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Preface

What is a crop model? ‘Snake oil’ (Passioura 1996), i.e. an impossible (and moder-
ately honest) challenge to fit the current scientific knowledge into a single framework? 
A mechanistic view of plant growth and development which represent causality between 
component processes and yield (Yin et al. 2004)? Robust empirical relations between 
plant behaviour and the main environmental variables (Passioura 1996)? A tool for 
analysing plant behaviour and its genetic variability which bypasses, but may help to 
increase the knowledge about underlying mechanisms (Tardieu 2003, Hammer 2006)? 
All these definitions are partly true, all are potentially misleading. 

Considering the achievements of crop models is perhaps the best way to understand 
what they are. STICS and other crop models have profoundly changed the vision that the 
agronomic community had of the soil – plant – atmosphere system and of its interactions 
with cultivation techniques. It has also changed the way agronomists design experi-
ments and test hypotheses. Important and legitimate questions such as “which is the best 
sowing density for a crop?”, “is an early cultivar better than a late one?”, “what is the best 
fertilisation strategy?” have been the subject of hundreds of experiments in the 60’s and 
70’s. Nobody would now imagine answering them without a model because “try it and 
see” experiments may well be the worst method for answering them, due to experimental 
errors and to the variability of behaviour of each genotype in different environments. 
Although our current knowledge is often poor for detailed processes, the behaviour of 
soil-plant-atmosphere systems is surprisingly predictable in relation to what could be 
expected from the synthesis of all mechanisms involved in it (Tardieu 2003). STICS, like 
other crop models, can therefore help to answer the above questions for a wide range 
of conditions which could never be tested experimentally. The role of experiments has 
changed, and is now to check whether experimental results, obtained in a limited number 
of environmental conditions, are consistent with those of the model in a wide range of 
situations to verify the credibility of the model in the studied range of environments 
(Lyon et al. 2003, Corre Hellou et al. 2007). Lack of agreement between the model and 
the experiments may suggest ways for improving some aspects of the model. 
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Is this science or engineering (Passioura, 1996)? This lengthy debate has been largely 
fruitless. The same model can be used for good or unexciting science, for good or inap-
propriate engineering. The important point is that the user is able to be critical with the 
model, so that his/her judgement or decisions after using STICS will be the result of 
some personal input and understanding of the model. This is the objective, hopefully 
fulfilled, of this book. 

Making it clear, that STICS is a tool for reasoning and not a magic wand for predic-
tion, is one of the main aims of this book. The model is by no means an exact representa-
tion of all the processes involved in a virtual experiment. It is therefore essential that the 
user has access to its workings, i.e. its architecture, equations and parameters, and that 
the robustness of equations is discussed and compared with that of other models. The 
reader can find every single process used in the STICS model, with its equations and 
parameters, and with figures which explain the meaning of equations and their conse-
quences on model outputs. This gives several possibilities to the user. Most skilled users 
can go into the detail of some processes, check the consistency of hypotheses with their 
own ideas, and interpret results according to this information (“I get this output with 
that hypothesis, would I get a different output with this other hypothesis? “). Less skilled 
users will use the book for understanding the reasoning which accompanies the equations 
of a particular module. For instance the observations of Figure 5.2 and 5.3 clearly suggest 
that the objective is not to compare the root systems of rape seed, corn and wheat, which 
vary widely between fields, but to investigate what happens if the characteristics of the 
root system change with the species or with the soil (“examples are given for 3 species. 
What would be the behaviour of my favourite species in my soil?”). 

STICS is based on simple processes, essentially the same as in other crop models, 
but with some appreciable differences in method. This book clearly presents the basis for 
computing the progression of phenological stages from temperature, the light interception 
by leaves following Monteith’s equation, the transpiration following Penman Monteith’s 
equation, and the water and nutrient uptakes following Gardner’s pioneering work. To my 
knowledge, these fundamentals do not differ essentially from those of other models (Yin 
and Van Laar 2005, Keating et al. 2003) except that the equations used in STICS have 
been chosen in a more “physics-oriented” way than those of other models. In STICS, as 
in any other model, things become less straightforward for simulations of growth and of 
distribution of assimilates and responses to environmental stresses. The STICS group 
was successful in representing complex networks of interactions without generating 
scores of equations and parameters which can never be checked. Are the methods used in 
STICS better than those of other models? Another book could be written to compare the 
respective value of the algorithms used in different models. For most users, it is enough 
to know that methods and algorithms are coarse but useful representations of reality and 
that they can vary substantially between models, so it may be useful for some purposes 
to compare the output of STICS with those of other models. 

An important side effect of the work of the STICS group has been to provide a common 
“meeting place” for scientists of several agronomic disciplines (plant science, soil 
science and cropping systems), for social scientists and for people working in  extension 
services. This book should help to provide a bridge between scientific  communities. It is 
a necessary tool for scientists who use the STICS model, for agronomists who are curious 
about the different topics which can be covered with crop models, and for modellers of 
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different disciplines who wish to copy the methods of the STICS group. Will geneticists 
and molecular physiologists join the community of plant modellers? This is a major 
challenge for the years to come. Progress has been made (Hammer et al. 2006, Struik 
et al. 2007, Chenu et al. 2008), but these two groups seem reluctant to employ modelling 
methods (see e.g. Benfey and Mitchell-Olds 2008). 

In conclusion, we have to be grateful to the authors, especially Nadine Brisson, for 
carrying out the huge and difficult task of explaining the detail of all that is involved in 
the STICS model.

François Tardieu

François Tardieu is a crop scientist and an ecophysiologist who works to fill the 
gap between agronomy and genetics. He was involved in projects in which crop model-
ling had an essential role. This, together with his role in scientific management in Inra 
(France) gives him a wide overview of the uses and concerns of crop modelling.

Preface
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1 Introduction

1.1  Purpose

The aims of STICS (Simulateur mulTIdisciplinaire pour les Cultures Standard) are 
similar to those of a large number of existing models (Whisler et al., 1986), while paying 
attention to cropping system diversity. It is a crop model with a daily time-step and input 
variables relating to climate, soil and the crop system. Its output variables relate to yield 
in terms of quantity and quality and to the environment in terms of drainage and nitrate 
leaching. The simulated object is the crop situation for which a physical medium and a 
crop management schedule can be determined. The main simulated processes are crop 
growth and development as well as the water and nitrogen balances. A full description of 
crop models with their fundamental concepts is available in Brisson et al. (2005).

STICS has been developed since 1996 at INRA (French National Institute for 
Agronomic Research) in collaboration with other research (CIRAD1, CEMAGREF2, 
École des Mines de Paris, ESA3, LSCE4) or professional (ARVALIS5, CETIOM6, CTIFL7, 
ITV8, ITB9, Agrotransferts10, etc.) and teaching institutes. For more than 10 years STICS 
has been used and regularly improved thanks to a close link between development and 
application, involving scientists and technicians from various disciplines.

1 Centre de coopération internationale en recherche agronomique pour le développement.
2 Centre du machinisme agricole, du génie rural et des eaux et forêts.
3 École supérieure d’agriculture d’Angers.
4 Laboratoire des sciences du climat et de l’environnement.
5 Arvalis, institut du végétal.
6 Centre technique interprofessionnel des Oléagineux métropolitains.
7 Centre technique interprofessionnel des fruits et légumes.
8 Institut technique de la vigne.
9 Institut technique de la betterave.
10 Agrotransferts for the regions Poitou-Charentes and Picardie.
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When STICS began to be developed, many well-known models were available 
(CERES: Ritchie and Otter, 1984; ARCWHEAT: Weir et al., 1984; EPIC: Williams 
et al., 1989; SUCROS: van Keulen and Seligman, 1987, etc.) that were developed from 
the pioneer works by de Wit (1978) or Duncan (1971 cited in Baker, 1980). However 
new models appear regularly in the literature (Amir and Sinclair, 1991a,b; Brisson 
et al., 1992a; Hunt and Pararajasingham, 1995; Kanneganti and Fick, 1991; Maas, 1993; 
McMaster et al., 1991; Teittinen et al., 1994). As Sinclair and Seligman (1996) explained, 
this is because no one universal model can exist in the field of agricultural science and it 
is necessary to adapt system definitions, simulated processes and model formalisations to 
specific environments or to new problems (technical, genetic, environmental, etc.). These 
same authors emphasize the heuristic potential of modelling, a determining element in 
the development of STICS.

From a conceptual point of view, STICS is made up of a number of original parts 
compared with other crop models (e.g. simulation of crop temperature, simulation of 
many techniques) but most of the remaining parts are based on conventional formalisa-
tions or have been taken from existing models. Its strong points are the following:

its “crop” generality: adaptability to various crops (wheat, maize, soybean, sorghum, 
flax, grassland, tomato, beetroot, sunflower, vineyard, pea, rapeseed, banana, sugarcane, 
carrot, lettuce, etc.)

its robustness: ability to simulate various soil-climate conditions without too much 
error in the outputs (Brisson et al., 2002a) and easy availability of its soil and technical 
inputs.Yet, this robusness can jeopardise accuracy on a local scale.

its “conceptual” modularity: the possibility of adding new modules or complementing 
the system description (e.g.: ammonia volatilisation, symbiotic nitrogen fixation, plant 
mulch, stony soils, many organic residues, etc.). The purpose of such modularity is to 
facilitate subsequent development.

Around 50 scientists of various disciplines participated in the STICS formalisations, 
most of them from INRA (Institut National de la Recherche Agronomique). Thus the 
model can be regarded as a synthesis of the French agronomic knowledge on the field 
and crop cycle scales, which motivated this book. It presents the formalisations of the 
STICS model (version 6.2), which can be considered as references used in the framework 
of crop sciences, helping professionals and students in the partitioning and understanding 
of the complex agronomic system. The book arrangement relies on the way the model 
designs the crop-soil system functioning, each chapter being devoted to one important 
function such as growth initiation, yield onset, water uptake, transformation of organic 
matter etc. One chapter is devoted to the cropping system and long term simulations 
and the final chapter is about the involvement of the user in terms of option choices and 
parameterization.

–

–

–
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1.2   Overall description of the system 
with its components

1.2.1  The system

STICS simulates the behaviour of the soil-crop system, in one dimension, over one 
crop cycle or several successive cycles. The upper boundary of the system is the atmos-
phere, characterised by standard weather variables (radiation, minimum and maximum 
temperatures, rainfall, reference evapotranspiration and possibly wind and humidity) and 
the lower boundary corresponds to the soil/sub-soil interface.

Crops are generally perceived in terms of their above-ground biomass and nitrogen 
content, leaf area index, and the number and biomass (and nitrogen content) of harvested 
organs. Vegetative organs (leaves, stems, branches or tillers, roots) are functionally sepa-
rated in terms of radiation, water and nutrient sensors or reservoir role. Soil is described 
as a sequence of horizontal layers, each of which is characterised in terms of its water 
content and mineral and organic nitrogen contents. Soil and crop interact via the roots, 
and these roots are defined in terms of root density distribution in the soil profile.

STICS can also simulate intercropping, i.e. two crops (annual or perennial) growing 
simultaneously as a mixture, each crop developing and growing with its own rhythm 
resulting from the resource partitioning. In this case the soil-plant-atmosphere system is 
divided into three sub-systems at the canopy level. There is the dominant canopy and the 
understorey canopy that is divided into two parts: a shaded part and a sunlit part, each 
of them being defined by a light microclimate that drives the different behaviour of the 
sub-systems.

1.2.2  Simulated processes

Crop growth is driven by the plant carbon accumulation (de Wit, 1978): solar radia-
tion intercepted by the foliage and then transformed into aboveground biomass that is 
directed to the harvested organs during the final phase of the crop cycle. The crop 
nitrogen content depends on the carbon accumulation and on the nitrogen availability 
in the soil. According to the plant type, crop development is driven either by a thermal 
index (degree-days), a photothermal index or a photothermal index taking into account 
vernalisation. The development module is used to make the leaf area index and the roots 
evolve and define the harvested organ filling phase. Water stress and nitrogen stress, 
if any, reduce leaf growth and biomass accumulation. This reduction is based on stress 
indices that are calculated in water and nitrogen balance modules. Other stresses such 
as  waterlogging and thermal stresses (frost or high temperatures) are also taken into 
account.

Particular emphasis is placed on the effect of crop management on the dynamics 
of the soil-crop-microclimate system, knowing that crop peculiarities influence both 
ecophysiology and crop management (e.g. accounting for the various forms of forage 
cutting, fertiliser composition, plastic or crop residue mulching, etc.).
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1.2.3   Modules and options

Figure 1.1.  The main modules of the STICS crop model.

The STICS model is organised into modules (Figure 1.1), with each module composed 
of sub-modules dealing with specific mechanisms. A first set of three modules deals with 
the ecophysiology of above-ground plant parts (phenology, shoot growth, yield forma-
tion). A second set of four modules deals with how the soil responds in interaction with 
underground plant parts (root growth, water balance, nitrogen balance, soil transfers). 
The crop management module deals with the interactions between the applied techniques 
and the soil-crop system. The microclimate module simulates the combined effects of 
climate and water balance on the temperature and air humidity within the canopy.

Within each module, there are options that can be used to extend the scope with which 
STICS can be applied to various crop systems. These options relate to ecophysiology and 
to crop management, for example:

competition for assimilate between vegetative organs and reserve organs (hereafter 
referred to as trophic competition);

considering the geometry of the canopy when simulating radiation interception;
the description of the root density profile;
using a resistive approach to estimate the evaporative demand by plants;
the mowing of forage crops;
plant or plastic mulching under vegetation.

Certain options depend on data availability. For example, the use of a resistive model 
is based on availability of additional climatic driving variables: wind and air humidity. 

–

–
–
–
–
–
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2 Development

2.1  The simulated events

2.1.1  Phenological stages

The phenological stages (Table 2.1) are used as steps for simulating vegetative 
dynamics (leaf area index and roots) and harvested organ filling (grain, fruit, tuber). The 
two phenological scales are independent of each other: for example, the onset of filling 
of the harvested organs (IDRP ) can occur before or after the “maximal leaf area index” 
stage (ILAX ).

Table 2.1.  List of the phenological stages of STICS. Some stages are required as a function of the 
options chosen : * for sown crops, ** for determinate crops, *** for indeterminate crops.

Vegetative stages (leaf area index) Harvested organs stages

IPLT : sowing or planting (annuals)

IGER* : germination

IDEBDORM and IFINDORM : beginning and break of dormancy (woody plants)

ILEV : emergence or budding

ILET : end of the plantlet frost sensitive stage ILAT** : beginning of the critical phase for 
grain number onset

IAMF : maximum acceleration of leaf growth,
end of juvenile phase

IFLO : flowering (start of fruit sensitivity 
to frost)

IDRP : onset of filling of harvested organs

ILAX : maximum leaf area index, 
end of leaf growth

INOU*** : end of setting (indeterminate option) 

IDEBDES ; onset of water dynamics in fruits

IMAT : physiological maturity

IREC : harvest
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As in most crop models, the development stages simulated by STICS can differ from 
the stages defined in classical agronomic scales. The development stages in STICS are 
growth stages rather than organogenetic stages (Brisson and Delécolle, 1991). Stages 
correspond in fact to changes in the trophic or morphological strategy of the crop that 
influence the evolution of leaf area index or grain filling (Figure 2.1). Using generic 
terms to name the various stages allows different species to be simulated, exhibiting 
either determinate growth (vegetative and reproductive growth occur successively) or 
indeterminate growth (vegetative and reproductive growth occur simultaneously, at least 
partly). The IAMF  stage equates to the beginning of stem elongation and is generally not 
far from the end of leaf initiation: it is the “1cm ear” stage for wheat and graminaceous 
forage crops, just slightly later than the double-ridge stage for most varieties, whereas it 
is the floral induction for corn. For indeterminate crops like tomato and vines, it is more 
difficult to find an equivalent in organogenesis and this stage is instead regarded as a 
number of leaves (3 or 4). The stage ILAX  must be regarded as a growth stage since it 
is the end of leaf onset, that can occur before or after the IDRP stage . The beginning of 
grain filling (IDRP ) is always preceded by a key stage for the onset of the number of 
harvested organs (grains or fruits) that can be ILAT  for determinate crops and INOU  
for indeterminate crops. At physiological maturity (IMAT ) the harvested organs stop 
growing in dry matter terms and the IMAT-IREC  period depends on the required quality 
for the final product (see § 4.3).

Figure 2.1.  Illustration of the stages of interest for crops of various types such as wheat (annual 
determinate), tomato (annual indeterminate), vine (perennial indeterminate) and forage crop 
(perennial determinate interrupted by cuts symbolised by ). The flowering stage IFLO  is mostly 
confounded with the IDRP  stage (in bold).
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2.1.2  Leaf development

The developmental component of foliage onset is included in the logistic relation-
ship given in § 3.1.1 as the x-axis and uses the above-mentioned vegetative stages. Thus 
the notion of phyllotherm is not used to build up the LAI  mainly because nor leaves 
nor stems are individualized Nevertheless it is used to calculate an early stage of frost 
 sensitivity quantified in leaf number (see § 3.1.5).

The model uses the notion of lifespan to manage foliage senescence (§ 3.1.2). Thus 
the fraction of foliage formed on a given day disappears as green functional surface after 
a certain period of time which depends on temperature and environmental stresses. 

2.2   Emergence and initiation of crop development 
and growth

This chapter concerns i) the emergence of sown annual crops, ii) the onset of crop 
development after planting for transplanted annual crops and iii) the onset of crop deve-
lopment after winter rest for perennial crops (bud growth of trees and the beginning of 
herbaceous growth).

2.2.1  Emergence of sown crops

In the first generation of crop models, the sowing-emergence phase was approached 
in a general way and related only to air temperature, as in the models CERES, 
ARCWHEAT, and SUCROS. Later on, the effect of the soil water status on the duration 
of emergence was also taken into account (Kanneganti and Fick, 1991). Recent work on 
germination and the beginning of shoot1 growth (Durr et al., 2001; Itabari et al., 1993; 
Hucl, 1993; Weaich et al., 1996) now distinguishes two phases in emergence, e.g. in 
the model SHOOTGRO of McMaster et al. (1991), and its derivatives (MODWTH3 of 
Rickman et al., 1996). Such an approach allows the simulated duration of emergence to 
vary with three main factors - temperature, water status of the soil, and sowing depth. The 
effect of the soil water status has been shown to be particularly important (Bouaziz and 
Bruckler, 1989, Alm et al., 1993, Bradford, 2002). These papers link the simulation of 
emergence to the good simulation of soil water status in the surface soil layers, especially 
when sowing is shallow. Generally the soil structure (size, amount and distribution of 
soil aggregates) is not accounted for in crop models, while models specifically dedicated 
to crop establishment do so (Durr et al., 2001). In addition, the effects of waterlogging, 
through its physiological impact of anoxia on the embryo or through rooting effects, are 
not directly introduced.

In STICS, the emergence phase is broken down into three subphases: seed imbibi-
tion, followed by germination and lastly, shoot elongation. The soil physical conditions 
influence not only the duration of emergence but also the number of emerged plants, in 
particular in dry conditions or when there is a surface crust.

1 Shoot: in this chapter “shoot” must be understood as the part of the seedling stem growing from the grain 
beneath the soil.
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2.2.1.a  Moistening

Seed moistening can be regarded as a passive process starting at a species-dependent 
-water potential prevailing in the seed bed (POTGERMI

P 
 in MPa). The relationship from 

Clapp and Hornberger (1978), parameterized by the characteristic soil water contents of 
field capacity and wilting point, was used to convert POTGERMI

P
 into water content 

(see § 9.4.3). Once the seed is moistened, it has a limited number of days of autotrophy2 
(NBJGRAUTO ) due to its reserves (eq. 2.1). This number has a species-dependent compo-
nent (NBJGERLIM

P 
) but also a thermal one, since it is thought that at low temperature 

(i.e the average soil temperature in the seed bed, SB , from the beginning of moistening, 
IMB ), respiration processes and the consumption of reserves are slower (the minimum 
at high temperature is PROPNBJGERLIM

G 
 × NBJGERLIM

P
). When the temperature is 

lower than the germination base temperature, TGMIN
P 
, then the day number is maximal 

(NBJGERLIM
P
). Above TDMAX

P  
, the seed

 
uses up its reserves in the least time, 

 parameterized by default to 20% of the maximum (PROPNBJGERLIM
G
=0.2)

eq. 2.1
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Figure 2.2.  Evolution of the number of days of autotrophy as a function of temperature for two 
sets of cardinal temperatures.

2 Autotrophy is here used to express the maximal delay between the grain imbibition and the outing of the 
rootlet as the first visible signal of growth.
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2.2.1.b  Germination

Germination is achieved when the growing degree-days from planting in the seed bed 
(SOMGER)  reaches a given threshold (STPLTGER

P
) , with a condition as to the dryness 

of the soil (eq. 2.2 and eq. 2.3). 
eq. 2.2
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TSOL i s the soil temperature and TGMIN
P
 i s the base temperature for germina-

tion. Soil moisture in the seedbed (SB=d epth of sowing ± 1 cm) influences germination 
through the HUMIRAC v ariable (eq. 2.3).

eq. 2.3 
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Where HUMSOL, HN
S
 an d HX

S
 ar e the actual water content, the wilting point and the 

field capacity in the seed bed, respectively, and SENSRSEC
P 
is  a plant parameter which can 

be given a value between 0 and 1. If SENSRSEC
P
=1 the effect of soil dryness on all the func-

tions of root growth is only effective for water contents below the wilting point (Figure 2.3).

Figure 2.3.  Evolution of the variable HUMIRAC as  a function of the parameter SENSRSEC
P
 and 

the values of seedbed water contents at field capacity (HX
S
) and at wilting point (HN

S
).
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I  f the seedbed dries out, it may delay germination significantly. This does not impair 
grain viability as long as the grain has not already imbibed water. If however the soil 
water content has been high enough to allow grain moistening, grain viability is reduced. 
To account for this effect, we relied on Bradford’s (1990, 2002) work showing that too 
long a time for germination after moistening reduces the germination rate if the number 
of days of moistening (NBJHUMEC) i s higher than a plant- and temperature-dependent 
threshold duration (NBJGRAUTO: see eq. 2.1).  It is assumed that germination occurs 
(IGER be ing the germination day) but at a reduced plant density (ratio between density of 
germinated plants, DENSITE, t o sowing density, DENSITE

T
) p roportional to the thermal 

time deficit (eq. 2.4). An illustration of the chronology of germination in various soil 
conditions is given in Figure 2.4.

2.2.1.c  Subsoil plantlet growth

Germination initiates the growth of the root and then of the shoot (see § 5). The 
growth rate of the shoot is assumed to be a logistic function (eq. 2.5) of soil degree-days 
that may slow down with unsuitable soil moisture (HUMIRAC). T he parameterization of 
eq. 2.5 can be significantly different in actual soil conditions when compared to labora-
tory (finely sieved soil) conditions because the presence of clods or compacted earth 
slows down the shoot’s vertical upward growth. Emergence occurs when elongation 
(ELONG) is greater than sowing depth (PROFSEM

T
) as  shown in Figure 2.5. HUMIRAC 

is calculated as described in eq. 2.3 by using the average soil moistures between the 
seedbed and the root front ZRAC (la yer denoted HB). T he variable CRUST sta nds for 
soil crusting conditions and will be explained in the following paragraph. In eq. 2.5 
(see p. 26), ELMAX

P 
, BE LONG

P
 and  CELONG

P
 are  species-dependent parameters.

As  for germination, if the duration, between germination (IGER) and  emergence 
(ILEV), is  too long (NLEVLIM1

P
 and  NLEVLIM2

P
 para meters in Figure 2.6, p. 26), 

there may be emergence deficiencies represented by the variable COEFLEV, i.e . the ratio 
of the emerged to the germinated density.

The effect of frost on young plantlets can be simulated and causes an additional reduc-
tion in population density. The plantlet stage (ILET)  is assumed to end at a defined number 
of leaves (NBFGELLEV

P
) , calculated from the plastochrone (PHYLLOTHERME

P
 ) . The 

frost damage function for emergence (FGELLEV)  is calculated in the same way as other 
frost functions (see § 3.4.4) with thresholds of specific sensitivity for the plantlet stage 
(TGELLEV10

P
  and TGELLEV90

P
)  and reduces the plant density in a multiplicative way 

(eq. 2.7).

eq. 2.7: ( ) ( ) ( ) ILETIILEVwhereIFGELLEVILEVDENSITEIDENSITE <<⋅=

It may be necessary to modify the threshold values according to differential genetic 
tolerances and forms of frost occurrence (thermal amplitude, frost and thaw cycles).

2.2.1.d  Influence of soil crusting on emergence

In the particular case of loamy soils, a crust may occur after sowing, creating a 
physical obstacle to emergence (Duval and Boiffin, 1990). In addition to the textural 
characteristics of the surface soil layer, the development of such a crust depends on soil 
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eq. 2.4:
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Figure 2.4.  Chronology of germination represented for two different soil conditions: a) soil wetting 
and b) soil drying. The first arrow indicates the moistening date (soil above POTGERMI

P
) and 

the second arrow the germination date. In the first case the required thermal time for germination 
(STPLTGER

P
=50  degree days) is not reached by 6 days (NBJGERLIM

P
) of  moistening, which 

causes a decrease in density (78%).
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eq. 2.5
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Figure 2.5.  Elongation of the coleoptile (ELONG) as  a function of soil temperature (TSOL) and  
water status (HUMIRAC) and  occurrence of emergence when ELONG > PROFSEM

T
.

Figure 2.6.  Simulation of emergence density proportion, COEFLEV( ILEV) , according to the 
length of the germination-emergence period (ILEV-IGER).

eq. 2.6

( ) ( )

( ) ( ) ( )
( ) 0.0ILEVDENSITEthen2NLEVLIMIGERILEVif

ILEVCOEFLEVIGERDENSITEILEVDENSITEthen
2NLEVLIMIGERILEV1NLEVLIMif

IGERDENSITEILEVDENSITEthen1NLEVLIMIGERILEVif

P

PP

P

=>−
⋅=

≤−≤
=<−



Development

27

fragmentation following seedbed preparation and on the weather at the time. Indeed, 
post-sowing rainfall may destroy soil fragments and then drought renders this layer 
almost impenetrable for the plantlets, since the resistance to emergence depends on the 
weather through its evaporative demand and on the force exerted by the plantlet.

The formalisation of these processes in STICS relies partly on the work of Durr et al. 
(2001). Surface crusting is assumed to occur only after sowing once a certain amount of 
rainfall (soil-dependent parameter PLUIEBAT

S
)  has occurred. The crust is assumed to be 

dry when the natural mulch depth (XMULCH:  variable calculated from the soil evapora-
tion formulations: see § 7.1) is greater than the threshold parameter MULCHBAT

G
, in 

which case XMULCH is considered as the thickness of the crusted layer.
 The subsequent delay in emergence can, just like the water deficit in the seedbed, 

reduce plant density. Yet not all the plantlets will be affected because of the heterogeneity 
of the crust and the differences in individual plantlet vigour. In STICS it is assumed 
that the ease of penetrating the crust is accounted for by a plant-dependent parameter 
(VIGUEURBAT

P
).  The delay in emergence is formalised by stopping the accumulation 

of thermal time in eq. 2.5) when the shoot reaches the base of the crust (CRUST=0 .0 
calculated in eq. 2.8).

eq. 2.8
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The density reduction law is specific to the crusting phenomenon (COEFLEVB) b ut 
analogous to the other constraint law (COEFLEV de picted in Figure 2.6) with a minimum 
threshold corresponding to the VIGUEURBAT

P
 pa rameter: if VIGUEURBAT

P
 is greater 

than 0, which means that when the soil is crusted a proportion of plants succeed in emerging, 
the COEFEVB function is less effective than the water content and temperature-dependent 
COEFLEV function. The combination of both relationships is made dynamically by calcu-
lating the daily derivatives of both laws: if “CRUST=0”, which means a crust obstacle 
occurs the current day, the density reduction is done according to the COEFLEVB law; 
otherwise it is the COEFLEVB law that prevails (Figure 2.7, see p. 28).

Thus as soon as significant rainfall occurs, growth of the shoot continues normally. 
Table 2.2 shows the sensitivity of the formalisations described above of the effect of soil 
crusting by varying the three required parameters.

2.2.2  Onset of crop development and growth after planting

For transplanted crops, a latency phase between planting and the onset of crop 
development can be simulated in the same way as the germination phase, based on 
accumulated growing degree. days. In this case, the simulated date of actual onset is 
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the date corresponding to planting, to which is added the interval corresponding to the 
STPLTGER

P
 pa rameter, calculated from soil temperatures at the depth of planting and 

taking into account the effect of soil dryness, as in eq. 2.2. The leaf area index of the 
plantlet (LAIPLANTULE

P
) s erves to initialise the dynamics of the leaf area index. If 

the “coverage rate” option is selected rather than the “LAI” o ption (see § 3.1.4), the 
LAIPLANTULE

P
 parameter must be given in terms of percentage of soil cover; other-

wise it is expressed in LAI units (i.e. m2m-2). It is also possible to specify the number 
of leaves per plant (NBFEUILPLANT

P
) w hich enables initialisation of the calculation 

of the number of leaves. In a similar way biomass and rooting depth are initialized 
using the plant parameters MASECPLANTULE

P
 an d ZRACPLANTULE

P
. T he plantlet 

nitrogen content is calculated assuming no nitrogen storage, i.e. as responding to the 
critical nitrogen curve for a low biomass canopy (§ 8.6.1) involving ADIL

P
 an d the initial 

biomass (MASECPLANTULE
P
) according to eq. 2.9.

eq. 2.9: ( ) PP ULEMASECPLANTADILIPLTQNPLANTULE ⋅= 10

Figure 2.7.  Combination of the two laws (COEFLEV depending on non-optimal water content 
and temperature conditions and COEFLEVB depending on the crust layer) affecting the emerged 
density as a function of the occurrence of the soil crust factor “CRUST=0. 0”, which means a 
crust obstacle occurs, and the plantlet vigour (VIGUEUBAT

P
). The parameters NLEVLIM1

P
 an d 

NLEVLIM2
P
 ar e defined in eq. 2.6.

