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Abstract: Although crop diversification is one of the main strategy of agroecological transition, a
major obstacle is the lack of local references regarding new crops. Land suitability methods can
provide a rapid screening of crop suitability in a region. However, mainstream methods are mainly
based on assessing soil and climate suitability, whereas it is fundamental to know where and how
a new crop can be introduced into existing crop rotations and whether this introduction would be
profitable. Our method based on recent advances in the characterization of cropping systems at the
regional level can be exploited to evaluate: (1) the yield potential of the new crop, (2) the potential of
this new crop being successfully introduced into ongoing crop rotations; (3) the economic benefits of
such an introduction. The method was tested for the possible introduction of new soybean varieties
in northern France. The method developed has relevance beyond the case study. Our method could
also be easily adapted to rapidly assess the potential for introducing new crops in cases where there
climate database, soil map information and a Land Parcel Identification System are available.

Keywords: land suitability; crop spatial allocation; LPIS; STICS; soybean

1. Introduction

Diversification is a key agronomic strategy to reduce the impacts of intensive arable cropping
systems. Crop diversification is also one of the main principles of sustainable farming systems such
as agroecology, organic farming and conservation agriculture. Diversification refers to an increase
in the number of cultivars or crops in the crop rotation or in the increase in the number of cover
crops [1]. Legumes or other crops have been investigated in terms of diversification potential [2]. The
main benefits of crop diversification include, for example, an increase in yield stability, a reduction in
pesticide use, and a decrease in chemical fertilizers because of the internal recycling of nutrients and of
nitrogen inputs even in the absence of legume crops [3]. The expected decrease in inputs, e.g., mineral
fertilizers and pesticides, also lowers the costs, and may also have a positive impact on farm income [4].

The Common European Agricultural Policies are promoting crop diversification, by, for example,
“greening” farms with over 10 ha of arable lands and regulating both the minimum number of crops
and the surface of the main crops in the Usable Agricultural Area of the farm [5]. However, in a recent
paper, Louhichi et al. [6] concluded that the impact of this policy both on land use reallocation and on
farm income of this policy remained rather small at the EU level. In France, Meynard et al. [7] showed
that the obstacles for crop diversification in 12 minor crops are linked to the difficult coordination
between demand and supply, to the lack of technical references, and to the slower genetic progress
compared to major crops.
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In order to advise local farmers on the feasibility of a crop, agricultural actors promoting crop
diversification need information on agronomic and economic references on new crop performance.
However, there is limited information on how such references can be created in areas where a crop has
not been cultivated before. In addition, cooperatives and companies need to estimate if the new crop
could reach the minimum area required to make it economically advantageous to harvest it. How can
these references be created in areas where the crops have not already been cultivated? Options such as
field trials need several years and several trial locations in order to be able to provide references on yield
performance or yield gap. In addition to classical agronomic trials, other mixed methods demonstrated
that including on-farm trials and participatory crop design may also contribute to the creation of local
references on diversification crops [8]. Alternatively, land suitability methods can be conducted as
ex-ante assessments based on the crop’s physiological needs and the bio-physical characteristics of the
area. These land suitability methods have mainly been developed by soil scientists in the framework of
land evaluation methods [9]. They are also developed by ecologists under the ecological niche theory
in order to predict the potential distribution of species in a given area [10]. In agronomy, four main
land suitability approaches have been developed in the literature. Firstly, a classical land suitability
approach that locates suitable areas for a given crop mainly by making use of agro-climatic, soil quality
and land use data according to the crop requirements (e.g., [11], on land suitability for palm oil in
Ghana). Secondly, an approach that is more yield-based and combines interpolations of climatic, soil
quality and field trial results on crop yields (e.g., [12] on potato suitability in Ecuador). Thirdly, an
approach that uses experimental field trials, often located in several agro-climatic areas (e.g., [13] on the
suitability of wheat varieties in Germany). Lastly, an approach that assesses the future land suitability
under climate change conditions by modifying climatic or agronomic parameters following climatic
scenarios (e.g., [14,15]).

These approaches are usually based on previous experimental or field/farm data [16], on common
crops outside the current grown area [17] or on crops already cultivated that need to be adapted to
different purposes such as biomass crops [18]. They are all rather limited when faced with no or poor
local agronomic references.

Ziadat and Sultan [19] argued that the main limitation of these classical land suitability approaches
is also due to the lack of information on farmers’ practices, which affects the reliability of the results. By
comparing classical land suitability maps and on-farm land use and practices for drip-irrigated trees,
these authors revised their land suitability model, which enabled almost 20% of the investigated area
to be allocated to a new suitability class. Finally, the validation of the results of these land suitability
studies can be limited by the lack of data. In such cases, Debolini, et al. [20] proposed an alternative
spatially-explicit method to validate classical land suitability approaches. Their approach is based on
mapping the local spatial knowledge on suitable crop areas and types of services provided to farmers
by collective structures, e.g., co-operatives or farmers’ associations. This method assumes that there is
already existing knowledge on the potential for different crops in the region.

The state of the art on land suitability has highlighted two general trends. Firstly, because of a
general trend in the demand for crop diversification, there is a need for methods that can provide
information on new crops. Secondly, the mainstream land suitability methods are commonly limited
to a bio-physical potential without providing agricultural actors with the information needed to make
decision, such as whether to introduce new crops in existing crop rotations from an agronomic (where
and how to insert the studied crop) or whether the introduction will be economically sound for the
farmer. Both these questions are linked. They require a shift from the land use to the cropping system
level where crop management and crop rotation decisions are implemented [21]. Examples of these
decisions in arable systems include the sowing date or harvest date, and the effect of a crop on the
following crop or the return period. Recent literature on the regional spatialisation of cropping systems
and on the dynamics of farming systems at landscape and territorial levels have provided insights into
the application of such agronomic decisions [22-27]. These new approaches could help to improve
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land suitability studies based on the bio-physical characteristics and on the diversity of crop rotations
and cropping systems at the regional level.

In this context, the aim of this work is to develop an innovative method to assess the potential
for the introduction of new crops in arable crop rotations, in regions that lack agronomic references,
which is an obstacle to the diversification of crop rotations. Our test case was the introduction of
soybean in crop rotations in northern France. The remainder of the paper is organized as follows.
Section 2 presents: the materials and methods plus the case study. Section 3 presents: the results of the
implementation of the method in relation to the introduction of soybean in northern France. Finally,
Section 4 discusses the results obtained and possible limitations, the barriers to the introduction of new
crops and areas for future application of the method.

