g. wheat and faba bean) is a promising integratiodegiimes in cropping systems in
particular in low input cropping systems (Bedoussial., 2015). Many processes (e.g. soil N
and water sharing) are simulated similarly in solep and intercrops (Corre-Hellou et al.,
2009), our calibration would therefore allow exjhgr intercropping performance for a
diversity of soils and rainfall patterns. Neverdssd, some formalisms specific to intercrops
(e.g. the competition for light) and the correspondiraggmeters may deserve potential re-

calibration before the set of parameters proposee for sole crops can be used.

Conclusion

Based on literature and cropping experiments indamtrasting sites of southwestern France,
we successfully adapted tB8&ICS soil-crop model to faba beakie developed and validated
a method smartly combining the mobilization of r#ire references, direct field
measurements and a transparent and sequential isgiton procedure to derive crop
parameters The obtained set of parameters allowed a aatsfy prediction of plant growth,
N fixation, mineral N uptake, grain yield and gralrcontent. Careful assessment of dynamic
variables (plant growth, grain number; fixation) and the associated stress factors allowed
carry-out a credible and robust diagnosis of gyééhd and N fixation variability in the sites
of this study. The proposed set of parameter ctindd be used for (i)(yield gap analysis in
organic fields affected by biotic as well as alidtiress (ii) exploration studies on the effect
of climate change and more frequent droughts oa Esan, and (iii) the effect of its insertion

in crop rotations (as sole crop or intercrop) oprhvision to the subsequent crop. Calibration
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of other grain legumes like chickpea and lentiigshe proposed methodology will broaden
the capacity of theSTICS model to simulate innovative cropping systemsuditig grain

legumes.
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Figure 1: Summary of the generic method used for calibration and evaluation of faba bean
with the STICS soil/crop model and data used for this study.
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Figure 5: Comparison of observed and STICS simulated grain yield, grain N, soil water
content, and soil mineral N content for calibration and evaluation dataset. rMBE = relative
mean bias error, EF= model efficiency, rRMSE = relative Root Mean Square Error. The black
line is the 1:1 line. The dotted line represent the regression of simulated against observed
values (plotted when significant at 5% risk level). White symbols correspond to the end of
growing season.
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Figure 6: Correlation (a) between grain yield and average water supply/demand ratio during
grain onset (over the six days before beginning of grain filling) and (b) total N, fixed at
harvest and average water deficit factor for N fixation during grain filling (over the first 20
days after beginning of grain filling). Calibration and evaluation datasets were pooled
together.
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Figure 7. Example of contrasted simulated tempora dynamic (black line) of water
supply/demand ratio, above ground biomass and number of grain per square meter in Auch in
2007 (a,d,g), Auzeville in 2010 (b,e,h) and Auzeville in 2007 (c,f,i) in the calibration dataset.
White sgquares are the observations. Vertical dotted lines delimit the periods during which the
correl ation between average water supply/demand ratio and grain yield is maximal.
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Figure 8: Example of contrasted simulated temporal dynamic (black line) of water deficit
factor for N fixation and N fixed in Auzeville in 2014 (a, c) and 2015 (b, d) in the evaluation
dataset. White squares are the observations. Vertical dotted lines delimit the periods during
which the correlation between average Water deficit factor and N fixation is maximal.



Tables:

Table 1: Climate and soil characteristics (avera@dss growing seasons and experimental field$)einrwo experimental sites (standard error
in brackets)

November-July . Gravimetric ~ Gravimetric Maximum
. Number of Number of — Clay content Maximum moisture at  moisture at  available water**
Site growing - Cumulative global ~ Cumulative ~ Cumulative ~experimental  (0-30cm)  pH (0-30cm)  r00ting oy’ canacin+  wilting (mm to maximum
S€asons  solar radiation  growing degree  rainfall fields (%) depth (cm) (%) point* (%) rooting depth)
(MJ m?) days (°C day) (mm)
Auch 7 3354 (64.8) 3083 (59.1) 542 (47.2) 11 31.8(1.46) 8.4 (0.03) 70 (4.9) 17.4 (0.45) 12.27) 64 (4.8)

*Average across 0-30cm, 30-60cm, 60-90cm and 9@hil layers.
**Soil water content at field capacity minus soiter content at wilting point.