Table 2.2.  Sensitivity analysis of the soil crusting parameters on the emergence variables (example 
of a maize crop in the western France).

Sensitivity to crusting (SC) No SC High SC Low SC High SC

Plantlet vigour (PV) – High PV Low PV Low PV

PLUIEBAT
S
 (mm) 50 3 9 3

MULCHBAT
G
 (cm) 0.5 0.5 1.5 0.5

VIGUEURBAT
P

– 0.8 0.15 0.15

Sowing – emergence duration (days) 12 27 24 27

Emerged density relative to sown density (%) 77 64 31 19
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2.2.3  Onset of crop development and growth in perennial plants

For perennial plants, the active onset of vegetative development generally occurs after 
a period of winter rest (if this is not the case vernalisation or chilling requirements are 
set to 0). The dormancy or vernalisation duration is calculated by meeting the chilling 
(or vernalisation) requirements.

If the simulation is initialized at the IDOR sta ge, the model then assumes that this is 
the onset of dormancy (IDEBDORM) and that the chilling requirements are not met. If 
the model is initialized at the ILEV sta ge, the model assumes that the chilling require-
ments are met (N.B.: this does not apply to annuals). Concerning the growth status, 
because the rest period is not complete for herbaceous crops, an initialisation in terms of 
both LAI and  shoot biomass (LAI0

I
 and  MASEC0

I
) is  required while it is not the case 

for woody plants since the wood biomass (i.e. the accumulation of lignified biomass) is 
not taken into account by the model, assuming it is reduced by pruning. For both types 
of plant, it is necessary to give a value to three other initial variables: RESPERENNE0

I
 

(ca rbon reservoir assumed to be stored in the root system at the beginning of the rest 
period and remobilised for the spring growth), QNPLANTE0

I
 (ni trogen reservoir) and 

ZRAC0
I 
(rooting depth and densities if the “true density” option for describing root 

system is chosen: see § 5).
When the model is run for several years, the phasic and trophic status of the plant is 

saved from one year to the next (see §10.1 Crop successions).

2.3  Above-ground development

2.3.1 Time scale

The periods separating successive stages are specific to the species and variety. These 
periods are evaluated in development units, reproducing the phenological time of the 
plant. 

Relying on the long-accepted concept of growing degree days (Bonhomme et al., 
1994; Durand, 1967), temperature is always used in crop models as the driving variable of 
the phenological time. Yet authors like Ong (1983) and Pararajasingham and Hunt (1991) 
showed that it is better not to use the temperature of the air but rather a temperature 
closer to the plant (soil or organ) to explain the phasic chronology. In particular, this can 
explain the acceleration of the cycle in case of drought (Seghieri et al., 1995; Desclaux 
and Roumet, 1996; Casals, 1996). Indeed, soil drying at the surface as well as at depth 
causes temperature increases at the plant level (Cellier et al., 1993; Friend, 1991), which 
affect the progress of the cycle. Consequently, as in the model by Jamieson et al. (1995), 
we adopted the idea of Idso et al. (1978) who suggested linking phenological time to the 
crop temperature rather than to the temperature of the air. The other factors affecting the 
rate of development are modeled as brakes or accelerators on that rate per unit thermal 
time (Brisson and Delécolle, 1991). These factors generally include the photoperiod and 
vernalisation (e.g. CERES as described by Ritchie and Otter, 1984 or ARCWHEAT by 
Weir et al., 1984) and sometimes water deficit (e.g. CROPGRO by Jones et al., 2003). 
Through the use of crop temperature, the effect of the water deficit on development 
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is linked directly to the thermal units and not to a reducing factor. Of course, what is 
simulated by the use of crop temperature is an acceleration of the cycle, while some 
authors speak of delay in the case of early stress acting upon floral induction (Seghieri 
et al., 1995; Blum, 1996). Nitrogen nutrition conditions can also have an effect on the 
progress of the cycle (Girard, 1997), as well as light conditions through plant density 
(cryptochrome).

In STICS, crop temperature (UDEVCULT) dr ives development. It may be slowed 
by sub-optimal photoperiod conditions (RFPI<1),  by non-compliance with vernalisa-
tion requirements (RFVI <1)  or by the effect of water or nitrogen stress (STRESSDEV

P
 

>0  and TURFAC<1 o r INNLAI <1) . Thus, each day, the phasic course of the crop 
(UPVT) is  given by the 2.10 equation:

eq. 2.10

( ) ( ) ( ) ( )
( ) ( )( )[ ]PP STRESSDEVIINNLAIITURFACSTRESSDEV

IRFVIIRFPIIUDEVCULTIUPVT
−+⋅⋅

⋅⋅=
1,min

As far as the emergence period is concerned a specific calculation is made using the 
conditions prevailing in the soil (see § 2.2) as for the root life duration (DEBSENRAC

P
). 

Le af lifespan is expressed in exponential type time (also called Q10 time ) for reasons 
explained in § 3.1.2.

Most phasic courses between two successive stages are regarded as variety-specific 
(Table 2.3), as are the parameters indicating the sensitivity to the photoperiod and 
vernalisation requirements. 

Table 2.3.  Table summarizing the various parameters of developmental duration and the driving 
variables used to calculate those durations. TCULT is the crop temperature and TSOL is the soil 
temperature at the root front level.

Parameter 
of developmental 

duration

Positive thermal response
Cold 

requirement(1)

Action of 
photo-

period(1)

Slowing 
water 
stress 

effect(1)

Slowing 
nitrogen 

stress 
effect(1)

TCULT 2TCULT /10 TSOL

STPLTGER
P

x x

STDORDEBOUR
P

x x x x

STLEVAMF
V

x x x x x

STAMFLAX
V

x x x x x

STLEVDRP
V

x x x x x

STDRPMAT
V

x

STDRPNOU
P

x

STDRPDES
P

x

STFLODRP
V

x x x x

DUREEFRUIT
V

x

DURVIEF
V

x

PHYLLOTHERME
P

x

DEBSENRAC
P

x
(1) If appropriate, the option is activated according to the plant sensitivity to the relevant factor.
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2.3.2  Positive effect of temperature

In STICS temperature positively affects plant phasic development from the emer-
gence stage for annuals (ILEV) or  from dormancy break for woody plants (IFINDORM) 
unt il physiological maturity (IMAT). Fo r herbaceous perennials there is always a positive 
effect of temperature despite a rest period during winter. Crop temperature is calculated 
from the crop energy balance (see § 6.6.2 on microclimate). As has been shown in the 
article by Brisson et al. (2002a), use of the crop temperature may modify the standard 
values used routinely with the air temperature. Consequently multiplicative plant-depen-
dent coefficients (COEFLEVAMF

P
, COE FAMFLAX

P
, etc .) make it possible to modify 

“air temperature” standards so that the crop temperature can be used, which has the 
advantage of representing shortenings in the cycle induced by drought.

The effect of temperature (eq.2.11), achieved at a daily time step, is linearly increasing 
between the TDMIN

P
 and  TDMAX

P
 thre sholds, and linearly decreasing between the 

TDMAX
P
 and TCXSTOP

P
 thre sholds, as illustrated in the Figure 2.8. Affecting the 

parameters TDMAX
P
 and TCXSTOP

P
 are not easy because they correspond to occa-

sional thermal conditions. Nevertheless including this decrease in developmental and leaf 
growth (§ 3.1), in agreement with experiments in hot conditions, is worthwhile to use the 
model in future climate conditions. 

eq.2.11

( ) ( )
( ) ( ) ( )
( )

( ) ( )( )

( ) ( ) 0

0

=≥

−
−
−

=

<≤

−=<<

=≤

IUDEVCULTTCXSTOPITCULTif

TCXSTOPITCULT
TCXSTOPTDMAX

TDMINTDMAX
IUDEVCULT

TCXSTOPITCULTTDMAXif

TDMINITCULTIUDEVCULTTDMAXITCULTTDMINif

IUDEVCULTTDMINITCULTif

P

P
PP

PP

PP

PPP

P

Figure 2.8.  Development response to crop temperature.
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The base temperature (TDMIN
P
) is a ssumed constant throughout the crop cycle 

(from ILEV to IM AT). How ever, it was shown that this threshold could vary (Angus et 
al., 1981) because the relationship between phasic development rates and temperature 
is not linear (Brisson et al., 2005). For example, in the model ARCWHEAT (Weir et al. 
(1984) or in Hunt and Pararajasingham (1995), various temperature thresholds are used 
according to the stages. However, since there is a correlation between the duration and 
the temperature threshold, these parameters are difficult to calibrate.

2.3.3  Effect of photoperiod 

For photoperiodic plants, the photoperiodic slowing effect, RFPI, applies between 
the threshold photoperiods PHOBASE

P
 and P HOSAT

P
. In t he case of wheat, PHOBASE

P
 

is lower than PHOSAT
P
: wheat is a long-day plant. In the case of soybean, PHOBASE

P
 

is higher than PHOSAT
P
: soybean is a short-day plant (Figure 2.9 b). The current photo-

Figure 2.9.  Photoperiodic limiting factor for phasic development (RFPI) when varying the 
sensitivity to photoperiod (a: with response type of wheat) or the photoperiodic response type (b:  
with sensiphot=0.0, for wheat [PHOBASE

P 
, PHOSAT

P
]=[8,20] and for soybean [PHOBASE

P 
, 

PHOSAT
P
]=[18,15]).
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period (PHOI) is c alculated on the basis of calendar days and latitude (Figure 2.10) using 
classic astronomical functions (Sellers, 1965). The photoperiod is calculated by assuming 
that light is perceptible until the sun is at 6° below the horizon, which corresponds to a 
duration 50 to 70 minutes longer than the strictly defined daylength.

The amplitude of sensitivity to the photoperiod is given by the SENSIPHOT
V
 param-

 eter: a value of 0 gives maximum sensitivity and a value of 1 cancels out this sensitivity 
(Figure 2.9 a). The effect of the photoperiod is exerted between the ILEV (herb aceous) 
or IFINDORM (ligneous) stages and IDRP. This  formalisation allows the sensitivity to 
photoperiod of different varieties to be characterised.

eq. 2.12

( ) ( ) ( )( )

( ) 1RFPISENSIPHOTand

1  1

V ≤≤

+
−
−

−=

I

PHOBASEPHOSAT

PHOSATIPHOI
SENSIPHOTIRFPI

PP

P
V

Figure 2.10.  Annual variation of the photoperiod for two north latitudes and the consequence 
on the corresponding limiting factor for phasic development (RFPI) calculated for wheat crop 
(Figure 2.9 b).

2.3.4  Cold requirements

Winter crops and perennial crops in temperate climate zones have vernalisation or 
chilling requirements. The formalisations classically applied and used in STICS differ for 
herbaceous plants (vernalisation) and woody plants (dormancy). For herbaceous plants, 
the resting state is considered not to be total, and the “vernalisation” formalisation which 
applies to herbaceous plants allows a partial accumulation of development units during 
winter rest. For woody plants the “dormancy” formalisations are much severe, and develo-
pment units are only active when all chilling requirements have been met. Consequently, 
non-compliance with vernalisation requirements slows (RFVI <1 for herbaceous plants) 
or stops (RFVI = 0 for ligneous plants) the development of crops. For woody plants the 
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post-dormancy period is characterized by the phasic course between dormancy break 
(IFINDORM) and budding (ILEV), i.e.  STDORDEBOUR

P
. 

2.3 .4.a  Vernalisation

Vernalisation requirements are defined by the genotype-dependent number of 
vernalising days (JVC

V
) and t he vernalising value of a given day (JVI) depen ds on crop 

temperature (Figure 2.11). Vernalising days are counted from germination (IGER) for 
a nnual crops because an active metabolism is required to initiate the process, or from 
the JULVERNAL

P
 day fo r perennial crops. A minimum number of vernalising days, 

JVCMINI
P
 is required (eq. 2.13). The progress in crop vernalisation, RFVI, gradually 

increases until it reaches the value of 1. 

Figure 2.11.  Vernalising value of a given day (JVI) as a function of the mean crop temperature 
(TCULT) for w heat [TFROID

P 
, AMPFRO ID

P
]=[6.5,10] and for ryegrass [TFROID

P 
, 

AMPFROID
P
]=[5.0, 7.5].

eq. 2.13

( ) ( )
⎟
⎟

⎠

⎞
⎜
⎜

⎝

⎛
⎥
⎦

⎤
⎢
⎣

⎡ −
−= 0.0;1max

2

P

P

AMPFROID

ITCULTTFROID
IJVI

( )
( ( ))

PV

I

JULVERNALorIGERJ
P

JVCMINIJVC

JVCMINIJJVI

IRFVI P

−

−

=
∑

=

TFROID
P
 (optimum vernalisation temperature) and AMPFROID

P
 (thermal semi-

amplitude of the vernalising effect) are parameters which provide the range of vernal-
ising activity of temperatures (Figure 2.11). AMPFROID

P
 indicates the sensitivity of 

the species to vernalisation: if it is low, the range of vernalising temperatures is narrow 
and a long period will be necessary to meet the requirements; if it is high, the tempera-
ture range is broader and results in more rapid vernalisation. Figure 2.12 illustrates the 
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 sensitivity of the model to this parameter and its effects on leaf growth dynamics (details 
of calculation in § 3.1.1). 

Figure 2.12.  Sensitivity to the AMPFROID
P
 paramete r (assumptions of 10 and 20°C) on the 

calculation of the period of vernalisation (RFVI) and its consequences on leaf growth (LAI) for a 
r yegrass catch crop sown in late summer.

2.3.4.b  Dormancy

This chapter deals with the perennial dormancy and not with the dormancy break of 
annual crop grains such as wheat, barley or pea that can lead to germination of the grain 
on the plants before harvest.

The aim is to calculate the day of break of dormancy (IFINDORM), which  makes 
it possible to change the RFVI variable from 0 to 1, bearing in mind that it is always 
possible to impose this date and ignore the following dormancy calculations. Two options 
are available to calculate the break of dormancy: i) relying on well known formulae used 
for fruit trees for both vegetative or reproductive buds, ii) using minimal and maximal 
values of the air temperature (TMIN and TMAX ).

In 19 65 Bidabe proposed a formulation to calculate dormancy and post-dormancy 
durations for apple trees, based on the Q10 notion w hich corresponds to exponential type 
responses to temperature. In STICS, we just use what concerns the dormancy period, 
since the post-dormancy period (i.e. from IFINDORM to ILEV)  is acco unted for by the 
positive responses to temperature, according to a Q10 law (eq. 2.14). The daily responses 
are accumulated (CU) until t he current day (I) from a starting date (IDEBDORM

P
) gener-

al ly taken to be during the autumn or the summer (Garcia de Cortazar, 2006). It has little 
effect on the calculation. The genetic-dependent parameter for the amount of chilling 
requirement is JVC

V 
.

eq. 2.14

( ) ∑
=

−−
+=

I

IDEBDORMJ

JTMIN

P

JTMAX

P QQICU 10

)(

10

)(
1010

( ) ( )
( ) ( ) 0.1IRFVIJVCICUif

0.0IRFVIJVCICUif

V

V

=≥

=<
and
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The other dormancy calculation included in STICS is the one by Richardson et al. 
(1974), developed for peach trees. It is based on accumulated chilling hourly units 
(CUH) effective  to ensure break of dormancy. The relationship between CUH and hourly 
temperature is a “stepped” function, given in Table 2.4.

Table 2.4.  Chilling hourly units (CUH) as a step function of temperature from Richardson 
(1974).

Hourly temperature (TH in °C) CUH

TH ≤ 1.4 0

1.4 < TH ≤ 2.4 0.5

2.4 < TH ≤ 9.1 1

9.1 < TH ≤ 12.4 0.5

12.4 < TH ≤ 15.9 0

15.9 < TH ≤ 18.0 – 0.5

TH > 18.0 – 1

In order to be able to use bibliographic references to chilling requirements, we recon-
stitute hourly temperatures in accordance with Richardson’s proposals (Richardson et al., 
1974): TMIN  at 0 hour, TMAX  at 12 hours and linear interpolation between the two. 
The active sum of CUH starts in the autumn as soon as the CUH are positive, defining 
IDEBDORM  (eq. 2.15). The instability which may be generated by alternating positive 
and  negative CUH  has no effect on the final result for dormancy break.

eq. 2.15

( () )∑ ∑
= =

=
I

IDEBDORMJ H

HJCUHICU and
24

1

,
( ) ( )
( ) ( ) 0.1

0.0

=≥

=<

IRFVIJVCICUif

IRFVIJVCICUif

V

V

A comparison between Bidabe and Richardson is presented in Figure 2.13 showing 
the very similar dynamics of the two methods. In terms of robustness of the parameteri-
sation over sites and years, the Bidabe’s formulation (Bidabe, 1965) seems to give better 
results (Liennard, 2002; Carcia de Cortazar, 2005).

2.3.5  Effect of stress

Early stresses can generate delays in the development of some crops. This effect 
counteracts the “acceleration” effect induced by using the crop temperature. It is active 
up to the IDRP s tage, and can be modulated using a plant-dependent sensitivity para-
meter (STRESSDEV

P
=0 : crop insensitive to stress), as described in eq. 2.10. The lower 

of the two values of water stress (TURFAC)  and nitrogen stress (INNLAI)  is applied. For 
instance this effect causes a 5-8 day delay between a fertilised and an unfertilised  situation 
in the Parisian basin for wheat (STRESSDEV

P
=0.2). This effect is also accounted for in 

the calculation of leaf life span (§3: eq. 3.10).
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Figure 2.13.  Comparison of the chilling responses by Bidabe (Q10
P
 =  2) and Richardson for a 

typical winter in the south of France.
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3 Shoot growth

As in all crop models, the plant sub-system in STICS is characterized by its shoot 
biomass and leaf area index (LAI ). Once calculated, the shoot biomass is partitioned 
into the various organs and feed-back occurs between this partitioning and shoot growth 
for “indeterminate” plants. In STICS, “indeterminate” denotes species for which there 
is significant trophic competition between vegetative organs and harvested organs. This 
definition is different from the botanical one and species like rapeseed or pea are consid-
ered in STICS as “determinate” since the assumption of independence between vegeta-
tive growth and reproductive growth is acceptable, though the two developmental scales 
(vegetative and reproductive) can overlap. On the other hand species like sugarbeet are 
regarded as “indeterminate” because the growing tuber greatly influences shoot growth. 
The harvested organs (grains, fruits or tuber) are the only ones characterized in terms 
of number and biomass (see § 4). This chapter deals with various interrelated processes, 
themselves depending on other chapters. The linkage between paragraphs of chapter 3 
and with other chapters is shown in Figure 3.1.

3.1  Leaf dynamics

3.1.1  Leaf area growth 

In most models, temperature is the main variable explaining potential leaf growth 
according to the crop’s development stage (Weir et al., 1984, Williams et al., 1984, 
Hansen et al., 1990, Amir et Sinclair, 1991a). Yet in some models, the increase in the leaf 
surface area is derived from their increase in mass by means of the specific leaf area (Van 
Keulen et Seligman, 1987). However, the specific leaf area is not a constant. It depends 
on the ratio between structural and non-structural mass (Thornley, 1996) which varies 
according to leaf age, temperature (Gary et al., 1993), and the stresses experienced. 
Consequently, this kind of formalism is generally not very robust (Tardieu et al, 1999). 
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Figure 3.1.  Main functional links between paragraph of chapter 3 and with other chapters.

Many models have a marked preference for “leaf to leaf ” simulation (Ritchie et Otter, 
1984, Amir et Sinclair, 1991a), using classic notions such as the phyllotherm and dura-
tion of leaf life (Muchow et al., 1990). However Milroy and Goyne (1995) quoted several 
studies that showed that simulating LAI  directly on a canopy scale gives as good results 
as a “leaf to leaf ” model. Baret (1986), Milroy and Goyne (1995), and Chapman et al. 
(1993) worked on a canopy scale and they suggested splitting the evolution of LAI into 
two curves. The first one represents the growth (always a logistic curve) and the other 
curve is the senescence (logistic or exponential). In the first version of STICS (Brisson 
et al., 1998a), the net leaf growth was directly simulated, without splitting the evolution 
of the LAI into gross growth and senescence, leading to a crude representation of LAI, 
with a plateau that does not exist in reality. However, when thinking in terms of efficiency 
of radiation interception, it appears that there is a plateau (Allen and Richardson, 1968, 
Cowan, 1968, Varlet Grancher et Bonhomme, 1979, Otegui et al., 1995).

The assumption of a direct link between the evolution of LAI  and crop develop-
ment has been proposed by several authors (Nelder, 1961, Dale et al., 1980, Dwyer and 
Stewart, 1986, Teittinen et al., 1994; Hammer et al., 1994) and in the model of Jamieson 
et al. (1995) four stages of evolution can be found for LAI.

In STICS, leaf area growth is driven by phasic development, temperature and stresses. 
An empirical plant density-dependent function represents inter-plant competition. For 
indeterminate plants, trophic competition is taken into account through a trophic stress 
index, while for determinate plants a maximal expansion rate threshold is calculated to 
avoid unrealistic leaf expansion.

3.1.1.a  Valid calculations for all types of crop

The calculation of leaf growth rate (DELTAI
1 
 in m2m–2 d–1) is broken down in 

eq. 3.1. A first calculation of the LAI  growth rate (DELTAI
dev 

 in m2 plant–1 degree-day–1) 
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describes a logistic curve, related to the ILEV , IAMF  and ILAX  phenological stages. This 
value is then multiplied by the effective crop temperature (DELTAI

T  
in degree-days), the 

plant density combined with a density factor, supposed to stand for inter-plant competi-
tion, that is characteristic for the variety (DELTAI

dens  
in plant m–2), and the water and 

nitrogen stress indices (DELTAI
stress 

).
eq. 3.1

( ) ( ) ( ) ( )IDELTAIDELTAIIDELTAIIDELTAIIDELTAI stressdensTdev ⋅⋅⋅=1

The phasic development function (eq. 3.2) is comparable to that of the model PUTU 
(Singels and Jagger, 1991), i.e. a logistic function with DLAIMAXBRUT

P
  as asymptote 

and PENTLAIMAX
P
  as the slope at the inflexion point. It is driven by a normalized leaf 

development unit (ULAI)  equal to 1 at ILEV  and 3 at ILAX.  At the end of the juvenile stage 
(IAMF) , it is equal to VLAIMAX

P  
when the inflexion of the dynamics (point of maximal 

rate) also occurs. Between the stages ILEV,  IAMF  and ILAX,  the model performs linear 
interpolation based on development units (UPVT)  which include all the environmental 
effects on phasic development (see § 2.3). As the ILAX  stage approaches, it is possible to 
introduce a gradual decline in growth rate using the UDLAIMAX

P
  parameter – the ULAI 

value beyond which there is a decline in the leaf growth rate. If UDLAIMAX
P
=3 it has 

no effect and the leaf stops growing at once at ILAX  (Figure 2.3).

eq. 3.2
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( ) ( ) 2

3
1

exp1

⎟⎟⎠

⎞
⎜⎜⎝
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−+
=
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P

P
devdev

P

PP

P
dev

P

UDLAIMAX

UDLAIMAXIULAI
MAXDELTAIIDELTAI

UDLAIMAXIULAIif

IULAIVLAIMAXPENTLAIMAX

TDLAIMAXBRU
IDELTAI

UDLAIMAXIULAIif

Figure 3.2.  Leaf growth rate as a function of phasic development with the parameterization 
corresponding to wheat crop as given in Singels and Jagger (1991) with two hypotheses for leaf 
growth slowing at ILAX t hrough the parameter UDLAIMAX

P
 a nd consequences for the LAI c urve 

shape.
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The thermal function relies on crop temperature and cardinal temperatures (TCMIN
P
 

a nd TCMAX
P
)  which differ from the ones used for the phasic development. The extreme 

threshold TCXSTOP
P
 i s the same as for development.

eq. 3.3

( ) ( )
( ) ( ) ( )
( )

( ) ( )( )
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−=<<

=≤

IDELTAITCXSTOPITCULTif

TCXSTOPITCULT
TCXSTOPTCMAX

TCMINTCMAX
IDELTAI

TCXSTOPITCULTTCMAXif

TCMINITCULTIDELTAITCMAXITCULTTCMINif

IDELTAITCMINITCULTif

TP

P
PP

PP
T

PP

PTPP

TP

The density function (DELTAI
dens

),  is active solely after a given LAI th reshold 
occurs (LAICOMP

P
 pa rameter) if the plant density (DENSITE in  plant m–2 calculated 

as explained in § 2.2 and possibly decreased by early frost: § 3.4.4) is greater than the 
BDENS

P 
th reshold, below which plant leaf area is assumed independent of density. 

Beyond this density value, leaf area per plant decreases exponentially. The ADENS
V
 

pa rameter represents the ability of a plant to withstand increasing densities. It depends 
on the species and may depend on the variety (Figure 3.3). For branching or tillering 
plants, ADENS

V
 represents the plant’s branching or tillering ability (e. g. wheat or pea). 

For single-stem plants, ADENS
V
 represents competition between plant leaves within a 

given stand (e.g. maize or sunflower). 

eq. 3.4
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Figure 3.3.  Density function (DELTAI
dens

) fo r various species (wheat, maize, pea and sunflower). 
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Water and nitrogen affect leaf growth as limiting factors, i.e. stress indices whose 
values vary between 0 and 1 (see § 3.4 for their calculation). Water (TURFAC) an d 
nitrogen deficits (INNLAI) ar e assumed to interact, justifying the use of the more severe 
of the two stresses. Meanwhile at the whole plant level the water-logging stress index is 
assumed to act independently. 

eq. 3.5: () () ()( ) ()IEXOLAIIINNLAIITURFACIDELTAI stress ⋅= ,min

3.1.1.b  Features of determinate crops

Failure to account for trophic aspects in the calculation of leaf growth may cause 
problems when the radiation intercepted by the crop is insufficient to ensure leaf expan-
sion (e.g. for crops under a tree canopy or crops growing in winter). Consequently, 
from the IAMF  stage, we have introduced a trophic effect to calculate the definitive 
LAI  growth rate (DELTAI

2 
) in the form of a maximum threshold for leaf expansion 

(DELTAIMAXI  in m2m–2d–1) using the notion of the maximum leaf expansion allowed 
per unit of biomass accumulated in the plant (SBVMAX  in cm2 g –1) and the daily 
biomass accumulation (DLTAMS  in t.ha–1day–1 possibly complemented by remobilized 
reserve REMOBILJ ). SBVMAX is calculated using the SLAMAX

P 
 and TIGEFEUILLE

P 
 

 parameters (eq. 3.6).
eq. 3.6 
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Eq. 3.6 is illustrated in Figure 3.4 for a wheat crop receiving reduced radiation (20% 
of incoming) as can happen under a tree canopy compared to a crop in the open air. 

Figure 3.4.  Dynamics of LAI  growth rate (DELTAI
2
)  of a durum wheat crop in southern France 

with 100 and 20% of the incoming radiation (RG) without any stresses and the consequences on 
LAI values during its growing phase.
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3.1.1.c  Features of indeterminate crops

It has been possible to test the robustness of the above formalisation on a variety of 
crops, including crops where there is an overlap between the vegetative phase and the 
reproductive phase (soybean and flax for example). However, when trophic competi-
tion between leaves and fruits is a driving force for the production and management of 
the crop (for example tomato, sugarbeet), this formalisation is unsuitable. We therefore 
calculate the DELTAI

2 
 variable (eq. 3.7) so as to take trophic monitoring into consider-

ation in the case of crops described as ‘indeterminate’, by introducing a trophic stress 
index (SPLAI  explained in § 3.4.3). 

eq. 3.7: ( ) ( ) ( )ISPLAIIDELTAIIDELTAI ×= 12

Figure 3.5.  Comparison of determinate (wheat) and indeterminate (sugarbeet) LAI  dynamics. The 
ILAX  stage indicates the end of leaf onset.

As a consequence, the LAI  can decrease markedly during the growth phase if the 
crop is experiencing severe stresses during the harvested organs filling phase: this case 
is illustrated in Figure 3.5 for sugarbeet.