2. Materials and Methods

2.1. Overall Method

The main input for assessing the area suitable for a new crop is the region agricultural area.
Non-agricultural areas are either urbanized or have a natural cover that indicates poor suitability and
were thus not considered.

Three subsequent steps enabled to identify areas potentially suitable for the new crop: (1)
biophysically suitable areas, combining suitability of both climate and soil according to new crop
requirements as done in the more classical land suitability approaches; (2) agronomically suitable areas,
which combine biophysical suitability and suitable crop rotations for the new crop identified through
crop rotation modelling coupled with general agronomic as well as the decision-rules of local experts;
and finally (3) economically suitable areas, derived from the difference between the modelled crop
rotation gross margins of the ongoing and the re-designed crop rotation including the new crop. The
overall method is presented in Figure 1.

| 4stations . . Total regional
I i + Climate suitable
i 20052014 | agricultural area
— area
i Maturity l
i rate(fig. 1) | \
PP —— il euitahili Biophysical
Crop constrains (tab. 1) Soil suitability B
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Figure 1. The overall method to assess the suitable areas (and the potential crop harvested) suitable

for a new crop introduction into a region crop rotations. The method takes into account bio-physical,

agronomic and economic suitability. LPIS indicates the Land Parcel Identification System described

in [28].
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The reference spatial unit for the method is the farmer’s parcel. Land Parcel Identification System
(LPIS) has been used as a database to map farmers” parcels and to model crop rotations. A crop
rotation is a sequence of crops allocated by a farmer to a parcel and repeated over time [22]. In
each spatial unit, several crop rotations can occur at the same time, while crop sequences are limited
to the order of appearance of the crops during a fixed period of time [29,30]. The modelled crop
rotations are attributed to each soil type in the reference spatial unit. The new crop yield is modelled in
several soil types and weather conditions using a crop model. On the other hand, for the other crops,
where agronomic references are already known, regional crop yields per soil type can be used. This
means that yield variability is maximized but only for the new crop. Thus, in order to reduce this
variability in the economic assessment, the average modelled yield of the new crop per soil type in the
time span considered was used. In our method, the economic impact of the introduction of the new
crop is estimated in the cropping system and not exclusively at the crop level, to take into account
the previous-following crop when estimating the costs. The difference in gross margin between the
modelled and the ongoing crop rotation is used as the indicator of the new crop suitability. In the
following sections we describe the steps of the method applied to the introduction of soybean in the
Oise region (France).

2.2. Case Study

The Oise region (NUTS 3 in the Eurostat classification) is located in northern France (Figure 2).
The main town is Beauvais (55,000 inhabitants), which is 85 km north of Paris. The climate in Oise is
Atlantic central according to the environmental stratification of Europe proposed by [31]. Over the
last decade, the Beauvais station has recorded an annual average temperature of 10.7 °C (min 6.2 °C,
max 15.3 °C) and average rainfall of 617 mm. Soils are mainly deep silty loams with a high potential
for arable crops. According to the French official agricultural statistics the average yields (2010-2016)
of major crops are soft wheat, 8 t/ha; rape seed, 3.7 t/ha; and sugar beet, 84 t/ha. As reported by
the regional Agricultural Chamber [32], 40% of the Oise farms are cereal crops-oriented (mainly soft
wheat, rape seed and barley), 25% are industrial crops-oriented (mainly sugar beet, potato, green pea
and green beans) and 20% are livestock-oriented (mainly dairy and cattle breeding). Grain legume
crops are therefore important in local cropping systems both as fertility-building crops on cereal- and
industrial-oriented farms and as a source of proteins for animal feeding in livestock farms.

To reach the objective of the French National Ecophyto 2 plan to reduce pesticide use by 50% by
2025 [33], more agronomic leverage is required for weed and pest control, such as the diversification
of crop rotations, for example an increase of legume crops. The yields of pea and faba bean, the two
common grain legume crops of the area, are very irregular and ranged from 3.5 to 5.5 t/ha between 2006
and 2014 [34]. Since 2004, new MGO000 soybean varieties more suitable to the conditions of latitude 48°
N/S have been developed [35], however, in northern France soybean is still not cultivated (Figure 2). In
this region, the introduction of soybean in local cropping systems is hampered by a lack of agronomical
data on the yield of new soybean varieties, the uncertainty regarding the impact of soybean on the
gross margins of farms and the absence of structured food-supply chains.
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Figure 2. Location of the Oise region in northern France and the four meteorological stations used to
determine the climatic suitability for soybean and for yield modelling. The map of France shows the
soybean area in relation to the overall Usable Agricultural Area at the NUTS3 level [34].

2.3. Biophysical Suitable Areas for Soybean in the Oise Region

2.3.1. Climate Suitability

The area suitable for growing soybean was identified through two steps. The first was to use the
climatic requirements of soybean to rule out unsuitable areas. The weather conditions of the region
could be suitable for soybean as there is low risk of water stress during summer, which is cited as the
main limit to rainfed soybean [36,37]. Aper et al. [38] reported that MG000 soybean varieties require
1435 Growing Degrees Days (GDDs) with a 6 °C base temperature. According to a study by a French
technical institute [35], several frequencies of reaching soybean physiological maturity can be found in
the Oise region, by considering a germination date of around the 24 May and a harvest date of around 1
October for the MG00O soybean varieties. The areas with a frequency higher than 80% were considered
suitable for soybean, meaning that the crop was able to reach physiological maturity at least every
8 out of 10 years. In the second step, data from the last decade of four weather stations in the Oise
region were used to identify four climatic areas for soybean based on the nearest municipalities around
each weather station (Figure 2) which were used to spatialize the soybean yields obtained through the
STICS simulations described in Section 2.6.

2.3.2. Soil Suitability

The regional soil database of the Oise region is available from the French information system on
soils [39,40], at a 1:250,000 scale. Soil map units (SMUs) are delineated as soilscapes and each SMU
generally includes more than one soil typological unit (STU). The STU dataset contains a description of
the soil body characteristics. The SMU dataset contains the estimated percentage of each STU in each
SMU area.