Table 2: Description of the Site-Year-Managemeritsun the calibration and evaluation datasets.:llAaf Area Index, AGPN: above-ground
plant N, AGB: above-ground biomass, GY: grain yigBNC: grain N content, SN: Soil N content over #dire profile, SWC: soil water
content over the entire profile.

Management Number of measurements during growing season
. Cover cro Lo
Dataset Site Year Cutivar  Density (Number =50 FoP Sowing date Dates and amountofirigation -\, ryeqn  AGPN  AGB GY GNC R SN swe
(harvest) of plant n¥) planting water depth
Calibration ~ Auzeville 2007 Castel 30 No 7 November 7 November - 20mm 4 1 5 5 11 0 2 2
Castel 15 No 7 November 7 November - 20mm 4 1 5 5 11 0 2 2
2010 Castel 30 No 19 November 0 4 2 5 5 1 1 0 2 2
Castel 15 No 19 November 0 4 2 5 5 1 1 0 2 2
2011 Irena 30 No 2 December 14 April; 16 May - 34@m 4 4 5 1 0 2 2
Irena 30 No 2 December 0 0 2 3 3 1 1 0 2 2
2012 Castel 30 No 22 November 0 0 1 3 3 1 1 0 2 2
2013 Irena 30 No 20 November 0 4 1 1 4 1 1 6 2 2
Irena 30 No 23 November 0 0 0 0 3 1 1 0 2 2
Irena 15 No 23 November 0 4 1 1 4 1 1 0 2 2
Auch 2002 Castel 30 No 17 December 0 0 0 1 1 1 1 01 1
Castel 30 No 17 December 0 0 0 1 1 1 1 0 1 1
2003 Castel 30 No 20 November 0 0 0 2 2 1 1 0 2 2
2004 Castel 30 No 25 November 0 0 0 2 2 1 1 0 2 2
Castel 30 No 12 January 0 0 0 2 2 1 1 0 2 2
Castel 30 No 12 January 0 0 0 2 2 1 1 0 2 2
2005 Castel 30 No 23 November 0 0 0 2 2 1 1 0 2 2
2007 Castel 30 No 1 December 0 0 0 2 2 1 1 0 2 2
Castel 30 No 1 December 0 0 0 2 2 1 1 0 2 2
Castel 30 No 1 December 0 0 0 2 2 1 1 0 2 2
2010 Castel 30 No 11 December 0 0 0 2 2 1 1 0 2 2
Castel 30 No 11 December 0 0 0 2 2 1 1 0 2 2
Total 0 28 15 64 22 6 42 42
Evaluation Auzeville 2012 Castel 30 Yes 22 November 0 0 1 2 1 0 2 2
2013 Irena 30 Yes 23 November 0 0 0 0 3 1 0 0 2 2
2014 Mix* 30 Yes 13 December 0 0 3 3 3 1 1 0 2 2
Mix* 30 No 13 December 0 0 2 3 3 1 1 0 2 2
2015 Mix* 30 Yes 13 January 0 0 1 3 3 1 1 0 2 2
Mix* 30 No 13 January 0 0 1 3 3 1 1 0 2 2
Auch 2003 Irena 30 No 20 November 0 0 0 2 2 1 1 0 2 2
Irena 30 No 21 November 0 0 0 2 2 1 1 0 2 2
Irena 30 No 22 November 0 0 0 2 2 1 1 0 2 2
2013 Irena 30 No 17 December 0 0 0 2 2 1 1 0 2 2
Irena 30 No 17 December 0 0 0 2 2 1 1 0 2 2
Irena 30 No 17 December 0 0 0 2 2 1 1 0 2 2
Irena 30 No 17 December 0 0 0 2 2 1 1 0 2 2
Total 0 8 31 12 0 26 26