3.1.2  Senescence

In STICS shoot senescence only concerns leaves: dry matter and LAI . For cut crops, 
it also affects residual biomass after cutting. While in the first versions of the model 
senescence was implicit (Brisson et al., 1998a), it is now explicit, with a clear distinction 
between natural senescence due to the natural ageing of leaves, and senescence acceler-
ated by stresses (water, nitrogen, frost). The concept of leaf lifespan, used for example 
by Maas (1993), is applied to the green leaf area and biomass produced. The leaf area 
and part of the leaf biomass (see § 3.5) produced on a given day is therefore lost through 
senescence once the lifetime has elapsed (Duru et al., 1995). This part corresponds to 
the RATIOSEN

P 
 parameter, taking into account the part which was remobilised during 

its senescence.
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3.1.2.a  Calculation of lifespan

The natural lifespan of leaves (DURAGE ) is defined by two values: the lifespan of 
early leaves, or DURVIEI

P 
 (expressed as a proportion of DURVIEF

V 
  ) and the lifespan 

of the last leaves emitted, or DURVIEF
V 
 (assumed genotype-dependent). Until the IAMF  

stage, the natural lifespan, calculated for the day when the leaves are emitted (I0) is 
DURVIEI

P
; from IAMF to ILAX , the natural lifespan increases between DURVIEI

P
 and 

DURVIEF
V 
 as a function of the leaf development variable ULAI  (eq. 3.8).

Because of water or nitrogen stress, the current lifespan may be shortened if the stress 
undergone is more intense than previous stresses (during the period from I

0
 to I in eq. 3.9). 

Specific stress indices for senescence are introduced (SENFAC  and INNSENES  see 
§ 3.4.4.a). Frost (FSTRESSGEL  that can be either FGELJUV  or FGELVEG : see § 3.4) 
may also reduce or even cancel lifespan. In the event of over-fertilisation with nitrogen 
(INN  >1), the foliage lifespan is increased from the IAMF  stage up to a maximum given 
by the DURVIESUPMAX

P 
 parameter (eq. 3.9). 

eq. 3.8 

( ) ( ) ( )PV
P

P
P DURVIEIDURVIEF

VLAIMAX

VLAIMAXIULAI
DURVIEIIDURAGE −

−
−

+=
3

0
0

eq. 3.9

( ()

( ))

min

⋅+

=

JSENSTRESSDURAGEDURVIESUP( ) =

> = −

I ( ()IDURVIE

( )I ( )I( ([ ]) )IINN INNDURVIESUP DURVIESUPMAXP ,DURVIEFV min1 1if

≤ =( )I ( )IINN DURVIESUP 0.01if

J ( ))J( )J( )JSENSTRESS INNSENES FSTRESSGELSENFAC ‚ ‚

0 min
0=

I

IJ

⋅

The lifespan of leaves is not expressed in degree.days (like phasic development), 
because this has the disadvantage of stopping any progression as soon as the temperature 
is lower than the base temperature (TDMIN

P
).  To remedy this problem, the senescence 

course between I
0
 and I (SOMSEN)  is expressed by cumulative Q10 u nits (with Q10=2), 

i.e. an exponential type function (eq. 3.10).

eq. 3.10

( )
( ) ( ) ( )( )[ ]

∑
=

−+⋅⋅

=
I

IJ

10

STRESSDEV1JINNLAI,JTURFACminSTRESSDEVJUDEVCULT

0

PP

2ISOMSEN

The senescence course is affected by the same cardinal temperatures as phasic 
development and can be slown down by stresses (§ 2.3). The lifespan parameter of the 
leaf (DURVIEF

V
) e xpressed in Q10 units represents about 20% of the same lifespan 

expressed in degree.days (Figure 3.6).
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Figure 3.6.  Comparison between phasic development courses expressed in degree.days and in 
Q10 un its as defined in eq. 3.10 for 2 values of TDMIN

P 
.

 3.1.2.b  Calculation of senescence

Material produced on day I
0
 disappears by senescence after a period corresponding to 

DURVIE (I
0
). Depending on the evolution of temperature and of lifespan as a function of 

phenology and stresses, senescence can vary from one day to another and affect several 
days of production (J=I

0
, I

0
+1…) or, on the contrary, none (DURVIE(I

0
)>SOMSEN (I)) as 

explained in eq. 3.11. This principle is applied to the biomass (DLTAMSEN ) and leaf area 
index (DLTAISEN ). In general, the leaf biomass produced does not completely disappear 
(remobilisation): the RATIOSEN

P 
 (<1) parameter enables the definition of the senescent 

proportion with reference to production. It is the PFEUILVERTE  ratio (see § 3.5.2.a on 
partitioning) which defines the proportion of leaves in the biomass produced. 

eq. 3.11

( ) ( )

( ) ( )

( ) ( ) ( )JEPFEUILVERTRATIOSENJDLTAMSIDLTAMSENand

JDELTAIIDLTAISENthen

JDURVIEISOMSENaslongAs

P

I

IJ

I

IJ

I

IJ

0

0

0

⋅⋅=

=

≥

∑

∑

∑

=

=

=

The cumulative senescent foliage is LAISEN.  If the crop is a forage crop benefiting 
from residual dry matter from the previous cycle (MSRESIDUEL

T  
parameter), the 

senescence of residual dry matter (DELTAMSRESEN)  starts as from cutting. It occurs 
at a rate (eq. 3.12) estimated from the relative daily lifespan course and weighted by the 
remobilisation (RATIOSEN

P
) . 
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eq. 3.12

( )
()

P

IUDEVCULT

TP DURVIEI
MSRESIDUELRATIOSENINDLTAMSRESE

102⋅⋅=

3.1.3  Photosynthetic function of storage organs 

During the maturation of storage organs, the chlorophyll function of the organs or 
their envelopes may induce a significant accumulation of biomass. Such processes have 
been demonstrated for wheat ears (Abbad et al., 2004, Araus et al., 1993, Casals, 1996) 
and also exist in rapeseed siliquae, pea pods or grapes during their green period. To take 
account of this effect, we have introduced a parameter, SEA

P
 (cm2 g –1) which converts 

the biomass of these membranes (MAENFRUIT  defined in § 3.5) into their equivalent 
leaf surface area (EAI  in eq. 3.13).

eq. 3.13: 
100

PSEA
MAENFRUITEAI =

It is assumed that the chlorophyll function of storage organs lasts from the IDRP  till 
the IDEBDES  (beginning of dehydration) stages.

3.1.4  Use of ground cover instead of the leaf area index 

Given the complexity and the numerous parameters required for LAI  calculation, de 
Tourdonnet (1999) proposed a simple alternative by the direct calculation of the ground 
cover, which can be used as a state variable in calculations for radiation interception and 
water requirements. This can be particularly useful for plants with a complex foliage 
structure such as lettuce, or for a first modelling approach. It is programmed in STICS 
as an alternative option to all the previous calculations. This formalisation is particularly 
interesting when leaves have complex spatial arrangement or when the individual plant 
foliage is abundant. 

To calculate the ground cover (TAUXCOUV ), a temporal scale similar to that of LAI  
is used, and called ULAI ; this varies from 0 to 2, depending on the phenological time. 
At the IAMF  stage, ULAI is equal to INFRECOUV

P  
. TAUXCOUV is calculated by a 

logistic curve (eq. 3.14), using TRECOUVMAX
P 
 as the asymptote, which represents the 

proportion of the soil covered by an isolated plant, INFRECOUV
P
 as the abscissa of the 

inflexion point and PENTRECOUV
P  

as the slope at the inflexion point. The competi-
tive effect linked to population growth is simulated in the same way (eq. 3.4) as for 
the leaf area index and uses the same parameters, ADENS

V  
, BDENS

P 
 and LAICOMP

P 
 

(expressed as ground cover).

eq. 3.14

( ) ( )
( )( )( )

( ) ( ) 11

exp1

=>
+

−+
⋅

=

ITAUXCOUVITAUXCOUVif

ELAIPLANTUL
IULAIINFRECOUVPENTRECOUV

IDELTAITRECOUVMAX
ITAUXCOUV

P

PP

densP
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LAIPLANTULE
P
 i s the ground cover of plants at planting if the crop is transplanted 

rather than sown. The graph in Figure 3.7 shows the simulated evolution of ground cover 
for a lettuce crop with two planting densities.

Figure 3.7.  Ground cover dynamics for a lettuce crop comparing two plant densities. The 
parameters are as follows: TRECOUVMAX

P
=0 .072, INFRECOUV

P
=0 .85, PENTRECOUV

P
=4 .5, 

ADENS
V
= – 0.4, BDENS

P
=5 , LAICOMP

P
=0 .14.

Water and nitrogen shortage and waterlogging stresses are applied to the rate of growth 
of ground cover, calculated as the derivation of eq. 3.14, and the method of combining 
stresses is the same as for the leaf area index: DELTAI

stress
(I ) described in eq. 3.5.

3.1.5  Number of leaves

Calculation of the number of leaves (NBFEUILLE ) is mainly indicative. Its only 
active role is to define the duration of the plantlet phase when calculating frost risks (see 
§ 3.4). Indeed the plantlet stage is calculated as a leaf-number stage (2 or 3). NBFEUILLE 
is calculated up to the ILAX  stage from the phyllotherm (PHYLLOTHERME

P
  ) (the 

thermal period separating the emission of two successive leaves) expressed in crop 
degree.days as for the phasic development.

3.1.6  Green leaf specific area

Although STICS does not use the specific leaf area as a driving variable to directly 
calculate leaf area from the carbon balance, it is useful for certain tests and can at least 
be valuable as an output.

eq. 3.15:
 

( ) (( ) )S,min PP LAMINSLAMAXITURSLAISLA ⋅=

TURSLA  is the mean water stress TURFAC  experienced since emergence, and 
SLAMAX

P
  and SLAMIN

P
 are two parameters which define the limits of variation in 

specific leaf area between a satisfactory water level and a state of extreme stress.
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3.2  Radiation interception

Since most crop models are devoted to industrial crops the canopy is assumed to 
be a homogenous environment with leaves being randomly distributed over the area. 
A consequence of this random, homogeneous representation is that it allows the use of 
an optical analogy (Beer’s law) to estimate the interception of photosynthetically active 
radiation. This law, having only one parameter (the extinction coefficient), has been thor-
oughly studied for many crops (Varlet-Grancher et al., 1989): the more erect the plant, 
the smaller is the extinction coefficient.

This approach is very successful for homogenous crops, but poorly suited to canopies 
in rows or during the first stages of an annual crop because the homogeneity hypothesis 
cannot apply. Consequently, like CROPGRO (Boote and Pickering, 1994) the STICS 
model can simulate canopies in rows, with prediction of light interception dependent not 
only on LAI , but also on plant height and width, row spacing, plant spacing and direct 
and diffuse light absorption. Such capabilities are also required to simulate intercropping 
(see § 10.2).

Thus in STICS two options are available to calculate radiation interception: a simple 
Beer’s law, recommended for homogenous crops, and a more complex calculation for 
radiation transfers within the canopy, recommended for crops in rows. If the leaf status 
variable is the ground cover and not the leaf area index, then only the Beer’s law option 
is permitted.

3.2.1  Beer’s law and calculation of height 

The radiation intercepted  by the crop (RAINT) is expressed according to a Beer’s law 
function of LAI  (eq. 3.16). EXTIN

P 
 is a daily extinction coefficient and PARSURRG

C  
is 

a climatic parameter corresponding to the ratio of photosynthetically active radiation to 
the global radiation, TRG  (around 0.48, Varlet Grancher et al., 1982).

eq. 3.16
Using explicit LAI:  

( ) ( ) ( ) ( )( )( )[ ]IEAIILAIEXTINexp1ITRGPARSURRG95.0IRAINT PC +⋅−−⋅⋅⋅=

Using ground cover (TAUXCOUV):  
( ) ( ) ( )ITAUXCOUVITRGPARSURRG95.0IRAINT C ⋅⋅⋅=

For homogenous crops, crop height is deduced from the leaf area index or the ground 
cover (eq. 3.17). It serves particularly in the calculation module for water requirements 
via the resistive option. KHAUT

G
 is  assumed to be plant-independent (a general value of 

0.7 is proposed) while the potential height of foliage growth is mostly plant-dependent 
and defined by the two limits HAUTBASE

P 
an d HAUTMAX

P
. 

 eq. 3.17
Using explicit LAI:  

( ) ( ) ( )( )( )[ ]
P

GP

HAUTBASE
ILAISENILAIKHAUTHAUTMAXIHAUTEUR
+

+×−−= exp1

 Using ground over (TAUXCOUV):  ( ) ( ) PP HAUTBASEITAUXCOUVHAUTMAXIHAUTEUR +⋅=
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Figure 3.8.  Proportion of global radiation (RAINT/TR G) i ntercepted for wheat, maize and 
sunflower (EXTIN

P
 va lues of respectively 0.5, 0.7 and 0.9).

3.2.2  Radiation transfers and plant shape

A calculation of radiation transfer enables an estimate of the radiation intercepted by 
a crop in rows, taking account of its geometry in a simple fashion. The objective is to esti-
mate, on a daily time step, the fraction of radiation intercepted by the crop and fraction 
part transmitted to the layer below, which can be either the soil or another crop (case of 
intercropping). To calculate those two components, the soil surface is split into a shaded 
part and a sunlit part and by convention the shaded part corresponds to the vertical 
projection of the crop foliage onto the soil surface. The available daily variables are the 
Leaf Area Index (LAI ), calculated independently and the global radiation (TRG ).

3.2.2.a  Radiation transfers

The simplest method of calculating the radiation received at a given point X (located 
on the soil in the inter-row: Figure 3.9) is to calculate angles H1 and H2 corresponding 
to the critical angles below which point X receives the total radiation directly. At angles 
below H1 and above H2, point X receives an amount of radiation smaller than the total 
radiation value, due to absorption by the crop. Within those angle windows, Beer’s law is 
used to estimate the fraction of transmitted radiation.

It is assumed that a canopy can be represented by a simple geometric shape (rectangle 
or triangle) and that it is isotropically infinite. We can therefore describe the daily radia-
tion received at point X as the sum of the radiation not intercepted by the crop (RDROIT ) 
(sun at an angle between H1 and H2) and the radiation transmitted (RTRANSMIS ). The 
“infinite canopy” hypothesis allows us to assume that when the sun is at an angle below 
H1 and H2, all the radiation passes through the crop.

Each part of the radiation received at X includes a direct component and a diffuse 
component. Let us assume that, for the transmitted part, the same extinction coefficient 
(KTROU

P 
) applies to both components (which is generally accepted to be the case when 

the general Beer law is used with a daily time scale). In eq. 3.18 the parameter KTROU
P 

corresponds to a gap fraction (Baret et al., 1993).
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Figure 3.9.  Simplified representation of plant canopy and the principles used for calculating 
daily radiation received by the inter-row (INTERRANG

T 
): HAUTBASE

P 
 is the base height of the 

canopy, E its thickness, LARGEUR  its width, X is any point located in the inter-row and h1 and 
h2 are the two sun height angles corresponding to the daily positions 1 and 2 of the sun between 
which X is directly illuminated.

eq. 3.18

( ) ( )[ ] ( ) ( )( )[ ]IEAIILAIKTROUexpXI,RDROIT1XI,RTRANSMIS P +−−=

In contrast, for RDROIT,  direct and diffuse components should be separated because 
of the directional character of the direct component, which requires the calculation of 
separate proportions of radiation reaching the soil (KGDIFFUS  and KGDIRECT  are the 
proportions of diffuse radiation, RDIFFUS,  and direct radiation, RDIRECT,  respectively, 
reaching the soil)

eq. 3.19

( ) ( ) ( ) ( ) ( )IRDIRECTXIKGDIRECTIRDIFFUSXIKGDIFFUS ⋅+⋅= ,,XI,RDROIT

• The case of direct components

If θ1 and θ2 are the hourly angles (the actual angles that are zero at 12 h TSV) corre-
sponding to H1 and H2, and assuming sinusoidal variation in the direct radiation during 
the day, we can write:

eq. 3.20

( ( (((() ))))) ,22/cos,12/ cos5.0, XIXIXIKGDIRECT θπθπ +++=

In order to calculate the θ angles, it is necessary to solve the following set of 
equations:

eq. 3.21

coscoscossinsinsin θDECLATDECLATH CC +=
[ ] cos/coscossinsincoscos HDECLATDECLATA CC θ+−=

sintan TORIENTRANGAGH +=

( ((((() ) ))))
( (((((() ))))))

( () )
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where H is the height of the sun, A its azimuth, LAT
C
 is  the latitude of the location 

and DEC the declination angle which depends on the day (Varlet-Grancher et al., 1993), 
and ORIENTRANG

T
 is  the azimuth angle of the rows. G, the apparent tangent of H on 

Figure 3.9), depends on canopy geometry (LARGEUR, E  and HAUTBASE
P
 def ined in 

Figure 3.9) and the position of the given point within the inter-row (X).

For example, 
LARGEUR/2–X

EHAUTBASE
G  H2,angle theandLARGEUR/2Xassuming P +

=>

The borderline between sun (SURFAS) and  shade (SURFAO) is  arbitrarily taken to 
be LARGEUR/2. T he above set of equations cannot be solved by analytical methods, 
and must therefore be solved numerically (loop over θ with a basic variation of 3 degrees 
followed by linear interpolation).

•  The case of diffuse components

We take 46 directions (azimuth, height) and the corresponding percentage of diffuse 
radiation (SOC standard). For each direction, the point X is checked to see if it is directly 
illuminated, depending on canopy geometry. The variable KGDIFFUS  corresponds to the 
cumulative proportion of radiation received at point X for the 46 directions.

The diffuse to total radiation ratio (RDIF ) is calculated according to Spitters et al. 
(1986) on the basis of the total to extraterrestrial radiation ratio (RSRSO ), the extraterres-
trial radiation being calculated from the classical astronomical formula (Varlet-Grancher 
et al., 1993) represented in Figure 3.10.

eq. 3.22

( ) ( ) 107.0if =< IRDIFIRSRSO

( ) ( ) ( )( )207.03.2107.0if −×−=≥ IRSRSOIRDIFIRSRSO

( ) ( ) ( )IRSRSOIRDIFIRSRSO 46.133.135.0if −=>

( ) ( ) 23.075.0if => IRDIFIRSRSO

Figure 3.10.  Relationship between the diffuse to total radiation ratio (RDIF) an d the total to 
extraterrestrial radiation ratio (RSRSO).
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T he above equations are applied to 20 points spread equally along the inter-row, and 
the transmitted radiation values are then averaged for the shaded fraction (ROMBRE) 
an d the sunlit fraction (RSOLEIL). T he complementary part to the global radiation 
 corresponds to the radiation intercepted by the crop (RAINT: eq. 3.23).

eq. 3.23

( ) ( ) ( ) ( )
( ) ( )

[
]ISURFASIRSOLEIL

ISURFAOIROMBREITRGPARSURRGIRAINT C

⋅−
⋅−⋅= 1

3.2.2.b  Crop geometry

LARGEUR  and E are calculated using the following assumptions:
• The volume of the crown (or the group of crop leaves) has a simple shape. We assume 

that its cross-section is rectangular or triangular (parameter FORME
P 
as a code).

• This volume can be evaluated on the basis of LAI , the inter-row value 
(INTERRANG

T 
), the leaf density (DFOL ), and the RAP

P
=E/LARGEUR  ratio (thick-

ness/width) of the shape. DFOL is a “within the shape” leaf density, which differs from 
the classical definition of leaf density as a ratio of leaf surface to 1 m3 of air. DFOL 
can vary between two limits (DFOLBAS

P 
 and DFOLHAUT

P 
) depending on the foliage 

produced (FP  accounting for LAI, EAI , LAISEN  and leaves suppressed by specific 
techniques such as topping (LAIROGNECUM ) or leaf removal (LAIEFFCUM ): see 
§ 6.1.3) and according to a slope, ADFOL

P 
. If we assume a constant foliage density, then 

DFOLBAS
P
= DFOLHAUT

P
.

eq. 3.24

( ) ( ) ( ) ( ) ( ) ( )
( ) ( )
( ) ( )

( ) ( )
( ) ( ) PP

PP

PPP

P

DFOLHAUTIDFOLDFOLHAUTIDFOLif

DFOLBASIDFOLDFOLBASIDFOLif

DFOLHAUTDFOLBASIFPADFOLIDFOLADFOLif

IFPADFOLIDFOLADFOLif

ILAISENILAIEFFCUMIMLAIROGNECUIEAIILAIIFP

P

P

=≥
=≤

++⋅=<

⋅=>
++++=

0

0

Figure 3.11.  Leaf density (DFOL)  evolution for grapevine and barley according to the cumulative 
foliage produced (FP), as two opposite examples.
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This formalisation of leaf density makes it possible to represent both foliage getting 
denser while growing (e.g. grapevine) or conversely becoming less dense while growing 
(e.g. cereals).

eq. 3.25

() ()
() P

T

RAPFORMEIDFOL

INTERRANGILAI
ILARGEUR

×
×=  for the rectangle

() ()
() P

T

RAPFORMEIDFOL

INTERRANGILAI
2ILARGEUR

×
×

=  and for the triangle

• Two types of triangle can be chosen: “right way up” or “upside down”. The more 
appropriate shape for radiative transfer is “right way-up” triangles (Brisson et al., 2004) 
suggesting that the low leaf density (in the classical sense: leaf area per m3) measured 
in the upper parts allows more radiation to be transmitted than in the lower parts where 
the leaf density is higher. With our simple model based on a constant leaf density within 
the shape, this can be accounted for only by a triangle. Thus the shape required as a 
 parameter in the model is far more linked to the leaf density profile than to the external 
shape of the plant foliage. 

• A maximal limit, HAUTMAX
P  
, is imposed on the plant height value 

(HAUTBASE
P 
+E). Thereby, in the first stage, the shape of the plant evolves isotropically. 

Once the HAUTMAX
P
 value is reached, the only way in which the shape can evolve is in 

terms of width. Height and width can also be limited by topping.

3.3  Shoot biomass growth

The linear relationship between accumulated biomass in the plant and radiation inter-
cepted by foliage, demonstrated by Monteith (1972), defines the radiation use efficiency 
(or RUE ) as the slope of this relationship. This parameter has become a concept widely 
employed in crop models (Bonhomme et al., 1982; Ritchie and Otter, 1984; Jeuffroy 
and Recous, 1999), because it synthesizes (very economically in terms of the number 
of parameters involved) the processes of photosynthesis and respiration. Its calculation 
(ratio between above-ground biomass and absorbed radiation) implies that this parameter 
also takes account of a carbon allocation coefficient between above-ground and below-
ground parts of the plant. Obviously, because of underlying physiological processes this 
ratio varies somewhat, due to stresses, temperature and phenology (Trapani et al., 1992; 
Muchow et al., 1990b; Sinclair et al., 1993). To take account of these effects, Sinclair 
(1986) proposed that RUE should be considered as a physiological function, to which 
stress indices should be applied. In other models (Boote et al., 1998; Weir et al., 1984) 
the photosynthesis and respiration processes are calculated separately and a specific 
allocation to roots is assumed. In view of the increasing atmospheric CO

2 
concentration, 

crop models now need to take this factor into account (Stockle et al., 2003).
In STICS the calculation of the daily production of shoot biomass (DLTAMS ) 

relies on the RUE concept (though the relationship between DLTAMS and RAINT is 
slightly parabolic) taking into account various factors known to influence the elementary 
 photosynthesis and respiration processes, mostly as stresses defined in § 3.4 (FTEMP , 
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SWFAC , INNS  and EXOBIOM ). DLTAMS accumulated day by day gives the shoot 
biomass of the canopy, MASEC .

eq. 3.26

( ) ( ) ( ) ( )[ ]
( ) ( ) ( ) ( )

( )1ILDLTAREMOBI

2FCO1IEXOBIOM1IINNS1ISWFACIFTEMP

IRAINTCOEFBIRAINTIEBMAXIDLTAMS 2
G

−+
⋅−⋅−⋅−⋅

⋅−⋅=

Because of the consecutive nature of the calculations and modules, some variables 
are those of the previous day.

3.3.1  Influence of radiation and phasic development

The accumulation of shoot biomass depends on the intercepted radiation (RAINT ) 
(Varlet Grancher et al., 1981), and is almost linear but slightly asymptotic at high 
intercepted light values. It is simulated in STICS by a parabolic function involving a 
maximum radiation use efficiency specific to each species, EBMAX  (eq. 3.26). The 
parameter COEFB

G 
 stands for the radiation saturating effect. This effect is the result, even 

buffered, of the saturation occurring within a short time step on the individual leaf scale 
and is easily observed when daily calculations are made with instantaneous formulae 
of canopy photosynthesis (Boote and Jones, 1987); such calculations lead to a value of 
0.0815. The efficiency, EBMAX, may differ during the juvenile (ILEV -IAMF ), vegeta-
tive (IAMF-IDRP ) and reproductive (IDRP-IMAT ) phases (corresponding respectively 
to the parameters EFCROIJUV

P  
, EFCROIVEG

P 
 and EFCROIREPRO

P 
). Classically, 

EFCROIJUV
P
=1/2 EFCROIVEG

P
 is used to take account of the preferential migration 

of assimilates towards the roots at the beginning of the cycle. The difference between 
EFCROIVEG

P
 and EFCROIREPRO

P
 arises from the biochemical composition of storage 

organs: e.g. for oil or protein crops EFCROIREPRO
P 
is less than EFCROIVEG

P 
because 

the respiratory cost to make oil and protein is higher than for glucose (Figure 3.12).

Figure 3.12.  Potential daily accumulation of biomass (DLTAMS  without any stress at 
[CO

2
]=350ppm) as a function of intercepted radiation (RAINT ) for three species during their 

filling stage: sugarbeet, soybean and rapeseed with values of EFCROIREPRO
P 
 of 4.8, 3.5 and 

2.4 g MJ–1 respectively.
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3.3.2  Effect of atmospheric CO2 concentration

The CO2
C 
 parameter stands for the atmospheric CO

2
 concentration, which can be 

higher than the current value, assumed to be 350 ppm. The formalisation chosen in 
STICS was adapted from Stockle et al. (1992): the effect of CO2

C
 on the radiation 

use efficiency is expressed by an exponential relationship, for which the parameter is 
 calculated so that the curve passes through the point (600, ALPHACO2

P 
).

eq. 3.27

( )   
350600

3502
22logexp22 ⎥

⎦
⎤

⎢
⎣
⎡

−
−

⋅−−= C
P

CO
ALPHACOFCO

The parameter ALPHACO2
P
  mainly varies with the plant’s C3/C4 metabolism, being 

around 1.1 for C4 crops and 1.2 for C3 crops (from Ruget et al., 1996, Stockle et al., 
1992, Peart et al., 1989. The effect of CO2 on stomatal resistance will be covered in the 
paragraph on water requirements.

Figure 3.13.  Calculation of the CO
2
 effect (FCO2)  for a species as a function of its C3/C4 

metabolism: example of wheat (C3) and maize (C4).

3.3.3  Remobilisation of reserves

3.3.3.a  Perennial reserve available from one cycle to the next

DLTAREMOBIL  is obtained by the remobilisation of winter reserves in perennial 
plants. Each day the maximal proportion of the reserves that can be remobilised is 
REMOBRES

P 
, until perennial stocks (parameter RESPERENNE0

I
 given as an initialisa-

tion at the beginning of the growth cycle ) are exhausted. RESPERENNE0
I
 only repre-

sents carbon reserves, and nitrogen reserves can only be added through initiation of 
the QNPLANTE0

I 
 parameter. The nitrogen remobilisation rate of the QNPLANTE0

I
 

stock is assumed to equal the nitrogen demand (see § 8.6) until it is exhausted. These 
reserves are only called upon if the newly formed assimilates (DLTAMS ) fail to satisfy 
the sink strength (FPV  and FPFT  explained in eq. 3.31 and § 4.2), which leads to a first 
 calculation of the source/sinks variable (SOURCEPUITS

1 
: eq. 3.28).
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eq. 3.28
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−+=
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These remobilisations contribute to increasing the source/sink ratio the following day 
because they are counted in the variable DLTAMS ( eq. 3.26).

3.3.3.b  Reserve built up and used during the cycle

Reserves built up during the vegetative cycle (variable RESPERENNE  see § 3.5.4) 
and reused later on simply contribute to the estimation of the source/sink ratio for inde-
terminate crops. The maximum quantity which can be remobilised per day (REMOBILJ ) 
is calculated similarly to DLTAREMOBIL (eq. 3.29). If the plant is both perennial 
and indeterminate, the reserves originating from the previous cycle are first used 
(DLTAREMOBIL ) and when exhausted the current cycle’s reserves (REMOBILJ) can 
be used.

3.3.4  Calculation of the source/sink ratio

A second value of the source/sink ratio (SOURCEPUITS ) is calculated to account for 
possible carbon remobilisation. It is this variable which drives trophic stresses, useful for 
simulating indeterminate crop competition between vegetative and reproductive sinks.

eq. 3.30

( ) ( ) ( )
( ) ( )IFPFTIFPV

IREMOBILJIDLTAMS
ISSOURCEPUIT

+
+=

The sink strength of vegetative organs, FPV,  is defined as the ratio between daily 
foliage growth (DELTAI

2
) and the minimum ratio between leaf surface area and shoot 

biomass, calculated from SLAMIN
P
 and TIGEFEUILLE

P 
 (eq. 3.31).

eq. 3.31

( ) ( )

P

P

ETIGEFEUILL

SLAMIN
IDELTAI

IFPV

+

⋅
=

1

104
2
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The calculations of the variable FPFT ( the fruit sink strength) will be explained in 
§ 4.2 on yield components but it is important to indicate here that FPFT and FPV a re 
not exactly of the same nature since FPFT relates to a potential growth while FPV corres-
ponds to the real growth. Such a difference causes by construction a priority to fruits and 
can generate a day to day instability of the variable SOURCEPUITS b y the feedback of 
SOURCEPUITS on FPV via the stress index SPLAI ( § 3.4.3).