By using the regional soil database, the Soil Typological Units (STUs) of the area were distributed
into three suitability classes for soybean production, according to the agronomic constraints for soybean.
Three agronomic constraints were considered based on the literature and local expert knowledge
(Table 1): iron deficiency chlorosis [41], harvest quality loss and hydric stress [42]. For summer
crops under Oise climatic conditions these constraints were correlated to a high carbonate content
(>15%), a high stone/gravel abundance (>15%) and a low soil-available water capacity (<100 mm). The
SMUs of the area were then divided into five classes (Table 2), depending on the percentage of the
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three previously defined suitability classes in their area. The dominant STUs were identified in each
suitability class in the SMU to provide a single soil attribute to yield assessment. In the Oise region,
57% of the SMU have a single suitability class and 13% a dominant suitability (more than 70% of the
SMU area).

Table 1. Soil agronomic constraints for soybean according to [41,43]. STU indicates a Soil Typological
Unit and AWC the Available Water Content.

STU Suitability Class Agronomic Constraints
Unsuitable Carbonate > 15% or stone/gravel > 15% or Soil-AWC < 100 mm
Suitable Carbonate < 15% and stone/gravel < 15% and 100 < Soil-AWC < 170 mm
Highly suitable Carbonate < 15% and stone/gravel < 15% and Soil-AWC > 170 mm

Table 2. Main soil suitability classes considered for soybean. SMU indicates the Soil Mapping Units.

SMU Suitability Class Characteristics
Homogeneous-unsuitable 100% unsuitable
Homogeneous-suitable 100% suitable
Homogeneous-highly suitable 100% highly suitable
Heterogeneous Partly unsuitable and partly suitable
Heterogeneous-suitable Partly suitable and partly highly suitable

2.4. Suitable Areas for Soybean from an Agronomic Point of View

2.4.1. Modelled Crop Rotation Based on Ongoing Crop Sequences

The reference spatial unit in the French Land Parcel Identification System (LPIS) is the farmer
block, considered as one or several parcels cultivated by a farmer [25]. The LPIS from 2006 to 2012 was
used to determine the ongoing crop sequences in groups of farmers’ blocks with the same proportion
of crops, as preliminary information for identifying the crop rotations at the farmer block level. Only
the crop sequences of the farmer blocks in the bio-physically suitable area for soybean were considered.
The first step was to eliminate the non-agricultural land uses in this area (forest, roads, cities, etc.)
by using the CORINE Land Cover [44], then the farmer blocks corresponding to seven years’ LPIS
data were mapped and overlaid with ArcMap 10.3 software© (Esri Inc., Redlands, CA, USA). Farmer
blocks were considered identical when their area difference was lower than 5% and had a shift in
centroid of less than 12 m, according to the method developed by [45]. All the farmer blocks with
permanent crops (permanent pasture, orchards, vineyards, nuts, fruit trees, others) or fallow were
eliminated because they were not suitable for soybean, as well those with at least one forage crop in
order to avoid any reduction in forage availability on livestock farms. The farmer blocks with the
code “seeds” or “green grain legumes” at least once among the seven years were eliminated because
they represented a small area in the LPIS database (less than 0.1% of the agricultural surface) and are
high added-value contract crops whose area has to be preserved. Wheat, barley and “other cereals”
were considered together as cereals. The proportions of each crop in the seven years by farmer block
were calculated and average crop distribution by farmer block identified. This crop distribution was
coupled with our expert knowledge of regional crop rotations to establish the successions at the farmer
block. For instance, in a farmer block presenting in 20062012 a succession R/C/C/R/C/C (R indicates
rape seed and C cereals), the proportion of each crop was 29% R and 71% C, which was modelled as
25% R and 75% C resulting in a modelled crop rotation in the field block of R/C/C/C. Crops with less
than 5% in the distribution (equivalent to 1/3 of the area in one of the seven years) were eliminated
and the crop distribution was corrected. As the crop rotations are not always seven years long, the
number of each crop occurrences within the seven years would not correspond to the real number of its
occurrences in the rotation. For example, the rotation sugar beet/cereal/cereal/pea/cereal (SB/C/C/P/C)
may appear within the seven years as “SB/C/C/P/C/SB/C” or “C/C/P/C/SB/C/C” or “C/P/C/SB/C/C/P” or
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“P/C/SB/C/C/P/C”, which do not present the same frequency of each crop (2/7 or 1/7 for SB or P, 4/7 or
5/7 for C, according to the situation). To minimize this bias, the frequency of each crop in each farmer
block was estimated as its mean frequency in all farmer blocks having the same combination of crops
(farmer block group), considering that if all situations are represented homogenously in the farmers
blocks group, the mean frequency of each crop will converge to its real frequency.

Ongoing crop rotations were modelled for each farmer block group following agronomic rules,
where break crops are always followed by a cereal. If there were more cereals than break crops, the
cereals were also distributed as a second cereal.

Both soil suitability class (Table 2) and crop rotation(s) in the farmers” blocks were considered as
the agronomic criterion to identify the farmer blocks suitable for the introduction of soybean. Each
SMU was characterized by its suitability classes (see previous paragraph), and some SMUs had a single
class while others had more than one. By spatially joining the farmer blocks with the SMU, each of
them characterized by a suitability class, it was possible to identify if a block was located within a
homogeneous SMU (only one suitability class) or not. For farmer blocks located in heterogeneous
SMU, the presence of demanding crops (i.e., crops that needs more than 170 mm soil-available water
capacity) in the ongoing crop rotation was considered as revealing suitable soils.

Farmer blocks with a single crop every year from 2006 to 2012 were then assumed to be
homogeneous and suitable or not suitable for soybean according to the occurrence of at least one
demanding crop during this 7 year period. Farmer blocks with two crops or more crops per year
at least once between 2006 and 2012 were assumed to be heterogeneous and their suitable part was
evaluated on the basis of the main surface of demanding crops from 2006 to 2012, as shown in Figure 3.

1crop rotation potentially

& e d  SUitablefor soybean insertion
Yes ! 1 crop rotation non suitable
=" No == for soybean insertion
Only 1 crop/farmer
block every year ~1 crop rotation potentially
—y
]

Yes L--—
H No =1 crop rotation non suitable
= for soybean insertion
Homogeneous
SMU l_ Yes m— SuitableSMU - 1 crop
. rotation potentially suitable
1 Demanding crops for soybean insertion
! in farmer block
No Yes

b NO mmp UnsuitableSMU
>1 crop/farmer block
> at least 1 year Yes 1 crop rotation with demanding crops,

accordingto agronomic rules
+1 crop rotation with the remaining surfaces
of non demanding crops potentially suitable
for soybean insertion

Demanding
crops in
farmer block
- % suitable STU /SMU - =1 crop
rotation potentially suitable for
soybean insertion

== No

Figure 3. Decision rules to identify the suitable Soil Mapping Units (SMU) within farmer blocks for
soybean introduction.