* Irena, Organdi and Diver

Table 3: Description of the nine stages undertdgeparameter optimisation: parameters optimiseidjmmum and maximum values, and target

variable. Dd = degree (°C) day

Parameter Target variable
Stage  Simulated process Acronym Description Unit Minimum Maximum Acronym Description Unit
1 Emergence belong parameter of coleoptile elongation curve 1Dd 0.005 0.04 ilev date of emergence julian day
celong parameter of plantlet elongation curve - 1 01 ilev date of emergence julian day
2a Crop development sensiphot index of photoperiod sensitivity (1=irstve) - 0 1 iamf date of end of juvenile phase julian day
jve number of vernalising days days 0 70 iamf date of end of juvenile phase julian day
phobase basal threshold controlling photoperiodisig effect hours 5 12 iamf date of end of juvenile phase julian day
phosat saturating threshold controlling photopesioaving effect hours 6 14 iamf date of end of juvenile phase julian day
stlevamf cumulative thermal time between emergemckend of juvenile phase Dd 100 1000 iamf date of end of juvenile phase julian day
b c stamflax cumulative thermal time between end of juvenilesghand maximum Dd 100 1000 ilax date when LAl is maximum julian day
rop development LAI
stlevdrp cumulative thermal time between emergamckebegining of grain filling Dd 100 1500 idrp date of bfﬁlgilrl]r;;ng of grain julian day
3a Leaves dlaimaxbrut maximum rate of the setting up of LAI 2ptant* Dd* 0.0005 0.05 lai(n) Leaf Area index -
adens interplant competition parameter - -2 0 lai(n) Leaf Area index -
bdens minimal density above which interplant coritipetstarts plant A 1 30 lai(n) Leaf Area index -
durvieF maximal lifespan of an adult leaf - 10 500 lai(n) Leaf Area index -
4 Root growth croirac elongation rate of the root apex cmi'Dd 0.005 0.5 zrac Rooting depth cm
HR(1),
draclong maximum rate of root length production pant cm plant Dd* 1 1000 :Egg Soil Wait’azr'g?ft(eo/r:)t in layer B
HR(4)
5a Shoot growth efcroijuv maximum radiation use efficiency durifg juvenile phase g MJ 1 4 masec Above ground biomass ttha
efcroirepro maximum radiation use efficiency durthg grain filling phase g MJ 2 5 masec Above ground biomass tha
efcroiveg maximum radiation use efficiency durihg vegetative stage gmMJ 2 5 masec Above ground biomass tha
5bh Shoot growth abscission fraction of senescent leaves fallintyecsoil - 0 100 masec Above ground biomass ttha
ratiosen fraction of senescent biomass (relatiteta biomass) - 0 1 masec Above ground biomass tha
6 Nitrogen fixation fixmaxgr maximal N symbiotic fixation rate per uoitgrain growth rate kg’lt 0 50 Qfix Above ground fixed plant N kg Ha
fixmaxveg maximal N symbiotic fixation rate per uaf vegetative growth rate kgt 0 50 Qfix Above ground fixed plant N kg Ha
7 Nitrogen uptake Kmabs2 affinity constant of N uptake by roots toe tow uptake system pmoIéL 4000 40000 QNplant  Total Above ground plant N kg'ha
Vmax2 maximum specific N uptake rate with the hédfinity transport system umole chin* 0.002 0.1 QNplant  Total Above ground plant N kgha
8a Yield formation cgrain slope of the relationship between grain nemaimd growth rate grainégay 0.01 1 chargefruit  Number of filling grains grains [



8b

Yield formation

Grain N content

nbjgrain
cgrainv0
vitircarb
tmaxremp
vitirazo

number of days used to compute the numibeéable grains
number of grains produced when growth isazero
rate of increase of the C harvest indessus time
maximal temperature above which graimglstops
rate of increase of the N harvest indessus time

days
grains
g grain.gday*
°C
g graintd™

5
0
0.001
10
0.001

40
15000
0.02

40
0.06

chargefruit
chargefruit
mafruit
mafruit
QNgrain

Number of filling grains
Number of filling grains
Grain yield
Grain yield
Grain N content

grains ™
grains ™
tha
t ha
kg Ha



Table 4: Values of faba bean parameter as calibiattheSTICS crop model for experiments in Auch and Auzeviteance.