Figure 3.14.  Dynamics of the variable SOURCEPUITS f or grapevine depending upon the 
vegetative sink strength (FPV)  and the fruit sink strength (FPFT).

 3.3.5  Height-biomass conversion

For forage crops, it may be necessary to estimate an initial biomass value after each 
cutting on the basis of canopy height, and if this is the case the proportionality coefficient 
COEFMSHAUT

P 
 is used (e.g. it is 25 t.ha–1m–1 for grass).

3.4  Stress indices

Stresses accounted for in most crop models are only of an abiotic nature. They are 
functions, varying between 0 and 1, that reduce plant processes depending on stress 
variables such as fraction of transpirable soil water, nitrogen nutrition index, fraction of 
root system in waterlogged conditions etc. These stress variables must therefore also be 
calculated.

The reduction functions are empirical relationships based on the limiting factor 
principle (an overview of the concept was given by Gary et al., 1996). Nonetheless, they 
are based on what we know about the effects of these stresses on plant growth and deve-
lopment. For example, water stress acts via a hormonal or hydraulic signal on stomatal 
conductance, which causes a reduction in photosynthesis and hence in radiation use effi-
ciency. The empirical function relates the reduction in radiation use efficiency directly to 
water stress. Similarly, water stress slows down cell division and expansion, phenomena 
which cause a reduction in the appearance and expansion of leaves and hence in the rate 
of increase of leaf area index. The empirical function then directly relates the reduction 
in leaf area index increase to water stress. Yet as demonstrated by Bradford and Hsiao 
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(1982) for water stress, the sensitivity of the various physiological functions can vary 
which requires calculating several stress indices for the same stress state variable.

The regulation involved in interactions between stresses is poorly understood on the 
whole plant scale, and is therefore modelled very simply by using either the product or the 
minimum of the reduction factors. Improved physiological approaches (Farqhuar et al., 
1980, for example) could lead to more realistic models for photosynthetic processes, but 
raise the problem of parameterization.

In STICS most of the relationships are simple bilinear functions, i.e. equal to a 
constant until a critical level of the state stress variable is reached and then linearly 
decreasing. For frost and waterlogging the relationships are more complex. The soil 
water content available to roots is the water deficit stress variable, the nitrogen nutrition 
index is the nitrogen stress variable, the source/sink ratio is the trophic stress variable, 
the minimal crop temperature is the frost stress variable and the proportion of roots 
flooded is the water logging stress variable. The sensitivity to the various stresses can be 
represented by appropriate parameterisations of the stress functions or by a sensitivity 
parameter (e.g. for waterlogging or for roots sensitivity to water deficiency). 

3.4.1  Water deficiency

Figure 3.15.  Water stress indices (TURFAC , SWFAC , SENFAC ) as a function of the available 
water content in the root zone (TETA ).

The stress variable (TETA ) is the available water content (water content above the 
wilting point) in the root zone. The stress indices are SWFAC , TURFAC  and SENFAC ; 
they depend on TETA according to bilinear laws (Figure 3.15) and differ by specific 
thresholds (TETSTOMATE , TETURG  and TETSEN ). An example of the calculation is 
given for TURFAC and SWFAC in eq. 3.32:

eq. 3.32

( ) ( )

( ) 1=≥

=<

SWFACTETSTOMATEITETAif
TETSTOMATE

ITETA
SWFACTETSTOMATEITETAif( ) ( )

( ) 1=≥

=<

TURFACTETURGITETAif
TETURG

ITETA
TURFACTETURGITETAif

and
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The calculation of the TETSTOMATE  and TETURG  thresholds is explained in the 
paragraph on transpiration (see § 7.3). TETSEN  is proportional to TETURG thanks to 
the RAPSENTURG

P
  parameter ( TETURGRAPSENTURGTETSEN P ⋅= ). The hier-

archy between the three stress indices is generally that indicated in Figure 3.15, with 
RAPSENTURG

P
 < 1. The functions of these three stress indices are summarised in 

Table 3.1. We should also remember that the germination and epicotyl growth phases 
can also be affected by water shortage in response to soil moisture in the seed bed 
(HUMIRAC i ndex).

Table 3.1.  Impact of water stress on physiological functions through the various water stress indices.

Physiological function Water stress index

Emergence (delay) HUMIRAC

Root growth in depth (slowing) HUMIRAC

Development (delay) TURFAC

Leaf growth (slowing) TURFAC

Leaf senescence (acceleration) SENFAC

Radiation use efficiency (decrease) SWFAC

Transpiration (decrease) SWFAC

3.4.2  Nitrogen deficiency

The nitrogen status of a crop can be characterized using the concept of ‘dilution 
curves’ which relate the N concentration in plant shoots to the dry matter accumulated 
in them (Lemaire and Salette, 1984; Greenwood et al., 1991). For a given species, a 
‘critical dilution curve’ can be defined, which can be used to make a diagnosis of nitrogen 
nutrition (Justes et al., 1994; Lemaire et Gastal., 1997): plants below this curve are or 
have been N deficient, whereas plants above the curve have an optimal growth, i.e. are 
not limited by nitrogen (Figure 3.16). The critical dilution curve is the basis for defining 
a nitrogen nutrition index (INN ) which is the ratio of the actual nitrogen concentration 
(CNPLANTE , in % of dry matter) to the critical concentration (NC ) corresponding to the 
same biomass (MASECABSO , in t ha–1).

Figure 3.16.  Critical dilution curve and INN  calculation as the ratio between CNPLANTE  and NC .
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However we are aware of an important limitation in the INN  dynamics, as for example 
in the case of the nitrogen reserve available in perennial organs (e.g. grapevine, illustrated 
in Figure 3.17.). Consequently we propose an alternative stress variable corresponding to 
the nitrogen input flux relative to the critical one as proposed by Devienne-Barret et al. 
(2000). It is a kind of instantaneous INN named INNI  (eq. 3.33) relying on the daily 
accumulations of nitrogen (VABSN ) and nitrogen dependent biomass (DELTABSO ), 
whose calculation is explained in § 8.6.

eq. 3.33

( ) ( )
( )

( ) ( )
( ) ( )I

dMASECABSO

dNC
IDELTABSO

IVABSN
IINNI

INC

ICNPLANTE
IINN

⎟
⎠
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⎝
⎛

=

=

Figure 3.17.  Comparison between INN  and INNI  for a grapevine crop with nitrogen reserve at 
the beginning of the cycle.

All nitrogen stress indices accept INNMIN
P
  or INNIMIN

P  
as the floor value for 

respectively the “INN”  and the “INNI”  options. By definition the INNS  index corre-
sponds to the INN between INNMIN

P
 and 1. The INNLAI  and INNSENES  indices 

(Figure 3.18) are defined by point [1,1] and by points [INNMIN
P 
, INNTURGMIN

P
]  and 

[INNMIN
P 
, INNSEN

P
] , respectively. 

Such a parameterisation allows the effect of nitrogen deficiency on photosynthesis 
to be differentiated from that on leaf expansion. In practice it seems that these two func-
tions react very similarly and INNTURGMIN

P
 is similar to INNMIN

P 
,  while INNSEN

P
 

 is greater, indicating that the plants accelerate their senescence later than their growth 
decrease, just as for water stress. A commonly accepted value for INNMIN

P
 is 0.3 

and INNIMIN
P
  is 0.0. The functions of these three stress indices are summarised in 

Table 3.2.
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Figure 3.18.  Nitrogen stress indices (INNLAI,  INNS,  INNSENES: leaf senescence)  as a function 
of the nitrogen nutrition index (INN) .

Table 3.2.  Effect of nitrogen stress on physiological functions through the various nitrogen stress 
indices.

Physiological function Nitrogen stress index

Development (delay) INNLAI

Leaf growth (slowing) INNLAI

Leaf senescence (acceleration) INNSENES

Radiation use efficiency (decrease) INNS

3.4.3  Trophic stress

The trophic stress indices only concern crops simulated as indeterminate. The stress 
variable (SPLAI) is the ratio of the trophic sources to the sinks, SOURCEPUITS.  (Its 
calculation is explained in § 3.3.4). The SPLAI  and SPFRUIT  options are defined by 
the SPLAIMIN

P  
, SPLAIMAX

P  
, SPFRMIN

P  
and SPFRMAX

P 
 parameters. The various 

trophic stress indices cannot be considered as equivalent to coefficients of biomass allo-
cation because they are not all applied to biomass. Consequently the relative position of 
the functions SOURCEPUITS and SPLAI does not indicate any priority between fruit 
and leaves: the priority needs to be calculated in terms of biomass and depends largely 
on the relative sink strengths of the organs.

Table 3.3.  Effect of trophic stress on physiological functions through the various trophic stress 
indices.

Physiological function Trophic stress index

Fruit growth (decrease) SOURCEPUITS

Leaf growth (slowing) SPLAI

Fruit number  (decrease) SPFRUIT
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Figure 3.19.  Trophic stress indices (SOURCEPUITS , SPLAI , SPFRUIT ) as a function of the 
source/sink ratio (SOURCEPUITS) using the parameters SPLAIMIN

P  
, SPLAIMAX

P  
, SPFRMIN

P  

and SPFRMAX
P  
.

3.4.4  Temperature stresses

3.4.4.a  Frost

The stress variable is the minimum crop temperature, TCULTMIN  (see § 6.6.2 on 
crop temperature for its calculation). The frost stress indices correspond to frost damage 
(1 for no frost and 0 for lethal frost) and the response to temperature as well as the 
damage varies as a function of the developmental stage.

Each response is defined by four parameters (Figure 3.20), two of which are inde-
pendent of the developmental stage: TDEBGEL

P 
 (temperature at the beginning of 

frost action) and TLETALE
P 
 (lethal temperature); and two others are stage-dependent: 

TGEL...10
P
 (temperature corresponding to 10% frost damage) and TGEL...90

P 
(tempera-

ture corresponding to 90% frost damage). For the plantlet phase, it is the TGELLEV10
P 
 

and TGELLEV90
P 
 parameters which act on plant density through the index FGELLEV ; 

for the juvenile phase (up to IAMF  stage) it is the TGELJUV10
P 
 and TGELJUV90

P 
 

parameters which act on foliage (acceleration of senescence: see eq. 3.9) through the 
index FGELJUV . After the IAMF stage, the TGELVEG10

P 
 and TGELVEG90

P 
 param-

eters are also active on foliage through the index FGELVEG . For frost affecting flowers 
and fruits, the TGELFLO10

P 
 and TGELFLO90

P 
 parameters define the dynamics of the 

FGELFLO  index.

Table 3.4.  Impact of frost stress on physiological functions through the various frost stress indices.

Physiological function Frost stress index

Plant density FGELLEV

Leaf senescence before IAMF (acceleration) FGELJUV

Leaf senescence after  IAMF (acceleration) FGELVEG

Fruit number FGELFLO
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Figure 3.20.  Frost stress indices (FGELLEV , FGELJUV , FGELVEG , FGELFLO ) as a function 
of minimal crop temperature (TCULTMIN ) using four cardinal temperatures for each index 
exemplified for FGELFLO.

3.4.4.b  Suboptimal temperatures

Stresses linked to temperatures which are too high or too low (without attaining frost 
thresholds) are included in the temperature effect functions. Temperature usually plays 
a driving role (development, growth and senescence of LAI , growth and senescence of 
roots) and the functions concerned accept thermal thresholds (minimum and maximum 
for functioning). It may also act to reduce activity and be used as a stress variable. This 
is the case for biomass growth and the filling of storage organs (Figure 3.21). Depending 
on the vital functions affected and the options chosen, the thermal stress variable changes 
(average or extreme temperatures, crop, air or soil). The smooth shape of the radiation 
use efficiency dependency on crop temperature (eq. 3.34, Figure 3.21) is quite classical 
(Ritchie and Otter, 1984) and comes from the combined responses of photosynthesis and 
respiration to temperature. Yet the values of the cardinal temperature are highly depen-
dent on the time step used: in our case daily average crop temperatures. As far as fruit 
filling is concerned, the response in the model is of a yes/no type.

eq. 3.34
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Figure 3.21.  Thermal stress indices (FTEMP  and FTEMPREMP)  as a function of temperature (see 
Table 3.5) using cardinal temperatures (TEMIN

P 
,  TEOPT

P 
,  TEOPTBIS

P 
,  TEMAX

P 
,  TMINREMP

P 
,  

TMAXREMP
P
) .

Table 3.5.  Summary of the role of temperature on the various physiological functions, some of 
which are of a pilot type and the others of a stress type.

Physiological function Temperature Role Function and thermal 
stress index

Emergence Daily average soil temperature pilot eq. 2.1 and 2.4

Aboveground development Daily average crop temperature pilot eq. 2.10 

Vernalisation and dormancy Daily average crop temperature stress eq. 2.12, eq. 2.13 
and eq. 2.14

Leaf growth and senescence Daily average crop temperature pilot eq. 3.3 and 3.10

Root growth and senescence Daily average soil temperature pilot eq. 5.2

Radiation use efficiency 
(decrease)

Daily average crop temperature stress FTEMP

Filling at low temperatures 
(stop)

Minimum crop temperature stress FTEMPREMP

Filling at high temperatures 
stop)

Maximum crop temperature stress FTEMPREMP

3.4.5  Waterlogging

The waterlogging variable is called EXOFAC  (eq. 3.35) and corresponds to the 
proportion of roots flooded, i.e. roots in saturated layers (ANOX =1). 

eq. 3.35

( ) ( ) ( ) ( )∑
=

⋅=
ZRAC

PROFSEMZ T

IZANOXIZLRACZ
ICUMLRACZ

IEXOFAC ,,
1

The calculation of stress indices (eq. 3.36) is based on the experimental work by 
Rebière (1996), reviewed in Brisson et al. (2002b). IZRAC  is the root stress index which 
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limits root growth at an efficient depth and density (see explanations in § 5.2). The index 
which affects the leaf area index is called EXOLAI and the index affecting radiation use 
efficiency and transpiration (stomatal effect) is called EXOBIOM. 

eq. 3.36

( ( () )() )[ ] PSENSANOXEIIZRAC ⋅⋅ −−−−= 60.0100IXOFAC27.0exp  60.111

( ) ()( )[ ] PSENSANOXEIEXOLAI ⋅⋅ ⋅−−−= 100IXOFAC055.0exp11
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IEXOBIOM ⋅⎥
⎦

⎤
⎢
⎣

⎡
−+

−=
100.25.2814.0exp1

1
1

Figure 3.22.  Waterlogging stress indices (IZRAC, EX OLAI and EXOBIOM) as  a function of 
the proportion of roots flooded (EXOFAC) fo r a wheat crop assumed to be of maximal sensitivity 
(SENSANOX

P
=1).

 The relationships illustrated in Figure 3.22, set up for a wheat crop, are assumed 
to be relevant for maximum sensitivity to water logging. If the species (or variety) 
develops resistance mechanisms (e.g. aerenchyma) the effects of excess water will be 
less pronounced, thanks to the SENSANOX

P
 sen sitivity parameter. If SENSANOX

P
=1, 

the sensitivity is maximal and if SENSANOX
P
=0, the plant is indifferent to excess water 

(for example, rice).

Table 3.6.  Effect of waterlogging stress on physiological functions through the various waterlogging 
stress indices.

Physiological function Water logging stress index

Root growth IZRAC

Leaf growth (slowing) EXOLAI

Radiation use efficiency (decrease) EXOBIOM

Transpiration (decrease) EXOBIOM
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3.4.6  Stresses directly linked to the soil structure

At the soil surface, the formation of a crust under certain soil and weather conditions 
offers a resistance to plant emergence. It can provoke both a delay in emergence dates 
and a decrease in plant densities (see § 2.2.1). 

During the growing period, the soil structure can also limit root soil colonisation 
because it is either too loose or too compact. The only soil parameter available to describe 
soil structure is the bulk density (DAF

S 
) and it is used as a stress variable together with 

the parameters DASEUILBAS
G 
, DASEUILHAUT

G 
 and CONTRDAMAX

P 
 to calculate a 

soil structure stress index (see § 5).

3.4.7  Interactions between stresses

How to make the various stresses interact is probably the weakest point of the 
“limiting factor” approach (Brisson et al., 1997a). In STICS we adopted the principle that 
stresses are multiplied when their modes of action are assumed independent. When their 
modes of action interact with each other, the resulting active stress is the more severe, i.e. 
the one with the lower value (Table 3.7). For instance, water deficiency acts on radiation 
use efficiency at the stomatal level while the nitrogen deficiency acts on the photosyn-
thesis enzymes: these stresses are assumed to be independent of each other. On the other 
hand both nitrogen and water stresses limit leaf growth by decreasing the cell membrane 
expansion and are thus assumed to be mutually dependent. For crop establishment the 
interactions are more complex, based on the idea of converting a delay in emergence due 
to stresses into plant mortality.

The trophic stress has a particular status because it does not originate from an envi-
ronmental resource external to the crop, such as water and nitrogen, but results from the 
internal crop carbon imbalance. Consequently it already integrates the trophic effects of 
the primary abiotic stresses, which render unrealistic the hypothesis of stress indepen-
dence that can lead to an overestimation of stress severity. To cope with such problems 
of oversimplification of the complex reality, it is required to fit the function parameters 
using contrasting data sets.

Table 3.7.  How the stresses are combined in the model for each of the physiological functions ?*

Physiological function Combination of stresses  (*only for indeterminate crops)

Emergence duration  Water deficiency  x  Crusting 

Plant density establishment (Water deficiency  x Crusting ) x Frost

Development MIN (Water deficiency, Nitrogen deficiency)

Leaf growth MIN (Water deficiency, Nitrogen deficiency) x Water logging 
x Trophic*

Senescence MIN (Water deficiency, Nitrogen deficiency, Frost)

Root growth Water deficiency x Water logging x Soil structure

Radiation use efficiency Water deficiency x nitrogen deficiency x Temperature 
x Water logging 

Number of fruits Nitrogen deficiency x Frost x Trophic*

Fruit growth Temperature x Trophic*

Transpiration MIN(Water deficiency, Water logging)
* Means this stress results from internal imbalance.
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3.5  Partitioning of biomass in organs

There are models for which allocation of assimilates is critical to the operation of the 
model (e.g. SUCROS described by Van Ittersum et al., 2003). In STICS this module was 
added at a late stage, mainly to help dimensioning the reserve pool. For annual plants 
with determinate growth, the partitioning calculations simply allow the dimensioning 
of envelopes of harvested organs which may play a trophic role and ensure an input of 
information for the senescence module. For perennial plants or those with indetermi-
nate growth, those calculations enable the dimensioning of a compartment for reserves 
which are recycled in the carbon balance. The calculation of root biomass is not directly 
connected to that of the above-ground biomass.

3.5.1  Organs and compartments identified

The reasons for identifying an organ or a compartment (Figure 3.23 and Table 3.8) 
are either its internal trophic role within the plant or an external role by participation in 
the nitrogen balance of the system (such as falling leaves and the recycling of roots). 
The reserve compartment is not located in a specific organ: it is just a certain quantity of 
carbon available for the plant growth.

Table 3.8.  Various organs identified in STICS for biomass partitioning.

Un-harvested 
biomass

MASECVEG

Leaves 
MAFEUIL

Green leaves MAFEUILVERTE

Yellow leaves 
MAFEUILJAUNE

Remaining attached to the plant

Falling to the ground and recycled 
in the nitrogen balance

MAFEUILTOMBE

Stems (only the structural part of stems)
MATIGESTRUC

Reserves: non-localised compartment which, depending on the plant may be 
located partly in the stems, roots, or even the leaves

RESPERENNE

Harvested organs

Envelops
MAENFRUIT

Fruits
MAFRUIT

Roots
MSRAC
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Figure 3.23.  Schematisation of the various organs of plants as different as a vine and a wheat 
plant. For the vine the reserves are perennial ones located in the roots and for the wheat plant they 
are annual, located in the stem.

3.5.2  Dimensioning of organs

3.5.2.a  Leaves

• Green leaves

The biomass of green leaves is calculated without accounting for potential reserves 
that may be stored in the leaves and remobilized later on, which are accounted for in the 
RESPERENNE  non-located reserve pool. The MAFEUILVERTE  variable is deducted 
from the LAI , based on the maximum specific leaf area variable (SLAMAX

P 
). We 

assume that the difference between the actual SLA  and SLAMAX
P
 corresponds to 

 remobilized leaf carbon.

eq. 3.37

( ) ( )
100

PSLAMAX

ILAI
ITEMAFEUILVER =

• Yellow leaves

The biomass of yellow leaves (MAFEUILJAUNE ) is calculated in the senescence 
module. The proportion of leaves in the senescent biomass on a given day (DLTAMSEN ) 
is determined using the PFEUILVERTE  ratio (proportion of green leaves in the non-
senescent biomass) on the day of production of this senescent biomass (eq. 3.11).

eq. 3.38

( ) ( )∑
=

=
I

ILEVJ

JDLTAMSENINEMAFEUILJAU

Some of these yellow leaves may fall to the ground depending on the ABSCISSION
P
 

 parameter (between 0 and 1). The daily falling quantity (DLTAMSTOMBE)  is recycled 
in the nitrogen balance; its cumulative value is MAFEUILTOMBE. 
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eq. 3.39

( ) ( )IDLTAMSENABSCISSIONIEDLTAMSTOMB P ⋅=

( ) ( )∑
=

=
I

ILEVJ

JEDLTAMSTOMBIBEMAFEUILTOM

3.5.2.b  Stems

This concerns only the structural component of stems (MATIGESTRUC ). The non-
structural component, if significant, can be included in the reserve compartment (e.g. for 
cereals) or in the harvested part (sugar cane). The MATIGESTRUC variable is calculated 
as a constant proportion (TIGEFEUILLE

P
)

 
 of the total mass of foliage (eq. 3.40).

eq. 3.40

( ) ( ) ( )[ ]INEMAFEUILJAUITEMAFEUILVERETIGEFEUILLICMATIGESTRU P +×=

For monocotyledonous plants, the stem is secondary and the MATIGESTRUC  vari-
able is only incremented from the time when accumulated biomass allows it. It is thus 
assumed that the first organs to emerge are the leaves. For dicotyledonous plants, it is 
assumed that the TIGEFEUILLE

P
  proportionality is always respected. Consequently, if 

the accumulated biomass and the foliage biomass (calculated from the LAI  and SLA)  
are incompatible with this proportionality, then the SLA (or LAI if the SLA arises from 
fixed limits) is recalculated.

The MATIGESTRUC  variable cannot diminish, except in the case of cutting fodder 
crops.

3.5.3  Harvested organs

• Fruits and grains

The calculation of the number and mass of fruits (indeterminate plants) or seeds 
 (determinate plants) is described in the paragraph on yield formation (see § 4.1 and 4.2)

• Envelops of harvested organs (pods, raches, etc.)

The mass corresponding to the envelope is assumed to depend solely upon the 
number of organs. In any case, it cannot exceed the residual biomass (MASECVEG-
MAFEUILVERTE-MAFEUILJAUNE-MATIGESTRUC ). The ENVFRUIT

P 
 parameter 

corresponds to the proportion of membrane related to the maximum weight of the fruit.

eq. 3.41

( ) ( ) 2
PP 10GRAINMAXIPENVFRUITINBFRUITIMAENFRUIT −⋅⋅⋅=

If the SEA
P
 parameter is not zero, then this biomass is transformed into an equivalent 

leaf surface area, photosynthetically active from the IDRP  stage to the IDEBDES  stage 
(eq. 3.13).
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3.5.4  Reserves

Reserves (RESPERENNE ) are calculated as the difference between the total biomass 
and the accumulated biomass of leaves, stems and harvested organs (eq. 3.42). For 
perennial plants, at the beginning of the cropping season, the reserves (carbon) can be 
initialised at a non-zero value (RESPERENNE0

I 
), so as to represent the role played by 

root reserves at the resumption of growth. 

eq. 3.42

( ) ( ) ( ) ( )
( ) ( )IMAFRUITIMAENFRUIT

ICMATIGESTRUIMAFEUILIMASECIRESPERENNE

−−
−−=

Yet it is assumed that a limit exists to the size of the reserve compartment, param-
etrized at the plant level by RESPLMAX

P
.  If this limit is reached a “sink on source” 

effect is simulated.

eq. 3.43

( ) ( ) ( ) 010 =⋅⋅> IDLTAMSthenIDENSITERESPLMAXIRESPERENNEif P

The use of reserves concerns perennial plants or indeterminate plants. As for deter-
minate annuals, the use of reserves for grain filling is not simulated as such, but taken 
globally into account when calculating the IRCARB v ariable (index of progressive 
harvest: see § 4.1).

The results of the above calculations are illustrated in the case of wheat and grapevine 
in Figure 3.24.
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Figure 3.24.  Proportion of the shoot biomass allocated to leaves, fruits or grains and to the virtual 
component of reserves for two different crops: a) wheat and b) grapevine.

The variable RESPERENNE r epresents the non-structural biomass that can be 
remobilized.
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4 Yield formation

By definition the yield is the weight and the quality of the harvested organs that can 
be reproductive organs – either grains (dehydrated) or fruits (hydrated), or vegetative 
storage organs – either stems (sugarcane) or roots (tuber). The determinate or indetermi-
nate character (in the STICS meaning1) does not indicate the type of harvested organs. 
Yet by convention we will call the harvested organs of determinate species “grains” and 
the harvested organs of indeterminate species “fruit”.

Yield prediction is a goal of most crop models. The number of organs harvested is 
rarely simulated and, if so, is often calculated independently from yield simulation.

In 1972, Warren-Wilson proposed that the plant should be considered as a set of 
compartments playing the role of sources and/or sinks for assimilates. This concept can 
be used either for carbon, water, nitrogen or any metabolite of interest. However here-
after we will use it only for carbon, though it is also thoroughly documented for nitrogen 
(Sinclair and de Wit, 1976; Jeuffroy et al., 2000; Barbotin et al., 2005). The source and 
sink compartments usually represent organs (e.g. roots, leaves, grains etc.) which can 
change their function during a cycle: “source then sink” for roots and trunks in peren-
nial plants, or “sink then source” for leaves. Application of this concept to crop models 
generates self-regulation of the system between the growth of different types of organs. 
It is particularly well-suited to crops with an indeterminate growth habit and to peren-
nial crops, in which trophic competition exists between growing and storage organs 
(Jeuffroy and Warembourg, 1991; Munier-Jolain et al., 1998). Source capacity includes 
both newly-formed assimilates and remobilized resources translocated from vegetative 
organs. Carbon sink strength i.e. potential growth rate is usually represented by a contin-
uous or discrete function of the physiological age of the organ. The problems with this 
approach lie in determining the size of the source capacity and remobilized resources, 
which is difficult to estimate experimentally. Furthermore, it is often  necessary to 

1 In STICS, “indeterminate” denotes species for which there is significant trophic competition between 
 vegetative organs and harvested organs.
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 introduce  prioritization between organs, thus reproducing the species strategy, and this 
may be speculative. One alternative is to impose a constant distribution of assimilates by 
phenological stage, which is frequently applied in determinate crops (Weir et al., 1984). 
The source-sink approach is used for example by Ritchie and Otter (1984) or Jones 
et al. (2003).

A second alternative, proposed by Spaeth and Sinclair (1985), is to extend the notion 
of the final harvest index (ratio of grain biomass to total shoot biomass) to the dynamic 
accumulation of biomass in grains, realizing that a linear variation of the harvest index 
as a function of time could be assumed. This approach has the advantage of pooling 
the two sources of assimilates, and is economical in terms of parameters. However, it 
is important to impose a threshold on this harvest index dynamics, in order to avoid 
simulating unrealistic remobilization levels or exceeding the maximum filling allowed 
by the number of organs and the maximum weight of an organ. Apart from cereals, 
this approach is used for species as different as pea (Lecoeur and Sinclair, 2001) and 
 grapevine (Bindi et al., 1999).

Both these approaches are applied in STICS: the source/sink approach for indeter-
minate crops and the dynamic harvest index for determinate crops.

4.1  For determinate growing plants

In the case of plants with determinate growth, the hypothesis is made that the 
number and filling of organs for harvest do not depend on the other organs’ growth 
requirements.

The number of grains is fixed during a phase of variable duration (NBJGRAIN
P 
 in 

days), which precedes the onset of filling (IDRP ). This number depends on the mean 
growth rate of the canopy during this period (VITMOY  in gm–2d–1), which in turns 
depends on dynamics specific to the particular species (eq. 4.1).

eq. 4.1

( ) ( )∑
+−=

=
IDRP

NBJGRAINIDRPJ P
P

NBJGRAIN

JDLTAMS
IDRPVITMOY

1

The number of grains per m2 (NBGRAINS)  is defined at the IDRP  stage (eq. 4.2). 
It depends on the growth variable (VITMOY  in g m–2) that integrates the effect of the 
prevailing stresses during the period preceding the IDRP stage, on two species-dependent 
parameters CGRAIN

P 
(in g–1 m2) and NBGRMIN

P
  (grains m–2) and a genetic-depen-

dent parameter NBGRMAX
V 
  (grains m–2). The last two parameters define the limits of 

 variation of NBGRAINS.

eq. 4.2

( ) ( )
( ) ( )
( ) ( ) PP

VV

VP

NBGRMINIDRPNBGRAINSNBGRMINIDRPNBGRAINSif

NBGRMAXIDRPNBGRAINSNBGRMAXIDRPNBGRAINSif

NBGRMAXIDRPVITMOYCGRAINIDRPNBGRAINS

=<
=>

⋅⋅=
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According to eq. 4.2, the normalized value NBGRAINS/N BGRMAX
V 

v aries between 
NBGRMIN

P 
/N BGRMAX

V
 and 1 and its variability among species (Figure 4.1) expresses 

the sensitivity of grain onset to growth conditions.