2.4.2. Re-Designed Crop Rotations with Soybean

On the farmer blocks where climate and soil were suitable for the soybean crop, each crop
rotation modelled was evaluated to determine its potential to insert soybean (location and frequency)
according to several agronomic decision rules (Figure 4). Crop sequence and frequency restriction
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were considered to both avoid phytosanitary problems and reduce the contract crop (crops where the
harvest is already sold before sowing) area. Hence, soybean introduction should not decrease the
contract crops area, yield or costs as they have an intensive management. The minimum sequential
break of soybean was fixed to four years.

2 cereals Yes . bSctl_z'l’.;ean
after cereal g substitutes one
cereal

Soybean

substitutes one
Contract rape-seed out of
Pea or crops Rape two
faba-bean
._ s Nove No soybean
: introduced

1
1
1
L No » Cereal after :
cereal Soybean is
Yes introduced
Yes —>

betweencereals

Soybean
g substitutes pea
or faba-bean

Figure 4. Decision rules to insert soybean in crop sequences based on the presence or absence in the 7

year crop rotation.

2.5. Economic Suitable Areas for Soybean

The difference between the gross margins of the modelled ongoing rotation and of the re-designed
rotation including soybean was chosen as the economic indicator to determine the profitability of
introducing soybean in a farmer block. A difference of —50 € of this indicator was considered acceptable
by farmers as providing agronomical advantage through soybean introduction. A gross margin
difference below —50 € was considered, therefore, as unsuitable for soybean introduction, a gross
margin difference between —50 € and 50 € as suitable and over 50 € very suitable. The gross margin
was calculated by subtracting the variable costs from the total revenues per hectare. The revenues
were calculated as:

Revenues = (Z g:zzln (yield f (soil) = price) + subsidies). 1)

The crops’ yields (including of soybean), the selling prices and variable costs were required to
calculate the gross margin (Figure 1).

2.6. Crops’ Yields—Soybean

The STICS model [46] was used to estimate the potential yield of soybean. STICS has already
been validated for Northern French conditions for wheat and maize [47]. The model has been already
parameterized on the soybean GMOO variety in Canada [48], although not yet for GMO000. The model
requires four main groups of data: climate, soil properties, plant and variety descriptors and crop
management. By using the data of four weather stations in the Oise region over the last decade,
as described in the climatic suitability paragraph, four climatic areas were identified for soybean
around each weather station. The four meteorological stations (Figure 2) were located at Beauvais
(49°25’ N, 2°05’ E), Jaméricourt (49°18’ N, 1°52’ E), Le Plessis-Belleville (49°05’ N, 2°45” E) and
Margny-les-Compiegne (49°25" N, 2°49” E). The weather over the last ten years (from 2005 to 2014)
was used to run STICS model simulations with daily temperatures (minimal and maximal), global
radiation and precipitations, and evapotranspiration measured every ten days.

The most abundant soil types were considered—SiL-I, SilL-c, SaL-I, SaL-c CaL, HsiL-I, Lr, L-I—for
the simulations. These soils types were attributed to the SMUs according to their physical characteristics
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and their AWC. Their physical characteristics were obtained from Ansel etal. [54]. A detailed description
of each soil is given in Table Al. All crop management parameters were left by default except to
confirm that there was no fertilization or irrigation during the crop and to define sowing conditions.
The sowing date was fixed at the 106th Julian day and the density was 55 grains m~2 and had a sowing
depth of 4 cm according to local advisors (personal communication). The plant selected was soybean
and the variety was a MGOO variety. Once yields per soil type and climatic station were obtained, they
were attributed to the different SMUs.

2.7. Crops’ Yields—Crops Other Than Soybean

The yields of crops other than soybean were based on the regional references of the PERSYST
tool [49] where initial soil types where transformed into seven simplified types to obtain the required
references (Table 3). The effect of crop rotation on yield was considered according to [50,51]. So, the
yield of the cereal after a cereal was reduced by 0.5 t/ha, the yield of the cereal after a legume was
increased 0.8 t/ha and the yield of rape seed after a legume was increased by 0.4 t/ha.

Table 3. Reference yields (t/ha) as function of the soil types used to calculate gross margin. AWC:
available water capacity [49].

Light, Light Chalk Clayey Clayey, Loamy, Loamy,
Crop High Medium/Low L AV\)/’C High Medium High Medium
AWC AWC ow AWC AWC AWC AWC
Winter soft
wheat 8.4 7.2 8.3 7.6 8.2 9.7 9.2
Winter
barley 8.5 7.2 8.0 7.5 8.0 9.2 8.8
Summer
barley 6.5 5.4 5.7 5.1 6.5 7.3 6.5
Rape seed 4.0 34 3.5 34 3.5 45 4.3
Sugar beet 70.0 70.0 80.0 95.0 95.0 105.0 105.0
Grain corn 8.3 8.5 - - 8.5 10.3 9.2
Legumes 4.8 44 4.1 - 5.0 5.5 5.0
Sunflower 2.0 15 2.2 2.5 2.5 3.0 2.7
Linseed 2.6 2.6 2.1 2.2 2.5 2.8 2.5
Flaxseed 6.5 5.1 4.8 - - 6.8 6.1

2.8. Crop Selling Prices

Two simulations were made with two crop selling prices (Table 4) based on the highest and the
lowest average prices between 2010 and 2014 for each crop from the regional statistics [52]. For grain
legume crops the gross margin difference corresponded to the difference in income (yield x price) of
grain legumes and soybean, as variable costs were considered as being similar.

The variability of the farm type and the policy support meant that only a 150 euros/ha subsidy for
grain legumes was considered.
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Table 4. Total variable costs per crop (excluding nitrogen fertilizer costs) according to local references [52]
and selling prices according to the minimal and maximal prices retrieved between 2010 and 2014.