Parameter
Process Acronym Description Value Source
Emergence tdmin basal temperature for crop devedopm 0 Tribouillois et al. (2016)
belong parameter of coleoptile elongation curve 0.0200 mathematical optimisation
celong parameter of plantlet elongation curve 6.20 mathematical optimisation
Crop development sensiphot index of photoperiodisigity (1=insensitive) 0.6 mathematical optimisation
jve number of vernalising days 3 mathematical optimisation
phobase basal photoperiod controlling photoperiodisg effect 5.7 mathematical optimisation
phosat saturating photoperiod controlling photamkslowing effect 12 mathematical optimisation
stlevamf cumulative thermal time between emergamceend of juvenile phase 518 mathematical optiioisa
stamflax cumulative thermal time between end oépile phase and maximum LAI 700 mathematical oigtition
stlevdrp cumulative thermal time between emergamckebegining of grain filling 1180 mathematicaliopsation
Leaves dlaimaxbrut maximum rate of the setting fup?d 0.0025 mathematical optimisation
adens interplant competition parameter -0.50 mathematical optimisation
bdens minimal density above which interplant coritipetstarts 1 mathematical optimisation
durvieF maximal lifespan of an adult leaf 220 mathematical optimisation
Root growth croirac elongation rate of the roatap 0.07 mathematical optimisation
draclong maximum rate of root length production gant 810 mathematical optimisation
Shoot growth efcroijuv maximum radiation use e#fimy during the juvenile phase 1 mathematical dpétion
efcroirepro maximum radiation use efficiency durthg grain filling phase 35 mathematical optirticga
efcroiveg maximum radiation use efficiency durihg vegetative stage 2.3 mathematical optimisation
abscission fraction of senescent leaves fallindecsoil 1 mathematical optimisation
ratiosen fraction of senescent biomass (relatiteta biomass) 0.75 mathematical optimisation
temin basal temperature for photosyntesis 0 Tribouillois et al. (2016)
teopt optimal temperature for photosynthesis 24 Tribouillois et al. (2016)
temax maximal temperature for photosynthesis 34 Tribouillois et al. (2016)
Nitrogen fixation fixmaxgr maximal N symbiotic fitian rate per unit of grain growth rate 17 matheéacahiptimisation
fixmaxveg maximal N symbiotic fixation rate per tiof vegetative growth rate 27 mathematical optatiés
tempnod1,2,3,4 cardinal temperatures driving fixation 0,16,25,40 Boote et al. (2002)
Nitrogen uptake Kmabs2 affinity constant of N ugtddy roots for the low uptake system 33300 mathiealaiptimisation
Vmax2 maximum specific N uptake rate with the hédfinity transport system 0.16 mathematical optaticn
Yield formation cgrain slope of the relationshigveeen grain number and growth rate 0.0475 matheataptimisation
nbjgrain number of days used to compute the numibéable grains 9 mathematical optimisation
cgrainv0 number of grains produced when growté iszero 0.172 mathematical optimisation
Yield formation vitircarb rate of increase of theh@rvest index vs time 0.04 mathematical optimisation
tmaxremp maximal temperature above which graimglstops 33 mathematical optimisation
minimum number of grains 360 Measurement

nbgrmin



nbgrmax maximum number of grains 1120 Measurement
pgrainmaxi maximum weight of one grain 0.57 Measurement
irmax maximum harvest index 0.6 Measurement

Grain N content vitirazo rate of increase of theasvest index versus time 0.056 mathematical optimisation