Figure 4.1.  Proportion of grain number, for the maximum allowed by the variety (NBGRAINS/
N BGRMAX

V
),  as a function of growth during the pre-grain filling period. Examples of wheat, 

maize and rapeseed.

After the IDRP s tage, the grain number can be reduced in the event of frost (eq. 4.3 
and § 3.4) and the daily proportion of grains affected is (1-FGELFLO),  whatever their 
state of growth. The corresponding weight (PGRAINGEL i n gm–2) is deducted from the 
grain weight (eq. 4.6), using the elementary current grain weight (PGRAIN i n g) defined 
in eq. 4.7. 

eq. 4.3

( ) ( ) ( )( )

( ) ( ) ( )

( ) ( ) ( )∑

∑

+=

+=

⋅−=

−=

−−=>

I

IDRPJ

I

IDRPJ

JNBGRAINGELJPGRAINIPGRAINGEL

JNBGRAINGELIDRPNBGRAINSINBGRAINSand

IFGELFLOINBGRAINSINBGRAINGELIDRPIfor

1

1

1

11

The quantity of dry matter accumulated in grains is calculated by applying a progres-
sive “harvest index” to the dry weight of the plant. This IRCARB in dex increases linearly 
with time (VITIRCARB

P
 in  g grain g biomass-1 d–1), from the IDRP st age to the IMAT 

st age and the final harvest index is restricted to the IRMAX
P
 pa rameter. The dynamics 

of IRCARB for various species is depicted in Figure 4.2. 

eq. 4.4

( ) ( )
( ) ( ) PP

P

IRMAXIIRCARBIRMAXIIRCARBif

IDRPIVITIRCARBIIRCARB

=>
−⋅=
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Figure 4.2.  Dynamics of the grain to shoot biomass ratio (IRCARB), a s a function of time since 
the stage IDRP, fo r various species (wheat, maize, rapeseed, pea and soybean).

Yet this dynamics may not be the actual grain filling dynamics since threshold trans-
location temperatures defining the thermal stress FTEMPREMP (TM INREMP

P
 and  

TMAXREMP
P:

 se e § 3.4) may stop the carbon filling of harvested organs. Consequently 
the grain filling is calculated daily (DLTAGS in  t ha–1) to allow the effect of the thermal 
stress (eq. 4.5) and then accumulated within the MAFRUIT (in  t ha–1) variable (eq. 4.6).

eq. 4.5

( ) ( ) ( )
( ) ( )

[
] ( )IFTEMPREMPIMASECIIRCARB

IMASECIIRCARBIDLTAGS

⋅−
+⋅+=+ 111

eq. 4.6

( ) ( ) ( )

( ) ( )
( ) ( )INBGRAINSPGRAINMAXIIMAFRUIT

,INBGRAINSPGRAINMAXIIMAFRUITif

100

IPGRAINGEL
JDLTAGSIMAFRUIT

V

V

I

IDRPJ

⋅=
⋅>

−= ∑
=

The mass of each grain is then calculated as the ratio of the mass to the number of 
grains, although this cannot exceed the genetic PGRAINMAXI

V
 limit  (eq. 4.7).

eq. 4.7

( ) ( )
( )

( ) ( ) VV PGRAINMAXIIPGRAINPGRAINMAXIIPGRAINif, ,

INBGRAINS

IMAFRUIT
IPGRAIN

=>

= 100
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4.2  For indeterminate growing plants

These species go on growing leaves while producing and growing harvested organs 
(fruits) during a period of time. There is thus a trophic interaction between the growth 
of various groups of organs and among successive cohorts of harvested organs that is 
accounted for in STICS by the source/sink approach using the notion of trophic stress 
previously defined (see § 3.4). Both processes of organ setting and filling are concerned, 
assuming that abortion cannot occur during the filling phase.

The simulation technique adopted in STICS was inspired from the “boxcar-
train” technique (Goudriaan, 1986) that is used in the TOMGRO model (Jones et al., 
1991). During growth, the fruits go through NBOITE

P 
 compartments corresponding 

to increasing physiological ages. The time fruits spend in a compartment depends 
on temperature. In each compartment, fruit growth is equal to the product of a “sink 
strength” function and the source-sink ratio. The fruit sink strength is the derivative of 
a logistic function that takes the genetic growth potential of a fruit into consideration 
(Bertin and Gary, 1993).

4.2.1  Fruit setting

Fruits are set between the IDRP  stage and the INOU  stage (end of setting), defined by 
the STDRPNOU

P 
 phasic course. If this setting period lasts a long time, then the number 

of simultaneous compartments (i.e. fruits of different ages) is great which indicates that 
there must be agreement between the values of STDRPNOU

P
 and NBOITE

P  
. 

During this setting period, on each day, the number of set fruits (NFRUITNOU ) 
depends on AFRUITSP

V 
 (eq. 4.8), a varietal parameter expressed as the potential number 

of set fruits per inflorescence and per degree.day, the daily development rate (UPVT), 
the number of inflorescences per plant (NBINFLO ), the plant density (DENSITE ), the 
trophic stress index (SPFRUIT ) and the frost stress index acting on fruits from flowering 
(FGELFLO ). The introduction of the notion of inflorescence (group of fruits) into the 
model is only useful when technical or trophic regulation occurs at the inflorescence level 
(in grapevines for example). 

eq. 4.8

( ) ( ) ( )
( ) ( ) ( )IFGELFLOISPFRUITIDENSITE

INBINFLOIUPVTAFRUITSPINFRUITNOU V

×××
××=

If the number of inflorescences is more than 1 (in the case of vines, 
inflorescences=bunches), it can either be prescribed (NBINFLO

P
) , or calculated as a 

function of the trophic status of the plant at an early stage (we have chosen IAMF) . In 
the latter case, NBINFLO  is calculated using the PENTINFLORES

P
  and INFLOMAX

P
 

 parameters (eq. 4.9). Pruning is not accounted for in this calculation.

eq. 4.9

( ) ( ) ( ) ( )[ ]
( ) ( ) PP

P

INFLOMAXIAMFNBINFLOINFLOMAXIAMFNBINFLOif,

IAMFRESPERENNEIAMFMASEC
IAMFDENSITE

ESPENTINFLOR
INBINFLO

=>

+= 0
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RESPERENNE0
I
 ( see § 3.5.4) is the amount of carbon reserves for perennial species 

coming from the previous cycle.

4.2.2  Fruit filling

The time spent by each fruit in a given compartment is
 P

V

NBOITE

DUREEFRUIT
, where 

DUREEFRUIT
V
  is the total duration of fruit growth expressed in developmental units. 

In the last box (or age class), the fruits no longer grow and the final dry mass of the fruit 
has been reached: the fruit is assumed to have reached physiological maturity. A concrete 
example is shown in Figure 4.3.

Figure 4.3.  Illustration of the dynamics of fruit cohorts using the “boxcartrain” simulation 
technique.

Each day, in each growth compartment (K) , the fruit growth (CROIFRUIT)  depends 
on the number of fruits in the compartment (NFRUIT) multiplied by the growth of 
each fruit, i.e. the elementary fruit sink strength (FPFT) , the trophic stress index 
(SOURCEPUITS)  and the thermal stress index (FTEMPREMP)  as given in eq. 4.10.

eq. 4.10

( ) ( ) ( ) ( ) ( )IFTEMPREMPISSOURCEPUITKFPFTKINFRUITKICROIFRUIT ⋅⋅⋅= ,,

The fruit sink strength function is the derivative of the potential growth of a fruit 
(POTCROIFRUIT)  plotted against the fruit development stage (DFR).  There are two 
successive phases in fruit growth; the first corresponds to a cell division phase while 
the second is devoted to expansion of the cells already set. In order to account for this 
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double dynamics, the fruit potential cumulative growth is defined as the summation of 
two  functions (eq. 4.11 and Figure 4.4):

• an exponential type function describing the cell division phase (using the  parameters 
CFPF

P  
and DFPF

P 
)

• a logistic type function describing the cell elongation phase (using the parameters 
AFPF

P  
and BFPF

P 
)

eq. 4.11

( )( ) ( )( )( )

( )( )( )

( )
() V

PP

P
V

PGRAINMAXI1ITPOTCROIFRU

00ITPOTCROIFRU

:as socalculatedarevaluesβandαand

AFPFKDFRBFPFexp1

KDFRCFPFexp1DFPF
PGRAINMAXI

KDFRITPOTCROIFRU

=
=

−
−−+

+

⋅−−=

βα

PGRAINMAXI
V
  is the genetic-dependent maximal weight of the fruit and DFR 

 stands for the fruit development stage of each age class, varying between 0 and 1; it is 
calculated for each age class (K) in a discrete way (eq. 4.12).

eq. 4.12

( )
PNBOITE

K
KDFR =

This double dynamics is particularly interesting for grapevine (Garcia de Cortazar., 
2006). In many other cases (tomato, sugar beet, sugarcane) the cell division phase is fast 
so that the logistic is enough to describe fruit growth (in that case one of the parameters 
DFPF

P 
o r CFPF

P
 m ust be zero).

Figure 4.4.  Normalized potential fruit growth (POTCROIFRUIT/P GRAINMAXI
V
)  versus fruit 

development status (DFR)  with its two components: the exponential dynamics representing cell 
division and the logistic type dynamics representing cell expansion.
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If the potential fruit growth is represented by a simple logistic curve, Figure 4.5 shows 
that when varying the parameters AFPF

P
 a nd BFPF

P 
,  one can represent various dynamics 

including the linear one.

Figure 4.5.  Normalized potential logistic fruit growth (POTCROIFRUIT/P GRAINMAXI
V
) 

 versus fruit development status (DFR)  with various parameterizations corresponding to AFPF
P
 

a nd BFPF
P
 v alues.

Then the daily fruit sink strength function (FPFT)  is calculated (eq. 4.13) for each age 
class, accounting for the duration of fruit growth from setting to maturity, expressed in 
developmental units (DUREEFRUIT

V
). 

eq. 4.13

( ) ( )

( )( )
( )

(( ) )) (( ) ( )
V

P
PP

2
P

P

PPV

DUREEFRUIT

TDMINITCULT
IDEVJOURandAFPFKDFRBFPFexpY with

Y1

YBFPF
KDFRCFPFexp

CFPFDFPFIDEVJOURPGRAINMAXIK,IFPFT

−
=−−=

⎥
⎥
⎦

⎤
⎢
⎢
⎣

⎡

+

××
+⋅−⋅

⋅⋅=

α

The sensitivity of the model for subdividing fruit growth into discrete units (NBOITE
P
 

pa rameter) also depends on the POTCROIFRUIT dy namics, as shown in Figure 4.6. 
Consequently three elements must be taken into account to give a value to the parameter 
NBOITEp: the fruit setting duration, the fruit growth dynamics and the location of the 
IDEBDES st age allowing the fruit water dynamics to be initiated.

If allocation to fruits (ALLOCFRUIT va riable calculated in eq. 4.14) exceeds the 
ALLOCFRMX

P
 th reshold, the SOURCEPUITS va riable is reduced in proportion to 

the ALLOCFRUIT/ALLOCFRMX
P 

ratio. In the last box, the fruits are ripe and stop 
growing. The number of fruits present on the plant or fruit load is CHARGEFRUIT. I f the 
CODEFRMUR

G 
is  1, then the CHARGEFRUIT variable will take account of the fruits in 

the last box (ripe); if not, it will only take account of the (N-1) first boxes.
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Figure 4.6.  Influence of the discretization of fruit growth through the number of boxes parameter 
(NBOITEp) in relation to the form of the dynamics: “S” shape in a) or nearly linear in b).

eq. 4.14

( )
( )

( )IDLTAMS

KICROIFRUIT

IALLOCFRUIT

PNBOITE

K
∑

−

==

1

1

,

4.3  Quality

4.3.1  Water content of organs

For non-harvested organs, the water contents are assumed constant. The corresponding 
parameters are called H2OFEUILVERTE

P  
, H2OFEUILJAUNE

P  
, H2OTIGESTRUC

P 
 

and H2ORESERVE
P  

for green and dead leaves, stems and reserves respectively: they 
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are expressed in terms of fresh weight (FM ), i.e. in g water. g FM–1. They are used to 
calculate the fresh weight of each organ: MAFRAISFEUILLE  (for all green and yellow 
leaves), MAFRAISTIGE  (stems) and MAFRAISRES  (reserves).

For harvested organs, it is assumed that the water content is constant (H2OFRVERT
P 
) 

up to the stage IDEBDES  (see chapter 2). This stage may occur before physiological 
maturity. For indeterminate plants, it does not occur at the same time for all fruit cohorts 
but it corresponds to one of the age classes. We shall call this stage “onset of fruit water 
dynamics” that can be hydration or dehydration which results from the concomitant water 
and dry matter influx into the fruit or grain. As from this stage, we assume that there is 
a “programmed” time course in the water content of fruits, and this is expressed using 
the DESHYDBASE

P 
 parameter (g water.g FM –1.d–1), which day after day will modify the 

fruit water content (TEAUGRAIN ) from its initial value H2OFRVERT
P 
. For dehydra-

tion DESHYDBASE
P 

is positive; if the programme evolution tends towards hydration, 
DESHYDBASE

P
 is negative. Dehydration may be accelerated (or provoked) by water 

stress, which is characterised by the difference between the crop and air temperatures. 
The proportionality coefficient is called TEMPDESHYD

P 
 in g water.g FM–1. °C–1. In 

summary, the water content (TEAUGRAIN) is the result of eq. 4.15 where the index K  
(for the box number) is useless for determinate plants.

eq. 4.15

( ) ( )( )

( ) ( )( )
( )

∑
=

−−

+−−=
I

KIDEBDESJ
P

PP

JTAIRJTCULTTEMPDESHYD

KIDEBDESIDESHYDBASEOFRVERTHKITEAUGRAIN 12,

Figure 4.7.  Evolution of grape water contents for two different years in Montpellier (France) 
influenced by the phenological course (the beginning of the dynamics occurs on 20/07 in 1994 and 
on 26/07 in 2003) and the thermal difference (TCULT- TAIR) .

4.3.2  Biochemical composition

The quantity of nitrogen in harvested organs, both for determinate and indeterminate 
species (QNGRAIN), is an increasing proportion (IRAZO : eq. 4.16) of the quantity of 
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nitrogen in the biomass (QNPLANTE ): the concept of the harvest index is extended to 
nitrogen (Lecoeur and Sinclair, 2001), using the parameter VITIRAZO

P  
. Obviously, as 

for carbon, the grain/fruit nitrogen filling can be affected by thermal stress which requires 
a daily calculation (DLTAGN : eq. 4.17). The temperature effect on nitrogen grain filling 
is assumed to be the same as for carbon. The nitrogen harvest index is assumed to be 
limited to a value calculated using the carbon parameters (IRMAX

P 
 and VITIRCARB

P 
) 

as explained in eq. 4.16.

eq. 4.16

( ) ( )
( ) ( )

P

P
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P
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VITIRAZO
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IDRPIVITIRAZOIIRAZO
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−⋅=

eq. 4.17

( ) ( ) ( )
( ) ( )

[
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⋅−
+⋅+=+ 111

To complete the components of the quality of simulated harvested organs, we propose 
a very simple estimate of the sugar and oil contents. From the beginning of fruit/grain 
filling until physiological maturity, we assume that there is a gradual increase in the 
proportions of these two types of components in the dry matter of fruits. This increase is 
determined using the VITPROPSUCRE

P
 ( see Figure 4.8) and VITPROPHUILE

P
 p aram-

eters expressed in g.g DM–1.degree.day–1. The combination of this evolution and the 
evolution in the water content in fruits produces contents based on fresh matter, which 
depends on the development of each crop. For indeterminate crops, the calculation is 
made for each age category separately, and then combined for all age categories.

Figure 4.8.  Evolution of sugar content in relation to fruit development for sugar cane, sugarbeet 
and vineyard.
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5 Root growth

Apart from plant anchorage, the root system has numerous functions: water and 
mineral element (mainly N, P, K) uptake, symbiotic fixation (for legumes), rhizodeposi-
tion and as a reserve organ, which are variously accounted for in crop models. The root 
system as a reserve organ can be regarded as a harvested organ (e.g. tubers) or part of 
the “non-located” reserves (see § 3.5.4). The development of N-fixing nodules and their 
activity is less dependent on the root system, which plays a support role, than on the 
 physicochemical conditions of the surrounding soil and on the shoot dynamics (Burger, 
2001: see § 8.7). Rhizodeposition is accounted for by the recycling of the sloughed 
roots within the fresh soil organic matter (as a plant residue, see § 6.3.3). The nutritional 
functions of the root system can be calculated from supply and demand principles, the 
demand originating from the shoot metabolism while the supply results from the combi-
nation of the presence of the elements of interest in the soil and the root’s ability to 
capture those elements.

This ability relies on the efficiency of the root system, which is not simply related 
to the actual root length profile or to the root biomass and depends very much on 
the mobility of the element of interest within the soil. For water and nitrate ions, the 
minimum root length density for unrestricted uptake is 0.5 cm cm–3 according to 
Bonachela (1996), equating to an average soil-root distance of 0.8 cm, which lies within 
the range proposed by Aura (1996) of 0.5 – 1.0 cm. According to other authors (Kage and 
Ehlers, 1996; Robertson et al., 1993) it can be lower. This means that the efficient root 
profile is different from the actual root system, especially in the subsurface layer where 
roots are more than adequate for nitrate and water uptake, although they are needed for 
the uptake of less mobile ions.

Moreover this efficiency needs to be dynamically estimated in order to correctly 
evaluate the supply/demand ratio. Also the effect of the soil (constraints to penetration, 
sensitivity to anoxia etc.) on the form of the root system (Nicoullaud et al., 1994) must 
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be accounted for. While all these elements are accounted for in architectural root growth 
modelling approaches (Drouet and Pages, 2003), it is seldom the case in crop models in 
which roots are not individualized but just layered in the soil. 

In crop models, the fact that the soil is regarded in only one dimension requires that 
growth in depth is treated separately from growth in density. The progression rate of the 
root front is generally based on degree-days (Giauffret and Derieux, 1991; Hunt and 
Pararajasingham, 1995) and the root density assumption mostly relies on an exponential 
decrease of roots with depth (Gerwitz and Page, 1974).

Although we can rely on existing modelling patterns of root/shoot ratio in terms 
of biomass (Wilson, 1988), the extrapolation to root length is not easy, since the 
specific root length (length per unit weight) can vary as a function of the phenological 
stage and experienced stresses in addition to the well-known genetic factor (Bingham, 
1995). 

This complexity led us to propose optional calculations of root growth in STICS. In 
the model, roots only act as water and mineral nitrogen absorbers, and are described by 
their front depth and density profile. The root growth begins at germination (for sown 
plants) or at planting (for transplanted crops, possibly after a latency phase, see § 2.2.2), 
and it stops at a given stage of development, depending on the species (STOPRAC

P 
which 

can be either LAX, FLO or MAT ).

5.1  Root front growth

A first calculation gives the depth of the root front (ZRAC ) beginning at the sowing 
depth (PROFSEM

T 
) for sown crops and at an initial value for transplanted crops 

(PROFSEM
T
 + ZRACPLANTULE

P 
) or perennial crops (ZRAC0 ). The root front growth 

stops when it reaches the depth of soil or an obstacle that can be physical or chemical (the 
obstacle depth is defined by the parameter OBSTARAC

S 
) or when the phenological stop-

ping stage has been reached. For indeterminate crops, when trophic competition prevents 
vegetative growth, the root front growth is stopped (except before the IAMF  stage, when 
root growth is given priority). 

The calculation of root front growth rate (DELTAZ  in cm.d–1) is broken down in 
eq.5.1. A first calculation of the front growth rate (DELTAZ

T 
 in cm.d–1) is proportional 

to temperature with a coefficient depending on the variety (CROIRAC
V 
). This value is 

then multiplied by the water and bulk density stress indices (DELTAZ
stress 

).

eq. 5.1

( ) ( ) ( )IDELTAZIDELTAZIDELTAZ stressT ⋅=

The thermal function relies on crop (eq.5.2) or soil temperature (eq.5.3) according to 
the root growth dependence on the collar or apex temperature. If the driving temperature 
is that of the crop, the cardinal temperatures (TCMIN

P
  and TCMAX

P
)  are the same as 

those used for the thermal function of the leaf growth rate (see eq. 3.3). If the driving 
temperature is that of the soil at level ZRAC  (±1cm), the minimum temperature is the 
base temperature for germination (TGMIN

P
)  but the maximum temperature does not 

change.
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eq. 5.2
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eq. 5.3
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The water and bulk density stress index (DELTAZ
stress

) i s calculated as the product of 
3 variables (eq.5.4), depending on soil dryness (HUMIRAC, s ee eq. 2.3 and Figure 2.3), 
water logging (IZRAC, s ee eq. 3.35 and Figure 3.22), and bulk density (EFDA).

 eq. 5.4

( ) ( )( ) ( () )( )IEFDA ZRACIIZRACIIAPHUMIRACIDELTAZstress ⋅⋅= ,

The HUMIRAC var iable, calculated as in eq. 2.3 during emergence, becomes a 
bilinear variable after emergence (eq.5.5):

eq. 5.5

( )( )
(( ) )

( )( )
( )( ) ( )( )IIAPHUMSOL

HN

SENSRSEC
IIAPHUMIRACthen

HNIIAPHUMSOLif
IIAPHUMIRACthen

HNIIAPHUMSOLif

S

P ,,

,
1,

,

=
≤

=
>

S

S

The EFDA vari able constitutes a constraint to penetration in the case of compacted 
soils, or more rarely a slowing of root penetration linked to a lack of soil cohesiveness. 
The formalisation proposed by Jones et al. (1991) and validated by Rebière (1996), was 
adapted for STICS (Figure 5.1). Root penetration is not constrained between the bulk 
density thresholds DACOHES

G
 and  DASEUILBAS

G
. Abo ve a bulk density threshold 

DASEUILHAUT
G
 the  effect of bulk density (DA) on  root penetration is constant and 

corresponds to the sensitivity of the plant to the penetration constraint; it is equal to 
CONTRDAMAX

P
. DAS EUILBAS

G
 and DASEUILHAUT

G
 values are 1.4 and 2.0 

respectively. The DACOHES
G
 value is poorly understood and we only provide an order 

of magnitude. The bulk density is the effective one, taking into account fine earth and 
pebbles.
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Figure 5.1.  Constraint to root penetration (EFDA) as  a function of the bulk density (DA).

 5.2  Growth in root density
The root density profile is calculated according to two possible options. The ‘stan-

dard profile’ option makes it possible to calculate the root profile that is effective with 
respect to absorption. The ‘true density’ option allows the actual root density profile to be 
estimated, which is more relevant in order to simulate low-density crops, for which root 
density is never optimal, or in order to take into consideration the effects of constraints 
imposed by the soil on root distribution. 

Whatever the chosen option, roots only play a role as absorbers of water and mineral 
nitrogen. It is possible to estimate the root mass with the second option and to account 
for a direct link between shoot and root growing rates. However an indirect link exists in 
all calculations through temperature, which affects both levels.

5.2.1  Standard profile

This option enables calculation of the root profile which is efficient in terms of 
absorption. It is defined by the maximum current depth, ZRAC,   and a prescribed effi-
cient root density profile, LRACZ  (Z). This profile is calculated dynamically as a func-
tion of ZRAC and takes a sigmoidal form depending on the ZLABOUR

P 
, ZPRLIM

P 
 and 

ZPENTE
P 
 parameters (Figure 5.2 and eq.5.6).

These parameters define the form of the reference root profile and are of considerable 
importance in terms of their interrelationships, but they do not define the final shape of 
the root system. In this respect, it is the differences between ZPENTE

P 
 and ZLABOUR

P  
, 

and particularly between ZPRLIM
P 
 and ZPENTE

P
 which are determinant. ZLABOUR

P
 

corresponds to the depth of the tilled layer, where it is assumed that root proliferation 
is not limited with respect to water and mineral absorption: root density is optimum at 
this level (LVOPT

G 
). ZPENTE

P
 is the depth at which root uptake efficiency is reduced 

by half, and ZPRLIM
P
 is the depth of the root front to which this reference profile can 

be attributed. The value used for the optimum root density threshold, LVOPT
G
, is 0.5 cm 

cm–3 soil (Brisson, 1998c). In this way, it is possible to represent a root system for various 
species exhibiting fasciculate or pivotal type root systems (Figure 5.3).
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Figure 5.2.  Reference root density profile for rapeseed, described by the efficient root density 
LRACZ (Z) as a function of the root system depth Z and according to the root front depth ZRAC . 

Figure 5.3.  Reference root density profile for a root front depth of 150 cm, described by the 
efficient root density LRACZ  (Z) as a function of depth Z, for rapeseed, corn and durum wheat.

eq. 5.6

((( )))

( ) ( ) ⎟
⎠
⎞⎜
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=

−−+
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S
ZPENTEZPRLIMIZZRACIZZDEMI

ZPENTEZLABOUR
S

and

IZZDEMIZS

LVOPT
IZLRACZ

PP

PP

P

4.1
,,max,

6.4

,exp1
,( )

The ZDEMI= 1.4/S threshold ensures at least an extraction near the soil surface of 
20% of the water available. Roots located in dry layers of soil, with a water content 
equal to or below the wilting point, are considered as ineffective with respect to water 
uptake (§ 7.3.3). The total and effective root length throughout the profile is called 
CUMLRACZ. 
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Using this method of calculation, any reduction in the root front causes a reduction 
in density. If the soil contains an obstacle to rooting (calculated as the lesser of the soil 
depth and an obstacle depth defined by the parameter OBSTARAC

S
) , a fictitious root 

front (ZNONLI)  is calculated until the stage of physiological stoppage STOPRAC
P 
,  thus 

allowing simulation of the course of root proliferation above the obstacle. If the problem 
is anoxia (inducing a slowing down but not necessarily a cessation of growth), in order to 
simulate root proliferation above the saturated zone, the ZPRLIM

P
  parameter continues 

to grow at a rate reduced by 80% when compared with the rate without waterlogging. 
This 80% value has been adjusted so as to obtain comparable results between the two 
root density approaches.

5.2.2  True density

This option enables calculation of a root density profile comparable with measure-
ments. Effectively the hypotheses underlying the “standard profile” formalisation may 
lead to some problems: i) in the tilled zone, root density is not always optimal with 
respect to the absorption of water and nitrogen (for woody species in widely-spaced 
rows, maximum root densities of about 0.2 cm⋅cm–3 are measured, which is lower than 
the optimum density of 0.5 cm.cm–3(Ozier-Lafontaine et al., 1999) and ii) the influence 
of constraints imposed by the soil on the distribution of roots in the profile may be far 
from negligible. Limitations of the “standard profile” formulation could also occur if 
functions of the root system other than water and nitrogen absorption are considered (e.g. 
absorption of P and K, supplier of organic matter). 

With this option, growth in root length is first calculated, and then distributed to each 
layer of the soil profile. For sown crops, this calculation begins at emergence: between 
germination and emergence, it is assumed that only the root front grows. For transplanted 
or perennial crops, the calculation is initiated with an existing root density profile. After 
a lifetime characteristic of the species, the roots senesce and enter the mineralization 
process as crop residue at the end of the crop cycle. Root density above 0.5 cm⋅cm–3 is 
not taken into account for water and nitrogen absorption.

5.2.2.a  Growth in root length

To ensure the robustness of the model, we have chosen to simulate the growth in root 
length directly, without passing through the root mass, because the specific length (root 
length/mass ratio) varies depending on the stresses suffered by the plant. Two options are 
available to calculate the root length. With the first option, we have adopted a formulation 
similar to that used for the above-ground growth of leaves (Brisson et al., 1998a). With 
the second, a trophic link between shoot growth and root growth allows increase in root 
length to be calculated.

• Self-governing production

Growth in root length is calculated using a logistic function that is analogous to that 
of leaves: the calculation of root length growth rate (RLJ  in m d–1) is broken down in 
eq.5.7. A first calculation of the root length growth rate (RLJ

dev 
 in m plant–1 degree-day–1) 
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describes a logistic curve. This value is then multiplied by the effective crop temperature 
(RLJ

T  
in degree-days), the plant density combined with an inter-plant competition factor 

that is characteristic for the variety (RLJ
dens  

in plant m–2), and the water logging stress 
index (RLJ

stress 
). Then a second term is added corresponding to the growth at the root 

front (RLJFRONT ), depending on the front growth rate (DELTAZ ).

eq. 5.7

( ) ( ) ( ) ( ) ( )IRLJFRONTIRLJRLJIRLJIRLJIRLJ stressdensTdev +⋅⋅⋅=

The logistic curve describing the root length growth rate RLJ
dev

  (eq.5.8) depends on 
the maximum root growth parameter DRACLONG

P
  and on the normalized root develop-

ment unit URAC,  ranging from 1 to 3 (such as ULAI,  whose calculation is described in 
§ 3.1.1) and is thermally driven, even when the plant has vernalisation or photoperiod 
requirements. The plant parameters PENTLAIMAX

P
  and VLAIMAX

P
  are the ones 

already used for the calculation of leaf growth rate (see eq. 3.2).

eq. 5.8

( ) ( )( )( )IURACVLAIMAXPENTLAIMAX

DRACLONG
IRLJ

PP

P
dev −+

=
exp1

The thermal function RLJ
T
 r elies on crop temperature and cardinal temperatures 

(TCMIN
P
 a nd TCMAX

P
)  which are the same values as for the leaf area growth calcu-

lation (eq. 3.3). The inter-plant competition function RLJ
dens

 i s the same as the one 
 calculated for the leaf area growth DELTAI

dens
 ( eq. 3.4).