Crop Variable Costs (€/ha) High Selling Price (€/t) Low Selling Price (€/t)
Wheat 382 190 150
Barley 288 190 140

Legume 418 220 170
Rape seed 329 440 300
Industrial vegetables Fixed (contract crops)
Set-aside 0 0 0
Soybean 522 450 350
Oat 240 180 140
Sugar Beet Fixed (contract crop)
Flaxseed 408 270 180

Corn 452 190 140

Linseed 300 490 380
Sunflower 270 460 325

2.9. Variable Costs

The variable costs were calculated according to local references [52], and consisted of phosphorus
and potassium fertilizers, phytochemicals, seeds, harvest and post-harvest costs. The total variable
costs (excluding nitrogen fertilizer costs) per crop are provided in Table 4. For herbicide costs in
addition to the local references, an increase in 20 euros/ha if a second cereal follows another cereal
was considered and a decrease by the same when a cereal follows a summer non-cereal crop. A
supplementary phytochemical seed treatment of 20 euros/ha is also expected if a cereal follows another
cereal (personal communication from local advisors). A cover crop previous to summer crops is also
required, which has a seed cost of 40 euros/ha. Post-harvest costs of drying for soybean and sunflower
were estimated according to local references as 25 euros/t (18% and 15% harvest humidity respectively)
whereas for corn they were estimated at 35 euros/t (35% harvest humidity).

The need of nitrogen fertilizers (Nf) was estimated for each crop to calculate the total nitrogen
fertilizer costs. According to [53] this cost is calculated as the difference between the nitrogen soil
supplies and the nitrogen crop requirements. Soil types were considered as tilled, as tillage is the
dominant practice in the region. Soil types defined by [54] were considered to ascertain the soil depth,
soil mineralization and the non-extractable nitrogen.

2.10. Potential for Soybean Introduction in the Oise Region

The potential for soybean introduction in the Oise region was assessed as the calculated volume
and the spatial distribution of soybean production each year in the region. To assess this volume, the
soybean yield, calculated for each soil type and climatic zone, was multiplied by the area devoted to
soybean in the economically suitable or very suitable farmers’ blocks each year, i.e., those with a delta
gross margin after soybean introduction of over —50 euros/ha.

3. Results

3.1. Suitable Climatic Area for Soybean Introduction

The spatial distribution of the agricultural farmers’ blocks suitable for soybean introduction in
Oise crop rotations under climatic conditions is illustrated in Figure 5a and was equal to 82,238 ha in
total, which was 14% of the Oise area and 22% of the Oise UAA in 2014.
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Figure 5. Spatial distribution of suitable areas for soybean cultivation in the Oise region according
to bio-physical (a) and agronomic suitability (b). White areas are either non-agricultural areas or
climatically unsuitable for soybean production.

The unsuitable areas were concentrated in the North-Western part of the region and were mainly
due to climate limitations. Four different areas contributed between 17% and 36% to the favourable
climatic area. Within these areas, the average farmer block area are quite different, particularly between
the northern (Tillé and Margny-les-Compiegne) and southern (Jaméricourt, Le Plessis-Belleville)
stations (Table 5).

Table 5. LPIS farmer block number and areas according to different weather stations in the soybean
climatically suitable area of the Oise region.

Total Farmer Block Area % of the Suitable Climatic

Weather Stations Number of Farmer Blocks (ha) Agricultural Area
Jaméricourt 1614 13,898 17%
Le Plessis-Belleville 1575 18,868 23%
Margny-les-Compieégne 5346 29,869 36%

Tillé 3786 19,748 24%
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3.2. Soil Suitable Area for Soybean

Within the suitable climatic area, different soil types exist (Table 6). Table 6 shows that the most
fertile soil (Loamy with high AWC) covers the highest part of the suitable climatic area. Chalky soil
with low AWC is the only unsuitable soil for soybean, representing 1351 ha, and thus 1.6% of the
climatically suitable area (Figure 5b).

Table 6. LPIS parcel number and areas according to different soil types in the soybean suitable
climatic area of the Oise region. * indicates the soil type unsuitable for soybean, AWC the Available

Water Content.
Soil Type Number of Farmer  Total Farmer Blocks’ % on the Climatically
P Blocks Area (ha) Suitable Area
Chalky, high AWC 347 2139 2.6%
Chalky, low AWC * 545 3054 3.7%
Clayey, high AWC 1790 7903 9.6%
Clayey, medium/low AWC 221 1416 1.7%
Light, high AWC 14 48 <0.01%
Light, medium/low AWC 1446 8902 10.8%
Loamy, high AWC 5370 42,624 51.7%
Loamy, medium/low AWC 2606 16,370 19.8%

3.3. Suitable Areas for Soybean from an Agronomic Point of View

Figure 5a shows the location of the farmers’ blocks where an introduction of soybean is possible,
according to the agronomic rules described. Only 4% of the farmers’ blocks area (3304 ha), in both
suitable climatic area and soil types, was unsuitable for soybean (Table 7). Long crop rotations including
several contract crops and at least one year of rape seed account for this unsuitability on farmers’
blocks located on very good soil types. The grain legume rule contributes to most of the agronomic
suitable area, followed by the two cereals rule (Table 7).

Table 7. LPIS farmer blocks and areas according to different agronomic rules according to Figure 4
and soil types in the soybean climatic suitable areas of the Oise region. AWC indicates Available

Water Capacity.
Number  Total Rate for Different Soil Type Area (%)
Agronomic Introduction of Blocks Light Chalky Clayey Loamy
Rule Farmers’  Area High Medium/Low  High High Medium  High Medium

Blocks  (ha)  swc AWC AWC  AWC  AWC  AWC AWC

One cereal over 2 cereals 3171 22,597 0 13.1 2.1 0 24 57.5 24.7
One cereal over 3 cereals 1290 5198 0.2 18.1 3.5 0 1.9 47.8 28.3

Between two rape seeds 14 110 0 6.4 0 0 0 84.5 9.1
Grain legumes 6482 47,578 0 10.1 3.1 11.3 15.8 514 19.0

No soybean 440 3304 0.1 54 0.4 6.8 0.6 77.8 8.0

3.4. Soybean Yield Simulation

The mean simulated yields (0% humidity) from 2005 to 2014 in each soil and weather condition
type are illustrated in Figure 6.

Soils with the highest mean yield were Deep Loam (SiL-I, equivalent to Loamy high AWC) with
2.62 t/ha, and Deep Loam/silt loam (L-r, 2.19 t/ha, Loamy medium AWC). Soils with the lowest mean
yield were Shallow Calcareous (CaL, 1.06 t/ha, Chalky low AWC) and Moderately Deep Sandy Loam
(SaL-c, 1.19 t/ha, Light high AWC). For the four weather stations, the soil with the highest maximal and
the soil with minimal yield were the same: SiL-I had a mean maxima and mean minima of 3.29 and
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1.28 t/ha respectively and L-r 3.14 and 0.91 t/ha. Within locations, Le Plessis Belleville had the highest
yield (3.73 t/ha) on SiL-I soil in 2012, and Jaméricourt had the lowest yield on hSiL-I soil (1.52t/ha) in
2008. SiL-I also had the lowest yield variability within years, followed by L-r soil type.

a1 (a) Ll 4 (b) Sal-C
35 35
34 3
25 25
21 2
— ]
15 - + + + 15 .
. N & &
1+ . 1 . L]
05 - 0.5 .
o BVS  IMC LPB M
BUS  JMC  LPB  MLC
a . (o) SaL-l 4 (d) SiL-c
35 35
3 3
25 ' 2s
: ; n
15 15
— ;
: o = R 5 L
05 . [ ] 05
0 Bs  mc  ws  mc O BYS  IMC  LPB  MLC
4 (o) L-r 4 (f) SiL-1
35 * 35
3 3
15 l 15 |
1 1 :
0.5 0.5
BVS mC LPB MLC BVS mc Lpe MLC
0 0
4 (8 hSiL-| 4 (h) Cal
35 35
3 3
25 * 25
2 2
15 — 15 -
0.5 ] 0.5 . L}
0 BVS IMC LPB MLC 0 BVS  JMC  LPB  MLC

Figure 6. Box plot of the simulated soybean yields (t 0% humidity/ha) with STICS for each soil type (a)
L-I, deep loam; (b) SaL-c, Moderately deep sandy loam; (c) SaL-I, Moderately deep sandy loam; (d) SiL-c,
Moderately deep silty loam; (e) L-r, Deep loam/silt loam; (f) SiL-I, Deep loam; (g) hSiL-I, Moderately
deep silt loam hydromorphic; (h) CaL, Shallow calcareous for ten considered years (2005-2014) in
the four stations considered BVS: Beauvais, JMC: Jaméricourt, MLC, Margny-lés-Compiegne, LPB, Le
Plessis Bellevile.
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3.5. Economic Suitability for Soybean

The farmers’ blocks were considered as suitable if they had a difference in gross margin between
the re-designed modelled crop rotation with soybean and the ongoing crop rotation of below —50
euros/ha and were thus in the suitable or very suitable cases. Figure 7 highlights the distribution of the
suitable and unsuitable farmers’ blocks under a high Figure 7a and a low Figure 7b crop price scenario.
In the blocks considered as very suitable (difference of gross margin after soybean introduction higher
than +50 euros), the soybean introduction (area and localization) did not appear to change depending
on the crop prices. A part of the blocks defined as suitable shifts to unsuitable when the crop price
increases (Table 8). This suggests that under high price conditions, soybean is less competitive than
other crops. For example, Table 8 shows that 81% of the farmers’ blocks with a two cereal introduction
rule are very suitable to soybean introduction under low price conditions, whereas only 10% of the
same blocks area is very suitable under high price conditions.

z)

0 15 30

- Farmers” blocks unsuitable for soybean (low prices)

Farmers” blocks suitable for soybean (soil, cimate, crop rotation, gross margin}

- Farmers” block unsuitable for soybean (high prices)

Farmers® blocks suitable for soybean (soil, cimate, crop rotation, gross margin}

Figure 7. Spatial distribution of suitable areas for soybean introduction according to gross margin
difference after soybean introduction in suitable crop rotations under low crops’ selling prices (a) and
high crops’ selling prices (b) defined in Table 4. White areas are either non-agricultural areas either
unsuitable area for soybean for climate, soil or crop rotations.
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Table 8. Variability of the gross margin after the introduction of soybean for different crop price
conditions (Table 3), farmers’ block types (Figure 3) and soybean introduction rules (Figure 4).
Unsuitable conditions exist when the gross margin difference after soybean introduction is below —50 €,
suitable conditions exist when the difference is between —50 € and +50 €, and very suitable when the
difference is over +50 €.

Area Rate for Different Soybean Introduction
Rules (%)

Variability of the Gross

Margin after Soybean Farmers”  Total Area One One
R Blocks (ha) Between .
Introduction Cereal Cereal Grain
two Rape
over 2 over 3 Seeds Legumes
Cereals Cereals
Very suitable 5739 46,417 81% 2% 0% 17%
Low price Suitable 3902 19,691 72% 20% 0% 7%
Unsuitable 528 5354 89% 10% 1% 0%
Very suitable 5721 46,079 10% 2% 0% 88%
High price Suitable 1748 8711 40% 43% 0% 17%
Unsuitable 2700 16,672 94% 5% 1% 0%

3.6. Potential for Soybean Production in the Oise Region

Within the areas suitable for soybean introduction from climatic, soil type, agronomic and
economic points of view, the total soybean potentially produced is of 11,108 tons per year under a
scenario of low crop selling prices, and of 8801 tons per year under a scenario of high crop selling prices
with mean yields per soil type. The former is produced in a total area of 6187 hectares per year (7.5%
of the climatic suitable area for soybean), while the latter in an area of 4878 hectares per year (6% of the
climatic suitable area for soybean). These areas are derived from the suitable overall areas defined in
Table 6 by taking into account the yearly surface of soybean in the re-designed crop rotations.