Unlike the leaf area index, water and nitrogen deficiencies in the plant do not play 
any role in root growth, which results in the promotion of root growth relative to above-
ground growth in the event of stress. In contrast, anoxia acts via the the water-logging 
stress index RLJ

stress
,  derived from the IZRAC i ndicator (eq. 3.35 and eq. 5.9). In view 

of the difference which may exist between true density and effective density (as much as 
tenfold), the raw application of IZRAC could have no effect on effective density, which 
would not accord with experimental results (Rebière, 1996). So when IZRAC is less 
than 1 (i.e. under water-logging stress conditions), it is multiplied by the ratio between 
effective (CUMLRACZ) to total (RLTOT)  root length ratio before it is applied to the RLJ 
v ariable (eq. 5.9).

eq. 5.9

( ) ( )( ) ( )
( )IRLTOT

ICUMLRACZ
SENSANOXIIZRACSENSANOXIRLJ PPstress 11 −++−=

At the root front, the density is imposed and estimated by the parameter LVFRONT
P 
, 

a nd the growth in root length depends directly on the root front growth rate DELTAZ 
(eq. 5.10):

eq. 5.10

( ) ( )IDELTAZLVFRONTIRLJFRONT P ⋅⋅= 410
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• Trophic-linked production

The root length growth may rely on the daily production of shoot biomass (DLTAMS , 
eq. 3.26) and on a dynamic underground/total biomass partitioning coefficient (REPRAC ) 
(eq. 5.11 and Figure 5.4). The parameter LONGSPERAC

P 
 is the specific root length/root 

mass ratio. The plant density effect is not taken into account because it is already inte-
grated in the shoot biomass production. This value can replace calculation by eq 5.7 or 
just act as a threshold according to the chosing option.

eq. 5.11

( ) ( )
( ) ( ) 210

1
−⋅⋅⋅

−
= PLONGSPERACIDLTAMS

IREPRAC

IREPRAC
IRLJ

Figure 5.4.  Example of the root length growth RLJ  as a function of the root development unit 
URAC,  compared to the underground/total biomass portioning coefficient REPRAC  and to the 
daily production of shoot biomass DLTAMS. 

The dynamic aboveground / underground partition coefficient (REPRAC)  depends on 
the root development through the normalized root development unit URAC (Baret et al., 
1992),  and on specific parameters REPRACMIN

P 
,  REPRACMAX

P
  and KREPRAC

P
 

 (eq. 5.12 and Figure 5.5).

eq. 5.12

( ) ( )
( )( )( ) PP

PP

REPRACMINIURACKREPRAC
REPRACMINREPRACMAXIREPRAC

+−−⋅
−=

1exp

5.2.2.b  Distribution in the profile

The new root length is then distributed in each layer of the soil profile in proportion 
to the roots present and as a function of the soil constraints.
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Figure 5.5.  Aboveground/underground partition coefficient REPRAC a s a function of the root 
development unit URAC,  in the case of two different crops.

A “root sink strength” is defined by the proportion of roots present in the layer. 
This does not concern the root front, whose growth in density is defined by LVFRONT

P 
 

(eq. 5.10). This potential “root sink strength” is then reduced by the soil constraints in 
each layer. Each constraint is defined at the layer level, in the form of an index between 
0 and 1, and assumed to be independent of the others. The resulting index POUSSRAC 
is the product of elementary indices:

eq. 5.13

( ) ( ) ( )
( )( ) ( )IZEFNRACSENSANOXIZANOX

IZEFDAIZHUMIRACIZPOUSSRAC

P ,,1

,,,

⋅⋅−⋅
⋅=

HUMIRAC  (eq. 2.3) defines the effect of soil dryness, taking account of the plant’s 
sensitivity to this effect. EFDA  defines the effect of soil compaction through bulk density 
(§ 5.1 and Figure 5.1). The anoxia index of each soil layer ANOX  is assigned the value 
of 1 if the horizon has reached saturation; it is associated with the sensitivity of the plant 
to water logging SENSANOX

P 
. 

EFNRAC  defines the effect of mineral nitrogen, which contributes to the root 
distribution in the layers with high mineral nitrogen content. It depends on the specific 
parameters MINAZORAC

P 
,  MAXAZORAC

P
  and MINEFNRA

P
  which characterize the 

sensitivity of plant root growth to the mineral nitrogen content in the soil (Figure 5.6). 
This last constraint is optional and can be inactivated in the model.

5.2.2.c  Senescence

A thermal duration in degree days (STDEBSENRAC
P
) defines the lifespan of roots. 

Thus, the history of root production per layer is memorized in order to make disappear 
by senescence the portion of roots STDEBSENRAC

P  
set earlier. The

 
profile of dead roots 

is LRACSENZ while the
 
corresponding total amount is LRACSENTOT .
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Figure 5.6.  Constraint to root distribution (EFNRAC)  as a function of the mineral nitrogen 
content in the soil. 

5.2.2.d  Root density profiles

The living root density profile is RL , while the total amount is RLTOT . For water 
and nitrogen absorption, an efficient root length density (LRACZ ) is calculated by 
applying the threshold LVOPT

G 
(by default equals  0.5 cm cm–3) to the total root length 

density, RL.

5.2.3  Comparison of the two kinds of density profiles

The differences between the two options in the simulation of the root profiles can be 
significant (Figure 5.7), but the effect on the simulated water and nitrogen uptakes may 
not be significant because of the functional root density threshold of 0.5 cm⋅cm–3.

Figure 5.7.  Root density profile as a function of the root depth, at tillering and at grain filling, 
simulated with the standard profile option and the true density option.



95

6 Management and crop environment

The first models produced (de Wit., 1978; Baker, 1980; Weir et al., 1984) aimed at 
describing in detail the ecophysiology of crops, often for didactic purposes, but paid little 
attention to agronomic objectives. Afterwards models started to include farming practices 
in the inputs (Ritchie and Otter, 1984; Williams et al., 1984) and in particular irrigation 
and fertilization. Accounting for the techniques requires simulating the appropriate state 
variable that the technique is supposed to modify, e.g. soil water content for irrigation, 
organic residue dynamics for manure application or annual wood production for pruning. 
In STICS, emphasis has been placed on crop management which is important to simulate 
industrial crops and essential for high value-added crops. However some techniques are 
not yet accounted for in the model because the corresponding state variable is poorly 
calculated if at all, for example soil structure or crop sanitary status.

6.1  Effects on plants

For industrial crops the direct effects on plants can be summarized up by the two 
extreme operations of sowing and harvest, while for high value crops like vegetables 
or grapevines the farmer also intervenes during the crop cycle to regulate yield. Some 
of the effects mentioned in the following paragraphs have already been documented in 
chapters 2 and 3.

6.1.1  Planting design

For annual crops there are two choices, either sowing seeds (industrial crops like 
wheat, rapeseed, sugarbeet etc.) or transplanting plantlets (lettuce, tomato, strawberry 
etc.). In the case of sowing the very first stages of the plant occurring beneath the soil are 
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simulated (e.g. germination and underground shoot growth: §2.2.1) depending on sowing 
depth. In the case of planting, we simply consider a lag time from planting to the start 
of actual plantlet growth (see §2.2.2); the model requires to initialize the plant status in 
terms of LAI , biomass, nitrogen status, rooting depth and root density profile.

The assumed precision for sowing depth is 3 cm, since the soil conditions prevailing 
for emergence are those found in the 3 cm layer above and below the prescribed sowing 
depth. However this variation in depth does not affect emergence: all the plants that 
succeed in emerging do so at once.

The model also needs information about the geometrical pattern of the crop, which 
is very important for radiation interception. It is either homogeneous or in rows. In the 
latter case, geometrical parameters are required, such as the interrow distance and the 
row orientation (see §3.2). 

A companion crop can also be simulated such as grass in vineyards: in this case the 
system is simulated as an intercropping system (see §10.3).

6.1.2  Simulation of the decision to sow

It is possible either to prescribe the sowing date (IPLT
T 
) or to calculate it (IPLT ) from 

rules to do with the weather and soil water status.
In the case of calculation, a period when sowing is allowed is defined as the interval 

[IPLT
T  
, IPLT

T
 + NBJMAXAPRESSEMIS

T 
]. Three criteria are then taken into account to 

postpone sowing within the previously defined sowing period.
• The soil must be wet (above wilting point in the seedbed = PROSEM

T 
 ± 2 cm) 

and warm enough (TAIR  above TDMIN
P  

for several days to allow significant growth: 
NBJSEUILTEMPREF

T
) to avoid germination delays or failure of plant emergence (see 

§ 2.2.1)
• The risk of freezing must be low: TMIN  above TDEBGEL

P 
for NBJSEUILTEMPREF

T 

days
• The soil must be dry enough to avoid compaction risks: the soil water status is 

considered as damaging if it is above HUMSEUILTASSSEM
T 
 x HUCC  in the zone 

between the surface and PROFHUMSEM
T 
 (see § 6.5.2).

6.1.3  Yield regulation

Yield regulation is generally used for high value production such as tomatoes or 
grapevines. It can be done either by foliage regulation or by fruit removal.

6.1.3.a  Foliage regulation by topping or leaf removal

If the plant exhibits indeterminate growth, a trellis system may be required, which can 
be simulated by imposing a maximal height and width: HAUTMAXTEC

T  
and LARTEC

T  
.

Topping only concerns crops having a row structure and consists in restricting growth 
in terms of height (HAUTROGNE

T 
) and width (LARGROGNE

T 
) of the structure. In order 

to ensure the efficiency of this technique, a minimum topped shoot biomass threshold 
must be observed (BIOROGNEM

T 
). The topped biomass and the corresponding LAI  

are subtracted from the biomass and LAI of the plant. The calculation of this topped 
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LAI (LAIROGNECUM ) and biomass relies on the foliage density DFOL  (eq. 3.24), the 
specific surface area of biomass, SBV  (eq. 6.1) using the variable SLA  (eq. 3.15):

eq. 6.1

( ) ( )
PETIGEFEUILL

ISLA
ISBV

+
=

1

Topped biomass is recycled in the soil nitrogen balance. Two topping calculations 
may be employed. With automatic calculation, topping occurs as soon as the plant height 
exceeds HAUTROGNE

T
+ MARGEROGNE

T
.  The other possible calculation is done at an 

imposed date, JULROGNE
T 
. 

Unlike topping, which is characterised as a function of the canopy geometry, leaf 
removal (LAIEFFCUM)  is expressed directly by reducing the leaf area index, also 
according to two possible methods. With the automatic calculation, a constant proportion 
(EFFEUIL

T
)  of the new foliage generated each day ( )IDELTAIEFFEUILT ⋅  is removed 

as soon as the LAI r eaches a threshold value (LAIDEBEFF
T
).  The other possible calcula-

tion is done on only one occasion, on day JULEFFEUIL
T 

a nd the quantity LAIEFFEUIL
T
 

i s removed. The corresponding biomass is calculated from the specific leaf area (SLA) 
 and deducted from the biomass of the plant. Another option concerns the location of leaf 
removal: the top or bottom of the canopy, which affects the radiation and water balances 
of crops in rows.

6.1.3.b  Fruit removal

Fruit removal occurs on day JULECLAIR
T 
 and the prescribed parameter is the number 

of fruits or inflorescences removed per plant (NBINFLOECL
T 
). For mono-inflorescence 

plants the removed fruits are the younger ones (taken from the first “boxes”) while for 
multi-inflorescence plants, the removed fruits are taken from the “boxes” (see §4.2).

6.1.4  Harvest

6.1.4.a  Harvest policy

There are two methods of harvest for both types of plant: either cutting (the entire 
plant is cut and removed or incorporated into the soil) or picking (only the fruits are 
picked). There may be several cuts (e.g. forage crops) or pickings (e.g. fruit crops with 
a spread of maturity).

6.1.4.b  The particular case of forage crops

Forage crops can be cut using one of the three following methods.
• With automatic calculation, as soon as the crop reaches the stage defined by 

the STADECOUPEDF
T 
 parameter, it is cut at the cutting height corresponding 

to HAUTCOUPEDEFAUT
T  
, transformed into biomass using the COEFMSHAUT

P 
 

 conversion parameter.
• With imposed dates, a table of different cutting dates is entered, associated with 

the following elements: HAUTCOUPE
T 
 (cutting height) or LAIRESIDUEL

T 
 and 
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MSRESIDUEL
T 
 and ANITCOUPE

T 
 (LAI , biomass and fertilisation at cutting respec-

tively). If these data cannot be supplied, they are calculated based on the cutting height 
using the COEFMSHAUT

P 
 conversion coefficient and the height/LAI ratio using 

eq. 3.17.
• A similar calculation can be made at imposed physiological dates, the cutting dates 

being defined by cumulative development units.

6.1.4.c  The particular case of protracted picking

Protracted maturity occurs for indeterminate crops with a long period of fruit setting 
(parameter STDRPNOU

P 
) and can lead to a spread of harvest (e.g. tomatoes). The first 

harvest starts at physiological maturity of the first fruit cohort (passage into the last box) 
and the data used for summary outputs are those of the last ripe fruits. The number of 
cuttings and the spread of the harvest depend on the rate of picking (CADENCEREC

T 
) as 

a number of days between two successive pickings. If the rate is too rapid with respect to 
the rate of fruit growth, then the harvest is delayed until ripe fruits appear again (in other 
words, fill the last box of the growth-development period of fruits). 

6.1.4.d  Simulation of the decision to harvest

The decision to harvest can be taken as a function of crop maturity status but it can 
also rely on other considerations such as soil water status, sanitary or even economic 
considerations.

The crop maturity-dependent harvest date depends on one of the following criteria:
– physiological maturity (end of growth-development period)
– maximum water content in fruit which exhibit dehydration dynamics 

(H2OGRAINMAX
T 
) or minimum water content in fruit that exhibit hydration dynamics 

(H2OGRAINMIN
T 
) from the onset of water dynamics (IDEBDES  stage)

– minimum sugar content in fruit ( SUCREREC
T 
)

– minimum nitrogen content in fruit (CNGRAINREC
T 
)

– minimum oil content in fruit (HUILREC
T 
)

If the soil is too wet at this date, it is possible to postpone harvest to avoid compaction. 
In that case a period (in number of days) after the crop-dependent harvest date is defined 
(NBJMAXAPRESRECOLTE

T 
) during which the average soil water over the depth 

affected by the harvesting machinery (PROFHUMREC
T 
) is tested. This soil water status 

is considered as damaging if it is above HUMSEUILTASSREC
T 
 x HUCC  in the zone 

between the surface and PROFHUMREC
T
 (see § 6.5.2). Yet this delay cannot exceed 

IRECBUTOIR
T 
 which is the latest date for harvesting. The reasons for IRECBUTOIR

T 

are various: risks of sanitary problems, necessity to free the field for the following crop 
or economical constraints. 

6.1.5  Pruning

Winter pruning is used for perennial woody crops like grapevine. On the prescribed 
day of winter pruning (JULTAILLE

T 
), the structural mass of stems plus the mass of 

leaves still on the plant are allocated to the MABOIS  variable and removed from the plant 
so that the following cycle starts with the reserves only.
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In the model there is no relationship between pruning and the inflorescence or fruit 
number that develop the following spring (NBINFLO

P 
 or AFRUITSP

V 
), which are 

predicted independently. In reality pruning is also a technique to regulate yield through 
the number of remaining buds.

6.2  Soil water supply

The quantity of water reaching the soil is attributable to rain or irrigation, after 
passage through vegetation and losses by surface runoff. Rain plus irrigation which 
penetrates into the soil is called PRECIP .

6.2.1  Irrigation

The amounts of water applied can be entered from an irrigation calendar or calculated 
by the model.

In the latter case, the model automatically calculates water inputs so as to satisfy 
water requirements at the level of the RATIOL

T 
 parameter: the model triggers irrigation 

each time the stomatal stress index (SWFAC)  is less than RATIOL
T 
. Irrigation amounts 

(AIRG ) are then calculated so as to replenish the soil water reserve (HUR ) to field 
capacity (HUCC ) down to the rooting front (ZRAC ) without exceeding the maximum 
dose authorised by the irrigation system (DOSIMX

T 
). At the time of sowing, whatever 

the soil reserve status, a fixed value of about 20 mm (IRRLEV
G 
 parameter) is supplied 

to the crop if it has not rained, to enable germination.

eq. 6.2

( ) TRATIOLISWFAC < ( ) ( ) ( )
()

∑
=

−=
IZRAC

IZ
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( ) TDOSIMXIAIRG > ( ) TDOSIMXIAIRG =

if ,

if ,

Depending on the irrigation system used, water may be applied above or below the 
foliage or in the soil at a given depth (LOCIRRIG

T
) in tended to mimic drip irrigation. In 

the case of irrigation below the foliage, water supply is not submitted to the mechanism 
of rainfall interception by the foliage. In the case of underground irrigation, water supply 
is also withdrawn from the soil evaporation calculation.

EFFIRR
T 

is  a proportion parameter standing for irrigation efficiency, which makes 
it possible to empirically account for water losses during irrigation. It is applied as a 
 multiplier to each irrigation amount.

6.2.2  Interception of water by foliage

Interception of water by foliage concerns rainfall (TRR ) and irrigation above foliage 
(AIRG ) systems: if irrigation water is provided by drip irrigation or micro-irrigation 
under the plant canopy, this mechanism does not occur. The persistence of water on the 
foliage, directly subjected to the evaporative demand of the surrounding atmosphere, 
may, as it evaporates, significantly reduce the saturation deficit within the canopy 
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and thus affect the water requirements of the crop. In humid, tropical environments, 
the frequency of rainfall combined with a high evaporative demand (mainly radiative) 
means that this phenomenon has a marked effect on the water balance (Brisson et al., 
1998b). Similar reasoning can be applied in summer to irrigated crops in temperate and 
Mediterranean climates.

The importance of runoff down stems, or STEMFLOW  needs to be evaluated so as to 
not overestimate the retention of water on foliage. Based on the work by Bussiere (1995), 
stemflow is considered as a priority and is estimated in proportion to incident rainfall 
(TRR +AIRG ) with a maximum given by STEMFLOWMAX

P  
, as an increasing function 

of leaf area index (eq. 6.3).

eq. 6.3

( )
( )( )[ ] ( ) ( )[ ]IAIRGITRRILAIKSTEMFLOW

XSTEMFLOWMAISTEMFLOW

P

P

+⋅⋅−−
=

exp1

The STEMFLOWMAX
P
  parameter may vary from 0.2 to 0.5, depending on species. 

The KSTEMFLOW
P
  parameter is less well known: it can initially be taken to equal the 

solar radiation extinction coefficient (EXTIN
P
) .

Water which does not flow away via stemflow is partly retained on the foliage 
(MOUILL) , up to a maximum value which is proportional to the LAI.  The parameter 
for the proportionality, or leaves wettability, is called MOUILLABIL

P
  (in mm LAI–1). It 

depends on leaf surface properties: shape, texture, pilosity. It is available either by direct 
measurement or indirectly by solving the water balance equation (examples of values are 
given in Table 6.1). This water is then evaporated like free water (flux EMPD  explained 
in § 7.2).

Table 6.1.  Values of wettability for various plants.

Plant Forage grass Maize Sorghum Gliricidia Banana

Indirect estimate 0.27 0.27 0.28 0.23 0.68

Direct measurement – – – 0.17 (± 0.03) –

6.3  Net nitrogen supply

The inorganic N pool in soil can be replenished by the addition of synthetic fertilizers 
(called ‘mineral fertilizers’), by organic fertilizers which contain significant amounts 
of mineral N (for example: pig slurry, distillery vinasse, etc.), by rainfall or irrigation 
water.

The N inputs derived from rain and irrigation are summated in the variables 
AMMSURF  (inputs of NH

4
+-N) and PRECIPN  (inputs of NO

3
–-N). The N inputs derived 

from mineral fertilizers (NH
4
+ + NO

3
–)-N and from the inorganic fraction of organic 

 fertilizers are summated in the variable TOTAPN .
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6.3.1  N inputs from rain and irrigation

The N inputs by rainfall (PLUIEN , in kg ha–1) are the product of the amount of rain-
fall (TRR , in mm) and its mean concentration in mineral N (CONCRR

G 
, in kg ha–1 mm-1). 

A mean concentration of 1 mg L–1 corresponds to 0.01 kg ha–1 mm–1. The N input from 
rainfall occurs at the soil surface and is assumed to consist in 50% of NH

4
+ and 50% of 

NO
3
–.
The N inputs due to irrigation water (IRRIGN , in kg ha–1) are also the product of the 

amounts of water (AIRG , in mm) and its mean concentration, defined in the technical file 
(CONCIRR

T 
, in kg ha–1 mm–1). The N input is located either at the soil surface or at the 

depth LOCIRRIG
T 
 if the option ‘localised irrigation’ is activated (CODLOCIRRIG

T 
 = 3). 

The mineral N in the irrigation water is assumed to be exclusively in the form of NO
3
– .

6.3.2  N inputs from mineral fertilisers

The N inputs from mineral fertilizers can be applied either at the soil surface 
or at a given depth (LOCFERTI

T 
) if the option ‘localized fertilization’ is activated 

(CODLOCFERTI
T
 = 2).

We consider 8 different types of mineral fertilizers. As a simplification, urea is treated 
as an ammonium fertilizer since its hydrolysis to ammonium carbonate is a very fast 
process (e.g. Recous et al, 1988; Hah, 2000). The main characteristics of these fertilizers 
are given in Table 11.12. The fraction of ammonium (or ammonium formed from urea) 
contained in the fertilizer (ENGAMM

T 
) is used when the option ‘nitrification’ is activated 

(in this case, the NH
4
+ and NO

3
– forms are distinguished; CODENITRIF

G 
 = 1), which is 

justified in acid soils (pH < 5.5). The other variables are defined in the following paragraph.

6.3.2.a  Nitrogen use efficiency

The (potential) nitrogen use efficiency (EFFN ), i.e. the fraction of fertilizer N avail-
able for plant uptake, can be either imposed or calculated by the model. If EFFN is 
fixed, the mineral fertilizer type 8 must be chosen and its nitrogen use efficiency must be 
defined in the general parameter file. Part of the fertilizer is considered to be unavailable 
for the plant because it is either immobilized in soil by microbial activity, denitrified 
or volatilized. The efficiency EFFN is the complement of these ‘losses’ to 1. It must be 
noticed that nitrate leaching is not included in these losses since it is simulated directly 
by the nitrate transfer module.

The nitrogen use efficiency can be measured either by the difference in plant uptake 
between a fertilized and an unfertilized treatment, relative to the fertilizer rate, or by the 
15N method (which gives the recovery of a 15N-labelled fertilizer in the crop directly). The 
first method often gives higher values than the second; the difference is mainly attrib-
uted to substitution effects occurring between soil and fertilizer-N (Recous et al., 1997). 
In the STICS model the efficiency is intermediate between the two methods because it 
considers all sources of losses except fertilizer leaching.

The calculation of losses is based on the concept of competition between the soil 
and the crop. Indeed Limaux et al. (1999) have shown that the nitrogen use efficiency 
depends on the crop growth rate at the time of fertilizer application. The greater the 
growth rate, the higher is the N use efficiency. Since nitrate leaching from fertilizer is 
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usually negligible, the higher efficiency is attributed to smaller gaseous losses (denitrifi-
cation and volatilization) from the fertilizer.

In STICS these losses are assumed to depend on nitrogen uptake rate immediately 
before fertilizer application (VABSMOY , in kg N ha–1 day–1). The parameters DENENG

G  

(f) and VOLENG
G  

(f) characterize the maximal amounts of N losses for each fertilizer 
type ‘f’, by denitrification and volatilization, respectively (Table 11.12). The potential 
gaseous losses (denitrification and volatilization) are assumed to be proportional to the 
N fertilizer rate ANIT  (kg N ha–1). The actual losses depend on the nitrogen uptake rate 
(VABSMOY) recorded in the five days before fertilizer application, through a hyperbolic 
relationship. The N loss through denitrification (N

2
+N

2
O) is NDENENG  (eq. 6.4).

eq. 6.4
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The parameter VABS2
G
  corresponds to the crop uptake rate (kg N ha–1 day–1) at which 

losses reach 50% of their maximum.
The N loss through NH

3
 volatilization (NVOLENG)  is calculated similarly, but it also 

depends on soil pH: it increases linearly when the pH (PH
S
)  increases from PHMINVOL

G
 

 to PHMAXVOL
G
 (eq. 6.5 and eq. 6.6): 

eq. 6.5
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Concerning N immobilization, studies made with 15N-labelled fertilizers have shown 
that the microbial immobilization of N derived from fertilizer depends mainly on the 
N rate and the type of fertilizer (Powlson et al., 1986; Bronson et al., 1991; Recous 
et al., 1992; Recous and Machet, 1999; Limaux et al., 1999). Using these published 
data, we have derived a quadratic relationship between the amount of N immobilized 
(NORGENG, i n kg N ha–1) and the fertilizer N rate (eq. 6.7):

eq. 6.7
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Figure 6.1.  Relationship between N immobilised in soil at the expense of N fertilizer and the 
amount of fertilizer-N added, for three types of 15N labelled mineral fertilizers. References: [1] 
Recous & Machet (1999); [2] Limaux et al. (1999); [3] Bronson et al. (1991); [4] Powlson et al. 
(1992); [5] Recous et al. (1992).

The parameter ORGENG
G 

(f)  represents the maximal amount of microbial immobi-
lized N from the fertilizer type f and XORGMAX

G
 is  the N rate at which this maximum 

is reached. Both are expressed in kg N ha–1 (Table 11.12).
An example of overall N balance predicted by the model versus N uptake rate is 

shown in Figure 6.2. 

Figure 6.2.  Predicted fate of fertilizer-N in the soil-plant-atmosphere system versus crop uptake 
rate at the time of fertilizer application. The example applies to UAN fertilizer added at the rate of 
100 kg N ha–1 in a soil with a pH of 7.5. 

The fertilizer N losses through immobilization and volatilisation are always calculated 
as indicated above. However the N losses through denitrification (from soil and fertilizer) 
can be calculated more mechanistically by activating the option CODEDENIT

G
. In  this 

case, denitrification is calculated according to NEMIS model (see § 8.5).
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Finally, it is also possible to impose a fixed efficiency by choosing fertilizer type 8 
(Table 11.12). In that case, the microbial immobilization, the volatilization and the deni-
trification are fixed and expressed in % of fertilizer-N. The efficiency is the complement 
of these values to 1.

Whatever the chosen options, the final N use efficiency is calculated from eq. 6.18:

eq. 6.8
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6.3.2.b  Fertilisation calendar

Similarly to water applications, fertilizer N applications can be either prescribed 
(option generally used) or calculated by the model. 

• Using the prescribed fertilization option, the model accounts for the fertilization 
calendar given by the user as a technical input: date of application, N rate and type of 
fertilizer.

• Using the calculated fertilization option; the model calculates the N applica-
tions required to maintain the nitrogen nutrition index (INN ) above a given threshold 
(RATIOLN

T 
). Two other conditions must be fulfilled:

1. The N uptake by the crop needs to be a limiting factor, i.e. the soil supply 
(CUMOFFRN ) must be lower than the plant demand (DEMANDE ). This condition is 
essential because INN  characterizes a plant status which can remain N deficient for a 
long time even though root uptake is maximal. It is no use applying N that the plant 
cannot absorb when its uptake rate is maximal.

2. The soil must be wet enough in order to allow water and nitrate transport towards 
the roots. Two technical options are proposed to fulfil this condition: either a test on rain-
fall (PRECIP  > PLNMIN

G
,) or a test on water availability in the upper soil layer (HUR  

(1) ≥ HUCC  (1)). 
Since INN  can be greater than 1, the threshold RATIOLN

T  
can be set at a high value, 

for example 1.4 or 1.8, in order to mimic early applications of fertilizer which occur in 
favourable conditions for plant uptake. The calculated N rate (eq. 6.19) is the difference 
between the maximal amount of N in the crop (QNPLMAX , calculated from the maximal 
dilution curve, see § 8.6) and the actual amount of N, divided by the N use efficiency 
EFFN . It is limited by a maximal N rate (DOSIMXN

T 
).

eq. 6.9
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6.3.3  N inputs from organic residues

The N inputs from organic residues arrive onto the soil either under mineral form 
(mainly as NH

4
+) or under organic form. The mineral fraction enters the soil mineral 
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pool and is submitted to NH
3
 volatilization, nitrification, leaching and plant uptake. The 

organic fraction decomposes more or less rapidly and mineralizes its C and N according 
to the decomposition module (see § 8.2). The module is generic and can simulate most 
types of organic residues. Eight categories are considered: 1) mature crop residues 
(straw, roots), 2) catch crop residues (young plants), 3) farmyard manures, 4) composts, 
5) sewage sludges, 6) distillery vinasses, 7) animal horn and 8) others.