4. Discussion

In a general context requiring crop diversification, the question of which new crop to introduce in
arable cropping systems is a major issue for farmers and local agricultural actors. One of major barriers
to diversification is the lack of local agronomic references on innovative crops. The novelty of our
research was the development of a land suitability method for use when no agronomic local references
on the crop of interest exist. Our method is innovative since it adds spatially-explicit agronomic
knowledge to common land suitability methods by addressing the suitability of the ongoing crop
rotations for the introduction of a new crop and its subsequent effect on the gross margin. We validated
our method by testing the case of the suitability of introducing MG000 soybean into the crop rotations
of the Oise region (northern France). As yet soybean has not been cultivated in northern France, while
MGO00 soybean varieties are currently being cultivated or experimented at similar latitudes in the US,
Canada or in Belgium [38,48,55]. The discussion of the method is divided into three parts: the sources
of uncertainty in relation to the land suitability results (4.1), the barriers to the adoption of a new crop
(4.2) and the general applicability of the method (4.3).
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4.1. Uncertainty Regarding the Land Suitability Results is Highly Dependent on Assumptions on Crop
Allocation, Farmers Practices and Data Availability

Working at the regional level requires a combination of heterogeneous data with different spatial,
temporal and thematic (e.g., the crop classes within the LPIS database) resolutions [56]. Methods
such as modelling, and spatial and economic analyses must also be combined to answer the research
questions. When dealing with the land suitability for a crop without any agronomic local reference, the
quality of the data and the main hypothesis are of primary importance in relation to the uncertainty
of the final results. In the case study developed, as soybean is not yet cultivated in the region, the
analysis performed was based on different hypotheses regarding climate, soil quality, introduction
within the ongoing crop sequences, potential yields of the main crops and rotational gross margin. The
obtained results are influenced by these hypotheses, but in general the present method underestimated
the amount and the surface of the new crop that can be produced in the region. Among the different
potential sources of uncertainty, the most innovative point of the current method is discussed, this is
the introduction of a new crop within the ongoing crop sequences.

In this step of the method, farmers’ blocks with more than one crop per year at least once during
the seven years modelled long rotations. However, the real rotations could be shorter but repeated on
the other fields that constitute the farmer block. Comparison of soybean introduction in modelled
crop rotations under the hypothesis of one long or two short rotations shows significant differences,
as highlighted in Table 9. As crop rotations leading to an underestimation of the soybean area are
the most frequent, and the return period is shorter, the model underestimates the suitable area for
soybean. The use of innovative tools for crop rotation generation such as the RPG Explorer tool [25,27]
or LandSCFACTS [57] may improve the reliability of the crop rotation generation phase and support
the adaptation of agronomical rules to regional crop rotations.

Table 9. Comparison of the impact of the rotation length on the soybean return period and on the
estimation of the area allocated according to different crop sequences. C indicates cereals, R rape seed,
M corn, OS oil seeds except rape seed, Pt potato and BS sugar beet. * soybean cannot be introduced in a
rotation with maize.

, . . . Effect of Short
Croil; st}II’:oCI;(;rtlon Hygl(:!thcersols on Ongoing Crop AAE)I;I ;f:liic Soybean Rotation
Se uencep Ro tatioﬁ Rotation gRule Return Period  Hypothesis on
1 Soybean Area
Soybean
C: 50% Long: 5 years RCMCC substitutes one 10 years
R:17% R out of two
M: 17% : ~25%
Set aside: 16% Shprt. 2 % RC qubean 4 years on half
rotations of 2 1 substitutes one .
and 3 years 2 MCC R out of two area
Soybean
C: 60% Long: 10 years Mc (I){SCCCC RC substitutes one 10 years
R: 20% R out of two
M: 10% ) ~ +25%
0S: 10% rotiltli(()):é i (5 1RCRCC S?ri,sbe?ti: dls 6 years on half
1 *
years 205CCMC between two C area
Soybean
C: 50% Long: 12 years M Ccl;tg Sg g B ubstitutes one 24 years
R: 6% R out of two
SB: 17% - No change
Pt: 7% Short: 2 lptcspcspc  ooybean
100 rotations of 6 substitutes one 24 years
M: 10% 3 RCMCSBC
1 qo years 2 R out of two
Set aside: 8%
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4.2. Barriers to the Introduction of New Crops

Although an area may have been identified as suitable for a new crop, there are several barriers
that can reduce its adoption by farmers. The authors of [7,58] argued that these barriers apply to
different levels in the food supply chain. At the farm level, the adoption of a new crop is often hindered
by diseases or disease risks that are extremely severe when production reaches a certain threshold and
there are limiting climatic conditions. Often, in the case of a new crop, the risk of disease is low. This is
for example the case of soybean in France due to the low intensity of soybean-based systems, which
has also been reported in other European countries [59].

Other barriers include the presence of substitution crops (e.g., pea and faba bean for soybean),
the impact of residual herbicide action, necessary modifications to machinery, lack of knowledge of
inoculation techniques, and the lack of adapted genetic material. Other barriers depend on the risk
aversion of farmers. One example of a barrier to the introduction of a new crop could be a lack of
policy support to compensate the risk taken by the farmers. For example, until 2015, soybean was not
considered as a grain legume in France but an oilseed crop, so it was not eligible for EU subsidies for
grain legumes.

The lack of advice on new crops may also be a barrier, particularly when there is lack of references
on the crop. This was underlined by the research of [45] who found that in a sample of farms in
Luxembourg there was a lack of knowledge about grain legume cultivation. Finally, there are several
important lock-in at the agrifood level, such as the historical preference for cereals and imported
proteins or the specific French technological lock-in, as indicated by [60].

4.3. General Interest of the Method

In the general diversification trend to a more sustainable crop production, quantifying and
localizing the amount and area of a new crop is essential information for agro-food companies and
cooperatives in order to help them deciding whether, where and how to invest in a new crop. Our
method provides such information. By furnishing spatially-explicit information on the crop yield and
the possible introduction into ongoing crop rotation, the method could also be used for a preliminary
screening of field trial locations for the new crop. In addition to the classical bio-physical screening our
method also supplies information on the areas where the agronomic potential is higher and where
farmers might be more interested for the new crop. The results provided by our method can support
participatory workshops on cropping system design with farmers and advisors [60].

In addition to informing the food supply chain, which was the original goal of this research, our
results support agricultural advisors in considering diversification alternatives for the arable cropping
systems in intensive agricultural regions. By testing the method, we believe we have demonstrated
that soybean, as a spring crop, could be a source of diversification in cereal-based rotations in Northern
France, which are currently characterized by winter and monocotyledonous crops, thus reducing the
risk of weed resistances both by reducing the number of weeds and by changing the herbicides” active
constituents [61]. Our results also supported the establishment of soybean field trials, which will allow
to improve the reliability of the ex-ante assessment we presented in this paper. First year results and
parametrization of DSSAT model for early maturity varieties were presented by [62].

The main information needed to adopt our method consists of regional databases and expert
knowledge. The regional databases needed are soil map information, climate information and a Land
Parcel Identification System to identify and localize ongoing crop rotations. These databases are all
available at the EU level and could be easily available in other countries in relation to soil and climate.
The spatial resolution depends on the data source, which could be local or global. For soil, some
information is also provided by the FAO Soils portal and by global soil mapping programs [63]. The
spatial explicit information on the succession of annual crops can also be derived by remote sensing
data (e.g., [64]) in non EU countries where a LPIS has not been implemented, although the advantage
of the EU LPIS is that the information is directly supplied by farmers and refers to the surface area they
manage [28].
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Expert knowledge in our method is needed both for common crop yields and their management.
This information can be easily provided by local technical advisors at the regional level (see for
example [52]).

Finally, to model the yield of the new crop, a crop model is needed. In this case, the STICS model
was used, however, several crop models have been parameterized in different world regions and can
be used instead of STICS, as shown, for example, by [65] for spring barley. However, although these
models are parameterized for the main crops, sometimes a few models are available to simulate yields
for less common crops or for new or less common cultivars.

5. Conclusions

We have presented an innovative method to ex-ante assess the potential for a new crop at a
regional level. The method was tested on the potential for soybean in the Oise region (Northern France)
after the release to the market of new soybean maturity group varieties that can be grown in such
areas. The suitability for soybean was assessed according to spatially-explicit pedo-climatic, agronomic
and economic criteria. Spatial analysis and modelling were combined to explain the potential for
soybean introduction in Oise crop-rotations. The proposed method is innovative in terms of previous
land suitability studies, as it enhances the typical pedo-climatic-based studies by including agronomic
rules for crop introduction in the ongoing crop rotations, and a spatially-explicit economic evaluation.
It is also innovative in a context of poor references on the studied crop, as studies on yield gaps
are unfeasible in the short term. The method and the references simulated can be used to support
agro-food companies and cooperatives in strategic decision-making as well as farmers and advisors in
the redesign of more sustainable cropping systems. In further studies, spatially-explicit models for
crop rotation and the allocation of farming practices could also be implemented within the method in
order to improve its reliability.
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Appendix A
Table A1l. Main parameters used for soybean yield modelling with STICS.
Soil Ttype SiL-1 SiL-c SaL-1 SaL-c CaL hSiL-1 L-r L-1
Mai - . Moderately Moderately Moderately Shallow Mode.rately Deep loam/silt
ain characteristics Deep silt loam d 1t deep Sandy deep Sandy 1 ) deep silt loam 1 Deep loam
eep silt loam loam loam calcareous loam | = 0 i oam
y P
Referer(l;:;lil(;l)l group luvisol Cambisol luvisol cambisol leptosol luvisol regosol luvisol
Argi * 17 24 10 18 14 21 25 15
Norg 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12
Profhum 35 35 35 35 35 35 35 35
Calc 1 1 1 1 50 1 7 1
pH 7 7 7 7 8 7 7 7
Albedo 0.22 0.25 0.25 0.25 0.31 0.22 0.22 0.23
q0 8 9 7.5 8 9 9 9 7
Obstarac 130 80 80 85 55 50 200 100
Zesx 120 90 110 120 70 90 120 120
Epc
Horizon 1 30 25 30 35 30 30 30 35
Horizon 2 15 15 15 35 25 30 65 35
Horizon 3 20 20 35 15 0 0 30 30
Horizon 4 15 20 0 0 0 0 0 0
Horizon 5 50 0 0 0 0 0 0 0
HCCF
Horizon 1 23 24 15 19 25 24 24 20
Horizon 2 25.5 29.5 10.5 19 24 25.5 225 225
Horizon 3 255 24 10.5 19 0 0 225 19
Horizon 4 25.5 24 0 0 0 0 0 0
Horizon 5 25.5 0 0 0 0 0 0 0
HMINF
Horizon 1 10 12 5 10 10 12 12 8.9
Horizon 2 12.8 22 4 10 10 13 12 12.8
Horizon 3 12.8 10 4 10 0 0 12 10
Horizon 4 12.8 10 0 0 0 0 0 0
Horizon 5 12.8 0 0 0 0 0 0 0
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Table Al. Cont.

20 of 24

Soil Ttype SiL-1 SiL-c SaL-1 SaL-c CalL hSiL-1 L-r L-1
DAF
Horizon 1 1.4 1.45 1.4 1.5 1.2 1.45 1.45 1.5
Horizon 2 1.5 1.45 1.5 1.6 1.25 1.5 1.55 1.55
Horizon 3 1.5 1.25 1.5 1.6 0 0 1.55 1.6
Horizon 4 1.5 1.25 0 0 0 0 0 0
Horizon 5 1.5 0 0 0 0 0 0
Cailloux
Horizon 1 0 3 2 0 2 0 3 0
Horizon 2 0 7 0 0 2 0 0 0
Horizon 3 0 30 0 0 0 0 0 0
Horizon 4 0 20 0 0 0 0 0 0
Horizon 5 0 35 0 0 0 0 0 0

* Where Argi = Clay content after decarbonation; Norg = Soil organic N content in the first soil layer; Profhum = Maximum soil depth with an active biological activity; calc = Total
carbonate content; pH = Initial soil pH; albedo= albedo of the bare dry soil; q0 = cumulative soil evaporation above which evaporation rate is decreased; obstarac = soil depth at which root
growth is stopped due to physical constraints; zesx = maximal soil depth affected by soil evaporation; epc = thickness of each soil layer; HCCF = gravimetric water content at field capacity
of each soil layer; HMINF = gravimetric water content at wilting point of each soil layer; DAF = bulk density of fine earth fraction in each soil layer; Cailloux = volumetrix content of
pebbles per soil layer. Some parameters were identical for all soil types: The fraction of runoff in a bare soil: ruisolnu = 0. The minimal amount of water required to create a soil crust:
pluibat = 50 mm. d-1. The mulch depth which a crust occurs: mulchbat = 0.5 cm. The parameter defining the soil contribution to evaporation versus depth: cfes = 5. The minimum
concentration of HNO3 in soil: concseuil =0. The roughness length of bare soil: z0solnu = 0.01 m. The initial C to N ratio on soil humus: CsurNsol = 0. The runoff coefficient taking

account for plant mulch: penterui = 0.33. With no: pebbles, macroporosity, cracks, artificial drainage, capillary rise, nitrification and denitrification.
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