The net mineralization (positive or negative) due to the addition of these residues 
depends on the category and the C/N ratio of the residue. The characteristics of each 
organic residue are defined in the technical file: category, depth of incorporation in soil, 
amount of fresh matter added, carbon content, C/N ratio, water content and mineral N 
content. Default values are proposed (see Table 11.13).

In the case of chained simulations (see § 10.2), the characteristics of the crop residues 
returning to the soil are simulated by the model and are taken into account automatically 
in the next simulation (see § 6.3.4).

Leaves falling onto the soil (the proportion of senescent leaves falling is ABSCISSION
P 
) 

during crop growth are taken into account by the model as this phenomenon can be 
important (e.g. rapeseed due to winter frost). Their decomposition at the soil surface is 
simulated by the decomposition module (category 2, residues of young plants). The C/N 
ratio of leaves when they fall off is calculated from the nitrogen nutrition index of the 
whole crop (eq. 6.20) and relies on a plant parameter (PARAZOMORTE

P 
), as proposed 

by Dorsainvil (2002):

eq. 6.10

( ) ( )IINN

PARAZOFMORTE
ICNRESIDU P=

Organic matter decomposition is also affected by the soil tillage operations. The 
effects of tillage are twofold: i) mixing the newly added organic residues and remixing 
the previous ones which are decomposing; ii) modifying the environmental conditions 
of decomposition: temperature, soil water content and particularly mineral N availability, 
which may have a feedback effect on decomposition.

6.3.4  Crop residues for the following crop

The calculation of crop residues returning to the soil for the following crop, in terms 
of quantity (QRESSUITE ) and quality (CSURNRESSUITE ), relies on the parameter 
RESSUITE

T 
, defining four possible management practices according to the plant fraction 

remaining in the field and then incorporated into the soil: 
• roots (RESSUITE

T 
=”RACINES”) when harvesting, for example, lettuce or textile 

flax,
• straw and fine roots (RESSUITE

T 
=”PAILLES”) when harvesting cereal grains or 

sugar-beet taproots or potatoes,
• stubble and fine roots (RESSUITE

T 
=”CHAUMES”) when harvesting cereal grains 

and straw together or silage maize or cutting meadow,
• whole crop (RESSUITE

T 
=”CULTURE”) corresponding to catch crops, green 

manure or crop volunteers. 
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The mineralization parameters (see Table 11.13) correspond to the first type of 
residue (CODERES

T 
 =1) except for the last practice (CODERES

T
 =2). Plant residues 

are assumed to remain at the soil surface until being buried by the following soil tillage, 
except for pure roots which are assumed to be located between the surface and the 
PROFHUM

S 
 depth.

In all cases the fine root biomass (MSRAC ) calculation is required, which is done 
differently according to the option chosen for root profile (see § 5). For the standard 
profile (see § 5.2.1), root biomass is assumed to be a fixed proportion of shoot biomass 
(parameter PROPRAC

G 
 affected to 0.20 by default) in eq. 6.11.

eq. 6.11

G
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For the true density profile (see § 5.2.2), root biomass is calculated according to the 
total root length (living and dead) in eq. 6.12:

eq. 6.12
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The quantities of residues (QRESSUITE,  in t DM ha–1) left on the soil at harvest are 
calculated according to eq. 6.13:

eq. 6.13
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The nitrogen content of the returned residues is CNPLANTE fo r the whole plant 
(option RESSUITE=‘CULTURE’) and CNPAILLRAC fo r the other options (eq. 6.14):

eq. 6.14
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6.4  Physical soil surface conditions
This section is devoted to the characterisation of the soil surface conditions in order to 

predict their effects on the water and heat balances of the soil-crop system. Those effects 
will be integrated to the calculations of water requirements, water and heat transfers in 
the § 7 and 9. However in order to make it easier to understand the formalisations used 
in these processes, we explain below the modifications induced by taking account of soil 
surface conditions.

Soil surface conditions are characterised by soil and technical parameters. One of 
them is the soil albedo under dry conditions (ALBEDO

S 
). Another is the run-off coeffi-
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cient (RUISOLNU
S 
), giving the proportion of rainfall submitted to run-off which occurs 

when the soil is bare and when rainfall exceeds a given threshold (PMINRUIS
G 
). These 

parameters summarize the effects of soil slope and roughness on surface run-off, which 
are assumed to be constant throughout the simulation. The model also needs to know 
whether a plant or plastic mulch is present. In the case of plant cover, the user is requested 
to specify the amount of plant mulch supplied (QMULCH0

T 
), the day it was applied 

(JULAPPLMULCH
T 
) and the type of mulch (1 = maize stalks, 2= others which have 

not yet been parameterized). This mulch typology refers to a set of general parameters 
defining the mulch water retention and decomposition dynamics. In the case of a plastic 
cover, the user is requested to specify the albedo of the plastic cover, which is related to 
its colour (ALBEDOMULCH

G 
),  and the proportion of soil cover (COUVERMULCH

T 
).

There are six processes to model, the first three of which are devoted to plant 
mulching, which is the theme of this section:

1. the dynamics of plant mulch and proportion of soil cover,
2. the modification of surface run-off due to the presence of obstacles located on the 

soil surface, 
3. the water interception by the mulch and its direct evaporation (in relation to the 

energy balance calculations in § 6.6.1),
4. the decrease in soil evaporation induced by the presence of mulch (see § 7.1),
5. the effects of these modified fluxes on the plant’s water requirements (see § 7.2) ,
6. the modifications to crop temperature linked to changes in the fluxes and albedo 

of the soil surface (see § 6.6.1).
In order to give an order of magnitude to the above-mentioned effects of mulch, 

described in detail later, an example is given in Table 6.2. The increase in mineralization 
is simply due to the increase in soil temperature.

Table 6.2.  Simulated effects of the presence of a mulch on the various processes involved in the 
water and nitrogen balances, and their consequences on yield. The case study is a sugar cane crop 
growing in Guadeloupe on a vertisol (1330 mm of rainfall during the season) with the maize mulch 
parameters proposed by Scopel et al. (1998).

Bare soil
Plant mulch

0.5 t/ha
Plant mulch

5 t/ha
Black plastic

mulch

Yield (t/ha) 25 35 40 31

Plant transpiration (mm) 540 839 967 800

Soil evaporation (mm) 382 317 171 99

Mulch evaporation (mm) 0 14 135 0

Drainage (mm) 98 120 212 108

Surface run-off (mm) 492 217 25 492

Mineralisation (kg N/ha) 139 171 182 172

The link between the physical role of the plant mulch accounted for here and its 
chemical role of carbon and nitrogen mineralisation is not programmed yet. To account 
for this chemical role, it is essential to also consider the mulch as a crop residue left on 
the soil surface, and to define its chemical composition with appropriate parameters (see 
§ 6.3.3).
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6.4.1  Quantity of plant mulch and proportion of soil cover

Mulch decomposition dynamics relies on the work by Scopel et al. (1998) 
and is a decreasing function of time (eq. 6.15) using the decomposition parameter 
DECOMPOSMULCH

G  
(in day–1), one of the typological mulch parameters.

eq. 6.15

DECOMPOSMULCH( ) ( )JULAPPMULCHI
T

GeQMULCHIQMULCH = 0 − −

The proportion of soil covered by mulch (COUVERMULCH)  is also exponen-
tially related to the quantity of mulch (QMULCH,  in t ha–1), using the parameter 
KCOUVMLCH

G  
(eq. 6.16). Scopel et al. (1998) gave DECOMPOSMULCH

G
= 7 10–3 

day–1 and KCOUVMULCH
G
 ranging from 0.092 to 0.367, depending on the type of plant 

residue (entire plant, fresh or decomposed, stalks). This parameterization indicates that the 
type of plant residue affects both the proportion of soil cover and the rate of decomposition 
(Figure 6.3). As for plastic mulching, COUVERMULCH is constant and treated as a tech-
nical parameter.

eq. 6.16

For plastic mulching

−( ) ( )IQMULCHKCOUVMLCHGeIHCOUVERMULC ×= 1 −
( ) THCOUVERMULCIHCOUVERMULC =

For plant mulching

Figure 6.3.  Variation in the proportion of the soil covered by a plant mulch, whose quantity 
(QMULCH in  t DM ha–1) decreases as a function of the type of the crop residue given by the 
parameter KCOUVMULCH

G 
(a high value for entire fresh plants and a low value for cut stalks)

6.4.2  Surface run-off 

We separate “surface” run-off associated with soil surface conditions (RUISSELSURF ) 
and the run-off associated with a lack of soil infiltrability; the latter is simulated by the 
water and nitrogen transfer (see § 9.2). We calculate the FRUIS variable (eq. 6.18), which 
is the proportion of run-off water above the activation threshold (PMINRUIS

G 
) as given 

in eq. 6.17.
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eq. 6.17
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For values between QMULCH  = 0.1 and QMULCH=QMULCHRUIS0
G
  (another 

typological mulch parameter), we use the relationship established by Scopel et al. (1998) 
to calculate FRUIS: above QMULCHRUIS0

G
, FRUIS is zero, and below 0.1 we take the 

value of RUISOLNU
S
  (see Figure 6.4).

eq. 6.18
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Figure 6.4.  Proportion of runoff water as a function of the soil surface (RUISOLNU
S
)  and the 

plant mulch (QMULCHRUIS0 and QMULCH)

The effect of the presence of vegetation above the soil (LAI)  is taken into account via 
mechanisms for the flow of water along stems (STEMFLOW)  as the FRUIS proportion only 
applies to the amount of water not involved in STEMFLOW. 

6.4.3 Modification to water balance induced by the mulch

6.4.3.a Interception of water by mulch

The maximum water reserve of the plant mulch (MOUILLMULCH ) is defined 
(eq. 6.19) as being proportional to its quantity (QMULCH ), involving the mulch-depen-
dent parameter of wettability (MOUILLABILMULCH

G 
) that can range between 0.22 and 

0.38 mm t–1 ha (Scopel et al., 1998). The amount of water retained is limited by the incident 
rainfall minus the surface run-off.
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eq. 6.19

( ) ( )IQMULCHMULCHMOUILLABILIHMOUILLMULC G ×=

The amount of water directly evaporated from the mulch (EMULCH)  can be calculated 
in two ways, using either the reference evapotranspiration (eq. 6.20) given in the weather 
input file (TETP  intended to be the Penman value) or the raw weather variables including 
wind speed and air humidity. EMULCH is limited by MOUILLMULCH: 

eq. 6.20

( ) ( ) × ( ) − ( ) ( )I× LAI2.− 0EXTINPeIHCOUVERMULCITETPIEMULCH =
or if cover rate is used instead of LAI

( ) ( ) ( ) ( )( )ITAUXCOUV1 −ITETPIHCOUVERMULCIEMULCH ⋅⋅=
 and

( ) ≤ ( )IHMOUILLMULCIEMULCH

In the first case, it is assumed that the water contained in mulch evaporates in 
the same way as from a grass canopy, according to a resistance/height compensation 
phenomenon. This last concept corresponds to the “extinction of energy at the soil level” 
by the vegetation (as is the case for soil). If the EXTIN

P
 par ameter is not active (because 

the radiation intercepted by the canopy is calculated with the radiation transfer model and 
not by the Beer law approach as explained in § 3.2), the value is recalculated and varies 
depending on the crop geometry and the quality of radiation.

In the second case the Shuttleworth and Wallace formalisation is applied as explained 
in § 7.2.2, and EMULCH eva porates in the same way as free water located at the soil 
level and receiving energy. It takes account of the proportion of soil covered by the mulch 
(COUVERMULCH).

 In both cases EMULCH is  limited by the amount of water intercepted by the vegetal 
mulch, MOUILLMULCH

6.4.3.b Modificati on to soil evaporation due to the presence of mulch 

Incident energy at the soil level under the mulch is linearly related to the proportion 
of soil covered, which considerably reduces direct soil evaporation. In the option using the 
reference evapotranspiration as an input, the relationship is directly applied to the potential 
soil evaporation (EOS) as given in eq. 6. 21, while it is applied to the radiation balance in the 
option using Shuttleworth and Wallace formalisation (see § 7.1).

eq. 6.21

( ) ( ) ×( ( )) − ( ) ( )I× LAIEXTINPeIHCOUVERMULCITETPIEOS = 2.− 01 − 

6.4.3.c Modification to crop requirements due to the presence 
of a mulch 

If the Shuttleworth and Wallace formalisation is used, EMULCH contributes to a 
red uction in the saturation deficit (DOS) in the same way as  direct soil evaporation and 
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the evaporation of water intercepted by the foliage (see § 7). If the “reference potential 
evapotranspiration” approach is adopted, EMULCH also reduces the evaporative demand 
according to an empirical formula given in § 7.2.

6.4.4 Modification of crop and soil temperatures by the presence 
of a mulch

First the mulch influences the temperature regime through the modification of the 
soil surface albedo as defined in eq. 6.24, using the parameter ALBEDOMULCH

G
. 

Secondly the total  evapotranspiration from the soil-plant system (evaporation + transpira-
tion), to which is applied the energy balance, accounts for evaporation from the mulch. 
Taken together, these two elements modify the crop temperature. This modification is of 
particular importance in the case of plastic mulch.

6.4.5 Influence of soil crusting on emergence

The presence of a crust at the soil surface can hinder emergence: it is taken into 
account by decreasing the emerged plant density and increasing the emergence time (see 
§ 2.2.1).

6.5 Soil structure modification

6.5.1 The soil structure in STICS

Only very recently has the soil structure been considered as a possible impermanent 
soil character in STICS (Richard et al., 2007). The parameters accounting for the struc-
ture of each soil layer are the bulk density (DAF

S 
 in g cm–3) and the infiltrability (INFIL

S 
 

in mm day–1) at the base of the layer (see Table 11.7). We also define the structural 
porosity (or macroporosity) as the complement of textural porosity (or microporosity) in 
the total porosity, assuming that field capacity defines the microporosity. If the assump-
tion of the invariability of structure parameters in deep horizons is relevant, it is not 
the same for those layers whose structure is affected by ploughing, compaction by the 
farmers’ machines or weather. 

Table 6.3.  Values of parameters linked to the bulk density of the ploughed layer of soils of the 
Paris Basin, established from the data taken from Mumen (2006) and Viloingt (2005).

DAS in en g cm–3 INFILS in mm d–1 ZESX
S
 in cm Q0

S
 in mm FMIN1

G
 in %

1.1 5.2 19 5.4 100

1.2 4.5 – – –

1.3 3.5 – – –

1.4 2.8 – – –

1.5 2.0 – – –

1.6 1.3 35 1.5 80
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Moreover it was demonstrated for a loamy soil of the Parisian Basin that other param-
eters are not independent from the structural parameters (Richard et al., 2007). This is the 
case for parameters driving evaporation: ZESX

S 
 and Q0

S 
 and for the potential mineraliza-

tion rate FMIN1
G  

(Table 6.3).

6.5.2 Compaction as influenced by sowing and harvesting machines 

It was assumed that the machines likely to cause severe compaction are only those 
involved in sowing and harvesting operations. The parameters involved, for sowing 
and harvesting separately, are the average soil water content above which compaction 
occurs (HUMSEUILTASSSEM

T 
 and HUMSEUILTASSREC

T 
 in proportion to the field 

capacity), the soil depth affected (PROFHUMSEM
T 
 and PROFHUMREC

T 
 in cm) and 

the resulting bulk density (DASEM
T 
 and DAREC

T 
 in g cm–3). The maximum effect of 

compaction is in the two top soil layers. The relationships between these parameters and 
the nature of the soil machinery could be linked in the future with more mechanistic 
knowledge of soil mechanics (Defossez et al., 2003). 

In the model, compaction results in an increase in bulk density, a decrease in layer 
thickness and a decrease in their infiltrability. This last effect relies on the data given 
in Table 6.3. In the absence of more consolidated data, the effects on ZESX

S 
 and Q0

S 
 

were not introduced. Also the soil surface roughness (Z0SOLNU
S 
) is assumed not to be 

affected.
The modification of the soil geometry has repercussions on water and nitrogen profiles: 
a conservation of the intra-layer amounts is assumed with uniform partitioning within 
each layer.

6.5.3 Fragmentation under the effects of soil tillage implements

Soil tillage implements, whether or not they invert the soil, fragment it, leading to a 
decrease in bulk density. Depending on the type of tool, this fragmentation concerns either 
a superficial layer (e.g. a surface tillage after harvesting) or the whole tilled layer (e.g. 
a mouldboard plough or a subsoiler). Consequently the soil description in layers should 
be in agreement with the various soil tillage operations carried out. For each tool, the 
resulting bulk density and roughness are defined as technical parameters. For instance for 
a chisel and a plough those parameters are DACHISEL

T 
=1.1 g cm–3, DALABOUR

T 
=1.3 g 

cm–3, RUGOCHISEL
T 
 = 0.001 m and RUGOLABOUR

T 
 = 0.01 m. The modification in 

bulk density affects infiltrability, water and nitrogen profiles, following the rules previ-
ously defined. So ploughing tends to increase soil evaporation by increasing its rough-
ness, but the water balance generally remains positive due to the increase in water storage 
as a consequence of greater infiltrability. The effect of soil tillage on the incorporation of 
crop residues is described in § 6.3.3.

Of course secondary effects of these management techniques appear on waterlog-
ging, denitrification, nitrate leaching, root growth and water stress, which require careful 
validation.
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6.6 Microclimate 

The system microclimate, i.e. its temperature and humidity, drives many processes 
taking place within the plant canopy: phasic development, photosynthesis, evapotrans-
piration etc. Moreover it provides the boundary conditions for the calculation of soil 
temperature and hence influences processes occurring within the soil, such as organic 
matter mineralization, plant germination etc. Hence the soil colour and dryness, through 
the soil albedo, can play a significant role on the speed of crop establishment, especially 
during the spring. 

Yet most crop models do not go into these details, using the standard measured 
weather variables as the driving variables (Brisson et al., 2006). Among the original 
components of STICS there is the calculation of the temperature and air humidity within 
the canopy from a daily energy balance, allowing the combined effects of weather and 
water balance to be accounted for.

The calculations of the energy balance with a daily time step, although questionable 
physically speaking, have already been done in the framework of an operational estima-
tion of the water requirements of crops (Smith et al., 1996). The daily crop temperature 
is assumed to be the arithmetic mean of the maximum and minimum crop temperature. 
Two calculation methods are proposed (depending on the availability of wind and air 
humidity input data): by using an empirical relationship from Seguin and Itier (1983) or 
by solving the energy balance. Both methods rely on the calculations of the daily sum of 
evaporative fluxes and net radiation.

6.6.1 Calculation of net radiation

Net radiation (eq. 6.22) takes account of the surface albedo (ALBEDOLAI ) applied 
to solar radiation (TRG ) and long wave radiation (RGLO ).

eq. 6.22

RNET (I) = (1 − ALBEDOLAI (I)) TRG (I) + RGLO (I)

6.6.1.a Albedo

The albedo of the surface (ALBEDOLAI)  varies between the soil value (ALBSOL)  
and the vegetation value (ALBVEG

G
)  which is equal to = 0.23 (Ritchie, 1985).

eq. 6.23

( ) ( )( ) ( )( )[ ]ILAIIALBSOLALBVEGALBVEGIALBEDOLAI GG 0.75exp= − − −

The soil albedo (ALBSOL)  varies as a function of soil type (ALBEDO
S
 o f dry soil), 

moisture in the surface layer, and the presence of any plastic or plant cover (see § 6.4.4). 
It decreases linearly with the water content of the surface layer (HUR)  according to a rela-
tionship established from experimental results obtained for different types of soil (HUCC 
a nd HUMIN b eing the water content at field capacity and wilting point respectively).
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eq. 6.24

( ) ( ) ( )
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Figure 6.5.  Variation in a loam-sandy soil albedo as a function of its surface characteristics: water 
content, colour (dry albedo of 0.18 for a dark soil or 0.28 for a clear soil) and bulk density (1.2 for 
a loose soil or 1.5 for a compacted soil).

6.6.1.b Long wave radiation

Two formula are proposed to calculate long wave radiation (RGLO in  MJ m–2) based 
on crop temperature (TCULT in  °C), the insolation fraction (FRACINSOL) an d the 
vapour pressure (TPM in mbars). Brunt’s formula (1932), given in eq. 6.27, is used in 
many applications in particular in Penman’s potential evapotranspiration formula (1948), 
while Brutsaert’s formula (1982), given in eq. 6.28, is supposed to be more precise 
(Guyot, 1997). It illustrates clearly the soil and atmospheric components of RGLO using 
the Stefan-Boltzman law and the emissivity of the atmosphere (EMISSA).

 The insolation fraction is estimated using Angström’s formula (eq. 6.26), the param-
eters of which are AANGST

G
= 0.1 8 and BANGST

G
= 0.6 2. Extraterrestrial radiation 

(RGEX) is  calculated using standard astronomic formulae (Grebet, 1993). If the vapour 
pressure is not available, it is estimated as the saturated vapour pressure at the tempera-
ture TDEW=TMI N – C ORRECTROSEE

C
. Th e saturated vapour pressure/temperature 

function (TVAR: eq. 6.25) is represented in Figure 6.6. The order of magnitude of the 
parameter CORRECTROSEE

C 
is

 
of a few degrees, from 0 for the wettest locations to 3°C 

for the driest ones. 
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eq. 6.25

( )
827.8

3

TDEW017453293.0
sin211070.6TDEWTVAR )( ⋅+⋅=

Figure 6.6.  Variation in the saturated vapour pressure as a function of temperature according to Alt 
(1978) referred to by Guyot (1997). The water status in the air is vapour represented by the point and 
the temperature corresponding to the same pressure on the curve is the dew temperature (TDEW).

F igure 6.7.  Visual evaluation of the estimate of the actual vapour pressure by the hypothesis 
TDEW=TMIN  in A vignon .

eq. 6.26
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eq. 6.27
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eq. 6.28
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In both calculations, compared in Figure 6.8, the crop temperature is subjected to an 
iterative convergence procedure (explained below), meaning that these calculations need 
to be performed several times in succession.

Figure 6.8.  Comparison of Brunt’s and Brutsaert’s formulae for the calculation of net radiation 
in Avignon.

6.6.2 Calculation of crop temperature

TCULT is assume d to be the arithmetic mean of the maximum crop temperature 
(TCULTMAX) and the  minimum crop temperature (TCULTMIN). Two cal culation 
methods are proposed, depending on the availability of weather data, using either an 
empirical approach or the energy balance.
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6.6.2.a Empirical approach

This method must be used when neither wind speed nor air humidity data are avail-
able. It is based on a relationship between midday surface temperature and daily evapora-
tion (Seguin and Itier, 1983), and allows the calculation of TCULTMAX (eq. 6.29 ) taking 
in account the parameterization from Riou et al. (1988).

eq. 6.29

( ) ( ) ( ) ( )
( )IZ

IET
IRNET

ITMAXITCULTMAX

0

1
ln

1.68
27.1

2.46
+= − −

( ) ( ) ( ) ( ) 001.00,001.0013.00 =⋅= ≤ IZIZifandIHAUTEURIZ

)(

RNET is the net  daily radiation in MJ m–2, ET the daily e vapotranspiration in mm and 
HAUTEUR the canopy  height (see § 3.2.1). TCULTMAX cannot be l ower than TMAX. 
In this approach, we assume that TCULTMIN=TMIN.

6.6.2.b E nergy balance

Two instantaneous energy balances are calculated to estimate TCULTMAX and 
TCULTMI N, assumed to  occur at midday and at the end of the night, respectively. 

eq. 6.30

( ) ( ) ( ) ( ) ( ) ( )IRAAMAX
IETMAXIGMAXIRNETMAX

ITMAXITCULTMAX
1200

+=
− −

− −( ) ( ) ( ) ( ) ( ) ( )IRAAMIN
IETMINIGMINIRNETMIN

ITMINITCULTMIN
1200

+=

In eq. 6.30 appear the minimum and maximum values of the various fluxes: net radia-
tion (RNETMIN and RNETMAX),  soil heat ( GMIN and GMAX) and  evapotra nspiration 
(ETMIN and ETMAX) as  well as t he minimum and maximum values of the aerodynamic 
resistance (RAAMIN and RAAMAX).

 To calculat e long wave radiation i) atmospheric radiation is assumed to remain 
constant throughout the day, estimated using the Brutsaert formula (eq. 6.28), ii) 
soil radiation is calculated using TCULTMAX and TCULTMIN,  requiring th e itera-
tive convergence procedure. At the end of the night, ETMIN and RGMIN are  zero, 
while RGMAX and ETMAX are estimated assuming sinusoidal changes during the 
day. GMIN is calculated  as an empirical function of the wind speed under the cover 
(Cellier et al.,1996). GMAX is taken to b e 25% of the maximum net radiation below 
the cover. In addition to the canopy height (HAUTEUR) and the bare  soil roughness 
(Z0SOLNU

S
), the calcula tion of RAAMAX and RAAMIN re quires wind  speed values 

(see §7.2.2): the night-time wind speed is assumed to be equal to 50% of the daily 
mean wind speed, and the daytime wind speed is assumed to be 150% of the daily 
mean wind speed. 
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Figure 6.9.  Comparison between the empirical relationship and the energy balance for the 
calculation of crop temperature for two different surfaces (a bare soil and a sunflower crop) in 
Avignon, using two bare soil roughness factors (1 and 5 mm).

Figure 6.9 shows the impact of surface type and soil roughness on the calculation 
of the temperature. The rougher the soil, the greater is the soil evaporation. Meanwhile 
Figure 6.10 shows that the energy balance method, for the minimum temperature, 
produces results which are identical to the driving hypothesis of the empirical method 
(TCULTMIN=TMIN).

6.6.2.c Iterative calculation of TCULT 

We have seen  that TCULT is involved i n the calculation of net radiation, which in turn 
is used to calculate energy balances. In the previous version of STICS, the air tempera-
ture was used for calculation of long wave radiation to avoid numerical calculations. This 
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hypothesis has demonstrated its limitations (TCULT sometimes greater than 60°C !); this 
led us to introduce an iterative calculation process based on a difference of 0.5° between 
two iterations. In the option using Shuttleworth and Wallace the iteration also concerns 
estimates of water requirements, while in the option using the reference evapotranspiration 
as an input, the iterative process is only used to calculate net radiation (Figure 6.11).

6.6.3 Calculation of the canopy moisture 

6.6.3.a Daily average

The calculation of the saturation deficit within the canopy (DOS in mbars: eq. 6.31) is 
possible using the Shuttleworth and Wallace formula (1985), and using the sum of evapo-
ration fluxes (evaporation from soil, mulch, free water on leaves and transpiration). 

eq. 6.31

−
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Figur e 6.1 0.  Evaluation of the assumption TCULTMIN=TMIN by runni ng th e energy balance in 
Avignon.
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where DELTAT is the gradien t of the relationship between saturation vapour pressure 
and temperature, TAIR (°C) is the av erage daily temperature, RNET (MJ m–2) is th e net 
daily radiation, L is the latent heat of vaporisation (MJ kg–1), GAMMA is the psychom etric 
constant (mbar °C–1) depending on atmospheric pressure PATM

C
, DSAT is the air sat uration 

deficit (mbar), TVAR is the saturated vapour pressure as a function of temperature (mbar) 
(see § 6.6.1.b), RAA is the aerodyn amic resistance between the canopy and the reference 
height of weather measurements (ZR

C
 generally 2 m)  calculated from the canopy height 

and wind speed (see § 7.2), ESOL, EMULCH and EMP D are ev aporatio n from soil, mulch 
and free water on leaves respectively (mm) and EP is plant trans piration (mm).

Figure 6.11.  Diagrams representing the iteration loop of TCULT calculations  for each option: 
a) reference evapotranspiration and b) Shuttleworth and Wallace. EOP is the maximal plant 
transpiration, EP the actual pl ant transpiration, SWFAC the EP/EOP ra tio from the previous day 
and ESOL the actual so il evaporation.
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The average daily moisture (HUMIDITE) is then calcu lated with reference to the crop 
temperature (eq. 6.32):

eq. 6.32

( ) ( )( ) ( )
( ))( ITCULTTVAR

IDOSITCULTTVAR
IHUMIDITE =

−

If the weather variable “wind speed” is not available, a default value of RAA is used 
(RA

G
).  If air humidi ty is not available the same assumption is made as before, using the 

parameter CORRECTROSEE
C
 (see § 6.6.1 b) . In this way, the moisture variable can be 

calculated in the absence of actual weather data.

6.6.3.b Reconstitution of hourly variables 

To enable coupling with plant disease models, an hourly reconstitution of micro-
climate state variables (crop temperature and air moisture) is made according to the 
following principle:

• The maximum crop temperature is assumed to occur at 14h00 TU and the minimum 
at sunrise. Between these two dates, linear interpolations make it possible to reconstitute 
hourly temperatures.

• The dew point temperature is calculated from TCULT and HUMIDITE by  reversing 
th e TVAR function (eq. 6.25). An hourly reconstitution similar to that used for the crop 
temperature is made by applying recurrent hypotheses to the minimum value of the 
dewpoint temperature, until there is convergence at the level of average daily moisture 
levels (Figure 6.12):

Figure 6.12.  Diagrams representing the iteration loop of hourly humidity (HUM (H)) calculatio ns 
based on the convergence between the averaged hourly values and the daily value, the fitted 
variable being the minimum value of the dewpoint.

Convergence is generally achieved in less than five iterations, and the comparison 
between mean daily values and daily values for crop moisture and temperature is satis-
factory (no bias and r2 > 0.99: Figure 6.13). The dynamics over a few days are presented 
in Figure 6.14.
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Figure 6.13.  Comparisons between average hourly values and daily values of a) crop temperature 
and b) canopy humidity

Figure 6.14.  Hourly dynamics of the microclimatic variables over 8 days: crop temperature, dew 
point and humidity. 
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6.6.4 Estimation of microclimate under shelter

The incoming radiation above the crop (TRG) grown under a  shelter is less than 
the outside radiation (TRGEXT) and the propor tionality coefficient between the two 
(eq. 6.33) is the transmission coefficient (TRANSPLASTIC

G
), whose value d epends on 

the plastic used for the structure.

eq. 6.33

( ) ( ) GICTRANSPLASTITRGEXTITRG ⋅=

In the case of an unheated (“cold”) shelter, water requirements are estimated using 
the reference evapotranspiration approach. The potential evapotranspiration is simply 
estimated (eq. 6.34) using a multiplicative coefficient of radiation, COEFDEVIL

G
 (de 

Villèle, 197 4).

eq. 6.34

( ) ( ) GCOEFDEVILITRGITETP ⋅=

Rainfall is assumed to be zero and thus the crops must be watered by irrigation.
Temperature variations under a cold shelter are estimated using an energy balance 

based on the work by Boulard and Wang (2000). On a daily time step, the heat flux in the 
soil is ignored, assuming that the losses and gains balance out. The difference in mean 
daily temperature inside and outside (DELTATEMP) is thus expresse d in eq. 6.35.

eq. 6.35

−

( )

( ) ( )( )
( ) ( ) ( )( )IESTIMETILITRGEXTCOEFRNET

10360024IKSIKH

1

ITEMPELTAD

G6⋅⋅+

=

−× ×

where: KH is the coefficient  of heat transfer (W m–2 K–1), KS is the coefficient  of 
energy losses between the outside and inside of the shelter (W m–2 K–1), COEFRNET

G
 

is a synthetic coe fficient which converts external global radiation into net interior radia-
tion (with a standard value of 0.59), L is the latent heat of vaporisation and ESTIMET 
is the evapotransp iration estimated from the water balance for the previous day and the 
evaporative demand for the day (eq. 6.36).

eq. 6.36

( ) )()1(
)1( ITETP

ITETP
IETIESTIMET = −

−

KS  (eq. 6.37) increases with the external wind speed using the parameters AKS
G
 

 and BKS
G
,  equal to 6.0 and 0.5 respectively. KH  (eq. 6.37) depends on the proportion of 

vents related to the total surface area of the greenhouse (SURFOUVRE
T
)  and the wind 

speed. The values of the constants CVENT
G
  and PHIV0

G
  are 0.16 and 4.10–3 respectively. 

SURFOUVRE
T
 can take three values during the growth cycle.
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eq. 6.37
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These calculations enable an estimation of the mean elevation of temperature under 

shelter by comparison with the mean external temperature. This difference is entirely 
allocated to the maximum temperature (eq. 6.38).

eq. 6.38
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7 Water Balance

The water balance in crop models (Brisson et al., 2005) has a dual purpose: to esti-
mate soil water content and fluxes (which, for example, drives nitrogen mineralization 
and leaching in the soil) and water stress indices (which drive the behaviour of the plant). 
The latter objective differentiates crop models from those dedicated to irrigation manage-
ment, and also forces a distinct separation between evaporation and transpiration.

This separation is usually applied at the level of the crop potential demand, based on 
its partitioning into potential plant transpiration and potential soil evaporation using a 
type of Beer’s law. The crop potential demand comprises both crop and weather compo-
nents. However, this variable differs from the classical maximal evapotranspiration 
 variable, as defined for example by Itier et al. (1997) because it assumes that all surfaces 
(soil and foliage) are saturated with water.

As for the weather component, the problems of obtaining meteorological data usually 
determine the choice of calculation. Yet when compared to standard well-watered grass 
measurements there appear some differences. Allen et al. (1998) showed that the Penman 
FAO24 predicted too severe water deficit compared to the Penman-Monteith FAO56, and 
Sau et al. (2004) showed that the Priestley-Taylor function (1972), while giving good 
results for conditions of moderate evaporative demand, tended to over-predict for cool 
regions. 

The crop component is usually linked to the LAI, which represents  the increase 
in crop height and its roughness during growth (with reference to the standard grass 
evaporation), and affects the degree of the convective component of evapotranspiration. 
Convection under the plant canopy, which affects maximum transpiration, may be poorly 
reproduced by this optical analogy, particularly for row crops; this may justify applying 
a calculation of the energy balance (optional in STICS).

To calculate the quantity of water actually transpired by the crop, most models are 
based on a concept which includes the quantity of water physically available in the soil 
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and the capacity of the plant to extract this water, due to its root characteristics. This is the 
fraction of transpirable soil water (Sinclair, 1986 , Lacape et al., 1998, Pellegrino et al., 
2002), which also corresponds to the notion of the maximum available water content 
(amount of water between field capacity and wilting point). This approach does not 
permit a precise localization of root absorption in the soil layer (on a daily time step, all 
models assume that transpiration equals absorption), but has the advantage of implicitly 
taking account of capillary rise within the root zone. However, the threshold of sensitivity 
may vary over time. This global estimate of transpiration is used in STICS, while in other 
models (e.g. CERES) the calculation of uptake is differentiated in terms of the soil layer, 
because of the need to simulate capillary rise. In that alternative approach, water uptake 
per unit root length is based on the radial flow equation to roots. 

7.1 Soil evaporation

Soil evaporation is calculated in two steps: potential evaporation related to the energy 
available at the soil level and then actual evaporation related to water availability. It is 
then distributed over the soil profile.

There are two methods for calculating potential evaporation related to plant cover 
above the soil, using either LAI  or fractional ground cover, and the possible presence 
of an inert cover placed on the soil (Brisson et al., 1998b). The first corresponds to a 
Beer’s Law equivalent applied to the potential evaporation/reference evapotranspiration 
ratio (Penman) with a constant extinction coefficient. The second is an energy balance 
approach.

The calculation of actual evaporation, described in detail in Brisson and Perrier 
(1991), is based on concepts that resemble those put forward by Ritchie (1972). 

7.1.1 Potential evaporation

The two methods calculating evaporation (EOS ) involve the plant cover above the soil 
(LAI ) and, if relevant, the presence of any mulch over the soil (COUVERMULCH ).

Figure 7.1.  Relative potential evaporation as a function of LAI  for 3 various crops.



Water balance

127

The first method (eq. 7.1) illustrated in Figure 7.1 relies on a Beer’s Law equivalent 
and is linked with the “crop coefficient approach” for the estimation of plant require-
ments (§ 7.2); it uses the reference potential evapotranspiration (TETP ).

eq. 7.1

( ) ( ) ( )( ) ( )( )
2.0EXTINDELTAand

IHCOUVERMULC1ILAIDELTAexpITETPIEOS

P=
⋅= − −

−
or if cover rate is used instead of the LAI  (see § 3.1.4)

− −( ) ( ) ( )( ) ( )( )IHCOUVERMULC1ITAUXCOUV1ITETPIEOS =
 

When using the radiation transfer option the values of EXTIN a nd DELTA are 
dynamically recalculated as a function of the canopy geometry and the quality of radia-
tion (direct/diffusive radiation). However for row crops, justifying the use of the radia-
tion transfer calculations, it is highly recommended to use the following energy balance 
approach.

The second method (eq. 7.2), i.e. the energy balance, is available only if the LAI i s 
explicitly calculated.

eq. 7.2

( ) ( ) ( ) ( ) ( )
( )( ) ( )( )ICOUVERMULCH1
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IRASIDOS03.105IRNETSIDELTAT
IEOS

+
⋅+⋅
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RNETS is  the net radiation at soil level (eq. 7.14), DELTAT is  the gradient of the 
relationship between saturation vapour pressure and temperature (eq. 7.3 using the 
function TVAR ex plained in eq. 6.21), L is  the latent heat of vaporization, GAMMA 
is  the psychrometric constant (eq. 6.27), RAS is  the aerodynamic resistance between 
the soil and the vegetation (eq. 7.16) and DOS is  the saturation deficit in the vegetation 
(eq. 7.4).

eq. 7.3 

( ) ( )( ) ( )( )5.0ITMOYTVAR5.0ITAIRTVARIDELTAT += − −

DOS is  calculated assuming that, under soil conditions which are kept moist, 
total evapotranspiration (EPT: soil+canopy) can be written in the form of evaporation 
according to Priestley and Taylor (Brisson et al., 1998b) in eq. 7.4:

eq. 7.4 

( ) ( ) ( ) ( )( ) ( )[ ] ( )
03.105

IRAA
IEPTGAMMAIDELTATIRNET.GAMMAIDSATIDOS ⋅+ ×+= −

with

( ) ( )
( ) GAMMAIDELTAT

IDELTAT
RNETS32.1IEPT

+
⋅⋅=

RAA is th e aerodynamic resistance between the vegetation and the reference level 
(eq. 7.16), and DSAT is th e air saturation deficit at the same level.
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7.1.2 Actual evaporation

The calculation of actual evaporation relies on a semi-empirical model fully devel-
oped and justified in Brisson and Perrier (1991). Following a rain event, soil evaporation 
is assumed to follow two successive phases, as in Ritchie’s (1972) approach, improved 
by Boesten and Stroosnijder (1986).

During the first phase evaporation is potential until the accumulation of daily evapo-
ration reaches the Q0

S 
thres hold. During the second phase evaporation decreases and this 

decrease depends on the weather and soil type, through parameter A (eq.  7.5).

eq. 7.5 

( ) ( ) AAIEOSA2IESOL

phasesecond
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phasesecond
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2 −+=∑ ∑
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2
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5

C −−=
1500

ARGI
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ACLIM

C
 is a wea ther parameter which depends mainly on the average wind speed. 

HX
S
 is the v olumetric moisture content at field capacity of the surface layer, and ARGI

S
 

is the c lay content used here to estimate the residual moisture, HA. Neverth eless the 
sensitivity of soil evaporation to these parameters (Figure 7.2) is rather low compared to 
the sensitivity to Q0

S
 (Figure  7.3). Although Q0

S
 depends on the soil texture and structure 

it is difficult to infer it from soil particle size distribution or bulk density. It generally 
varies between 0 to 30 mm.

Figure 7.2.  Sensitivity of cumulative soil evaporation (ΣESOL) as a fu nction of the cumulative 
evaporative demand (ΣEOS) for var ious soil types (clayey soil: ARGI

S
=60 and H N

S
=0.4, san dy 

soil: ARGI
S
=5 and HN

S
=0.2) and weather conditions (for an average wind speed of 1ms–1 

ACLIM
C
=20, for  2 ms–1 ACLIM

C
=14) without varying the Q0

S
 paramete r (5 mm).

The f ormalisation (eq. 7.5 and eq. 7.6) also provides an estimate of the thickness of 
the dry layer in the surface (or natural mulch: XMULCH) which i s taken into account 
in the water profile in the soil, in the sense that this layer is supposed not to participate 
in evaporation.
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7.1.3 Distribution in the soil profile

The method of calculating the distribution of evaporation resembles that of the 
LIXIM model (Mary et al., 1999). The daily evaporation value ESOL, calculat ed above, 
is assumed to affect the layers of soil up from the base of the natural mulch XMULCH (if 
present) to a max imum depth of ZESX

S
. Below t his depth, there is no evaporation. The 

contribution of each basic soil layer to evaporation ESZ decreases with depth, according 
to the following function (eq. 7.6).

eq. 7.6 
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CFES

S
 is a slope  coefficient, and K is an “evap orative conductance”. HUR is the 

actu al volumetric soil water content, HUCC the soil wa ter content at field capacity of 
layer Z and HA is residual  soil water content defined in eq. 7.5. By varying parameters 
ZESX and CFES, it is possible to take account of differences in hydraulic conductivity 
from one soil to another. A very high surface moisture gradient during soil drying is 
correctly represented by a high CFES

S
 value. The sensitivity of the soil evaporation 

depth partitioning to the parameters CFES
S
 and ZESX

S
 is represen ted in Figure 7.4. If 

nothing is known about the soil one can use the standard values proposed: CFES
S
=5 and 

ZESX
S
=60 cm. 

Figure 7.3.  Cumulative soil evaporation from August 1st until the end of December in the north 
of France for three values of Q0

S
.
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Figure 7.4.  Partitioning of soil evaporation with depth as a function of the parameters ZESX
S
 and 

CFES
S 
a ssuming K= 1 and XMULC H=0.

7.2 Crop water requirements

The two approaches described for soil potential evaporation have their equivalent for 
plant water requirements (or maximum transpiration EOP). 

7.2.1 T he crop coefficient approach 

In the crop coefficient approach, fully documented in Brisson et al. (1992b), plant 
water requirements (maximum transpiration) are calculated in several steps, using the 
potential evapotranspiration as the driving variable.

First of all, calculation of what the crop evaporation value would be if none of the 
soil or plant surfaces had limited water (EO). This evap oration is a logistic function of 
the LAI (or a linea r function of the ground cover) which involves the KMAX

P
 parameter, 

 the maximum crop coefficient of the crop (eq. 7.7 and Figure 7.5). KMAX
P
 is attained 

when the LAI is approximately 5 (or TAUXCOUV equals TCKM AX
P 
generally t aken to 

1) and depends on the reference evapotranspiration used (Penman, Penman-Monteith or 
Priestley- Taylor: Penman, 1948, Monteith, 1965, Priestley and Taylor, 1972).



Water balance

131

eq. 7.7

( ) ( ) ( )( )( )+ − −
+=

3ILAI5.1exp1

1KMAX
1ITETPIEO P − ][

or if ground cover is used instead of the LAI (see § 3.1.4 )

  
][( ) ( ) ( ) ( ) +−= 11KMAX

TCKMAX

ITAUXCOUV
ITETPIEO P

P

( ) PTCKMAX

then

ITAUXCOUVif <

  

≥( ) PTCKMAXITAUXCOUVif ( ) ( )ITETPKMAXIEOthen P ⋅=
  

If the leaves (MOUILL  0), or the pl ant mulch laid on the soil surface 
(MOUILLMULCH  0), have inter cepted water (see chapter 6), then this water will 
evaporate depending on the reference evaporative demand (TETP): EMPD for leave s 
(eq.  7.8) and EMULCH for mulch (eq. 6 .20). Naturally, the EMPD threshold is set by the 
amount of water retained on the foliage (MOUILL) while the EMULCH threshold is set 

Figure 7.5.  Relative evaporative demand applied to soil (EOS/TETP) and plants (EO P/TET P) 
accounting for  the actual soil surface water status (ESOL=EOS or ESOL=0) for c anopy qualified 
in LAI (a) or in ground cov er (b).
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by the amount of water retained in the mulch (MOUILLMULCH). The evaporated water 
contributes to reducing evaporative demand at the plant level.

eq. 7.8

− −( ) ( ) ( ) ( )( )ILAIDELTAexpITETPIEOIEMPD ⋅⋅=
or if ground cover is used instead of the LAI (see § 3.1.4)

− −( ) ( ) ( ) ( )( )ITAUXCOUV1ITETPIEOIEMPD ⋅=
a nd ( ) ( )IMOUILLIEMPD ≤

Maximal transpiration depends on the available energy in plants, estimated by 
subtracting EOS from EO but also on  atmosph eric conditions in the vegetation. In order 
to take into consideration the increase in plant demand due to the dryness of the soil 
below the vegetation, we use the empirical relationship (eq. 7.9) based on the parameter 
BETA

G
 deduced from work b y Denmead (1973), Ritchie (1985) or Feddes (1987).

eq. 7.9

( ) ( ) ( )( ) ( ) ( )
( )=
IEDIRECTM

IEDIRECT
BETABETAIEDIRECTMIEOIEOP GG 1− −−× ][

considering that EDIRECTM corresponds to evaporation of water intercepted by soil, 
mulch and leaves together, and that EDIRECT corresponds to the a ctual evaporation of 
the three together. A value of 1.4 is taken for BETA

G
. It causes EOP to in crease by a 

max imum of 40 % when the soil is completely dry.

7.2.2 The resistance approach 

The “crop coefficient” approach can create problems in cases where it is not possible 
to apply Beer’s law in a straightforward way (see § 3.2), or when the relationship between 
LAI and canopy height is  not stable. Moreover, the previous approach is somewhat unre-
liable with regard to the “soil evaporation” variable and the microclimatic effect around 
the plant. We therefore suggest an alternative approach which consists of estimating 
plant water requirements and soil evaporation using the Shuttleworth and Wallace daily 
time-step model (Brisson et al., 1998b). This has proved to be effective for explaining the 
energy budget of canopies (Sene, 1994) provided that appropriate empirical resistance 
parameters are used (Fisher and Elliott, 1996).

7.2.2.a Theoretical bases

The calculations are based on the resistance diagram shown in Figure 7.6, involving 
four flows (soil evaporation (ES), maximum plant transpiration (EOP), direct evaporation  
of water intercepted by the foliage (EMPD) or by mulch (EMULCH)) and two types of 
r esistance (resistance to diffusion between canopy and soil, cover and reference level, 
respectively: RAS, RAA; surface  resistan ce of canopy, of canopy boundary layer, respec-
tively: RC, RAC). In this ca se all t he fluxes are actual ones except the plant transpiration 
flux, which is the maximal one.

Each flux is calculated using a formula of the same type as for the potential soil 
evaporation (eq. 7.2); that leads to write eq. 7.10, eq. 7.11 and eq. 7.12.
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Figure 7.6.  Drawing of the resistive diagram applied to the soil-crop system.

eq. 7.10

( ) ( ) ( ) ( ) ( )
( )( ) ( )ICOUVERMULCH

GAMMAIDELTATL

IRASIDOS03.105IRNETSIDELTAT
IEMULCH

+
⋅+⋅

=

limited by MOUILLMULCH (I)
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The amount of energy required for the direct evaporation of water on leaves (EMPD) 
is RNETP1 while this energy  used for direct evaporation has to be deducted to evaluate 
the resulting energy available for transpiration (RNETP2). Energy distribution between 
bare soil and the soil cover (mulch) depends on COUVERMULCH (eq. 7.10).

DOS, the saturation deficit wi thin the vegetation, is the variable linking all the fluxes. 
It is calculated (eq. 7.13) by relationship of Shuttleworth and Wallace (1985).

eq. 7.13
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eq. 7.13 is very similar to eq. 6.31 (qv. for the meaning of the various terms) except 
that the evaporative term EVAPO implies potential transpiration flux: EVAPO is the 
accumulation of evaporative fluxes EOP and all the direct evapora tion fluxes, i.e. ESOL, 
EMPD and EMULCH. It is th e valu e of this d irect evaporation which affects DOS and 
can cause the evaporat ive demand of the plant to fluctuate. The three components of the 
direct evaporation are calculated from an intermediate value of the saturation deficit 
DOS based on the hypothesis that, at complete saturation of the surfaces, the evaporation 
can be treated using a formalisation of the Priestley-Taylor type (Brisson et al., 1998b).

In order to solve the above equations several terms have to be calculated: 1) the 
distribution of the energy sources between the soil and the plants (RNETS, RNETP1 and 
RNETP2) the wa ter retention on the foliage and in the mulch (EMPD and EMULCH), 
3) the resist ances to di ffusion (RAA and RAS), 4) the surface r esistanc es (RC and RAC) 
and 5) soil evapo ration ( ESOL).

7.2.2.b Available energ y and its distribution

The calculation of the whole surface net radiation was described in § 6.6.1. To eval-
uate the distribution of this available energy between the soil and the plants, we use the 
fraction of PAR intercepted by the plants (FAPAR) calculated using the RAIN T variable 
(see § 3.2 and eq. 7.14). Thornley (1996) inferred the net radiation extinction coefficient 
from the extinction coefficient of the total radiation by applying a coefficient of 0.83, 
which corresponds to the range of measurements under a soybean canopy (Brisson et al., 
1998b).

eq. 7.14
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( )ITRGPARSURRG
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⋅
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7.2.2.c Calcula tion of resistances to diffusion 

We have adopted the formalisations proposed by Shuttleworth and Wallace (1985) 
which are described in detail in Brisson et al. (1998b) and in the box below. The charac-
teristic lengths, bare soil roughness (Z0SOLNU

S
) crop roughness (Z0) and displacement 

height (DH ) are usually estimated as a  function of the canopy height (HAUTEUR), when 
plants are present, and  as a fixed value for bare soil (eq. 3.15).

eq. 7.15
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S

=
=

=
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Figure 7.7.  Influence of soil roughness (Z0SOLNU
S
) on the cumulative soil evapo ration during 

one year in the region of Avignon (South of France).

The bare soil value of roughness can vary between 10–2 and 10–4 m, corresponding 
to roughness values between 10 cm (after a very rough ploughing) and 1 mm (very flat 
soil). Figure 7.7 shows the effect of this parameter on soil evaporation: the greater the 
roughness the higher the soil evaporation, and in the given example the annual difference 
between extreme values is about 70 mm. The reference height taken for meteorological 
data is 2m. If the plant canopy height exceeds this threshold, a wind speed value is 
recalculated at a reference height of over 2 m (parameter ZR

C 
) by applying a logarithmic 

profile. The other meteorological values are not recalculated. The calculations of diffu-
sive resistances are different for bare soil (eq. 7.16) and covering crops (eq. 7.17 for 
LAI≥4), while for non-covering crops (LAI<4) a LAI-dependent linear combination of 
the two first values is used (eq. 7.18). They all depend on wind speed (TVENT ).

eq. 7.16
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eq. 7.17
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eq. 7.18
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7.2.2.d Calculation of surface resistances 

To simplify calculations, the resistance of the canopy boundary layer (RAC) is  a func-
tion solely of the leaf area index of the canopy (eq. 7.19).

eq. 7.19

−( )
LAI2

50
IRAC with a lower threshold at= ( ) 1sm5.12IRAC =

The canopy resistance (RC) is t he product of four factors (eq. 7.20).

eq. 7.20
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RSMIN
P
 is the  minimal stomatal resistance of leaves, DSAT (in mb ars) is the satura-

tion deficit, TRG (in MJ  m–2 s–1) is the global radiation and FCO2S is a C O2
C
-depend ent 

variable.
Due to the daily time step, the parameter RSMIN

P
 cannot  be inferred from the instan-

taneous values of measurements but must be derived from a top-down approach (Brisson 
et al., 1998b Tolk et al., 1996, Baldocchi et al., 1991). Values of 250, 215 and 220 sm–1 

where found for soybean, maize and sorghum respectively (Brisson et al., 1998b; 
Brisson et al., 2004). As shown in Figure 7.8, by a 150-250 sm–1 range of variation, the 
phy siological characteristic RSMIN

P
 has a less influence on the transpiration calculation 

than the morphological one, HAUTMAX
P
.

The “saturation deficit” and “radiation” components are taken from research by 
Stockle and Kjelgaard (1996). With regard to the conditions for applying the proposed 
formulae, the saturation deficit is calculated at the meteorological scale and the radiation 
is the incident radiation above the crop.
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If the atmospheric CO2
C
 is hig h, stomatal conductance falls. Idso (1991) demon-

strated the existence of proportionality between the CO2 effect on conversion efficiency 
and the CO2 effect on stomatal conductance, at a ratio of 2.5 for the addition of 300 ppm 
in the nominal concentration. Furthermore, Stockle et al. (1992) proposed a species-
dependent formalisation (Figure 7.9). We propose to combine these two approaches to 
take account of the species and ensure a continual effect of CO2

C
 (eq. 7.21). FCO2 is the  

species-dependent CO2 effect on conversion efficiency (see eq. 3.27), which affects the 
value of the species-dependent factor on stomate closure (FCO2S) .

eq. 7.21

)()(+
=

330

2CO
1

5.2

2FCO
1− −77.01

1
S2FCO

Figu re 7.8.  Influence of the minimal stomatal resistance of leaves (RSMIN
P
) and t he plant 

maximal height (HAUTMAX
P
) on th e cumulative transpiration of a rainfed vineyard in the region 

of Avignon (South of France). 
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Figure 7.9.  Influence of the species on the stomatal resistance CO2-dependent effect.

7.2.2.e Calculation of soil evaporation 

Soil evaporation, already described in § 7.1, is calculated from a potential evaporation 
value obtained from an intermediate value of the saturation deficit based on the hypo-
thesis that, at complete saturation of the surfaces, the evaporation can be approached 
using a Priestley-Taylor type formalisation.

7.3 Plant transpiration and derived stresses

To calculate actual transpiration we chose to use a relationship linking relative tran-
spiration (ratio of actual to maximal transpiration) to soil water content. Such a simpli-
fied mathematical representation was proposed by Van Bavel (1953) for the total evapo-
transpiration. He suggested a straight-line relationship allowing simple calculations of 
soil water balance. Subsequent studies have shown that the relationship was more likely 
to be curvilinear (Denmead and Shaw, 1962; Eagleman, 1971) or exponential (Baier, 
1969). Nevertheless a bilinear function may be a good representation of the experimental 
data (Burch et al., 1978; Meyer and Green, 1981; Rosenthal et al., 1985; Robertson and 
Fukai, 1993) and was adopted as the driving equation of many simple water balance 
models (Leenhardt et al., 1995). Such a relationship assumes that a crop is able to take 
up soil water at a maximal rate to meet atmospheric demand until the soil water content 
falls below some threshold value. Though in many models, this threshold is assumed to 
be a constant equal to 30, 40 or 50% of the maximal available water content (Hunt and 
Pararajasingham, 1995; Robertson and Fukai, 1993; Fisher and Elliott, 1996; Mailhol 
et al., 1996), it was shown to depend on atmospheric demand, species and time within 
the crop cycle (Hallaire, 1964; Doorenbos and Kassam, 1979; Cordery and Graham, 
1989; Burch et al., 1978; Novak, 1989; Gardner, 1991;Teixera et al., 1996; Palacios 
and Quevedo, 1996). Relying on work by Slabbers (1980), we proposed an operational 
formula to calculate this threshold using the above-mentioned variable, derived from 
basic laws governing water transfer in the soil-plant atmosphere continuum (Brisson, 
1998b).
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7.3.1 Actual transpiration

On a daily time scale, root uptake can be considered to be equal to leaf transpira-
tion. Root uptake calculated overall is then distributed between the soil layers. Relative 
transpiration, i.e. the relationship between actual transpiration and maximal transpiration 
(EP/EOP), i s a  bilinear function of the available water content in the root zone, TETA (i.e. 
t he water content above the wilting point in cm3 of water/cm3 of dry soil). The EP/EOP 
ratio is considered as the stomatal water stress (SWFAC, eq. 7.22) which is represented 
in Figure 3.15.

eq. 7.22

( ) ( )
( )IEOP

IEP
ISWFAC =

The water content threshold separating the maximal transpiration stage and the 
reduced transpiration stage (TETSTOMATE) depends  on root density, the stomatal func-
tioning of the plant, and the evaporative demand; that is formalized in eq. 7.23 according 
to Brisson, (1998). It was shown that this threshold does not depend on the soil type, for 
example via the maximal available water content, as is commonly assumed.

eq. 7.23
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where CUMLRACZ is the su mmation over the whole rooting depth, ZRAC, of effec-
 tive root length density LRACZ, PSISTO

P
  is the cr itical potential of stomatal closure 

Figure 7.10.  Influence of the rooting depth (ZRAC) and the  maximal daily transpiration (EOP) 
on the t hreshold of soil water content above wilting point (TETSTOMATE) below which the 
transpiration is reduced.
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(positive in bars) and RAYON
G
 is the mean root radius which is assumed to be equal 

to 0.02 cm. When using this formula we find that, beyond a certain root depth, the 
TETSTOMATE threshold  tends to be stable (Figure 7.10). The role played by the various 
factors influencing this value is summarised in Table 7.1. It highlights the dominant 
effect of evaporative demand, EOP, and the  parameter of stomatal closure, PSISTO

P
.

Table 7.1.  Sensitivity analysis of the threshold TETSTOMATE (in cm3 w ater cm3 soil above the 
wilting point).

Parameters Nominal value TETSTOMATE sensitivity

Root profile (pivot, ramified) In-between 0.050 0.068

RAYON (5e-3 to 7e-2 cm) 0.02 0.052 0.060

PSISTO (5 to 25 bars) 15 0.050 0.070

EOP (1 to 9 mm) 4 0.039 0.066

7.3.2 Extrapolation to the water stress turgor index

The EP/EOP ratio  is  equal to the stomatal stress index, SWFAC. The stre ss turgor 
index TURFAC which aff ects leaf growth comes into play earlier. The method for calcu-
lating it is copied from the method used for SWFAC using the critical potential of cell 
expansion PSITURG

P
 in eq. 7. 23. Since PSITURG

P
 is lower than PSISTO

P
, we obtai n 

a higher TETURG threshold . In other words, leaf growth can be inhibited even when 
transpiration is still at its maximum level (Figure 3.15). 

7.3.3 Distribution of root water extraction within the profile

Water absorption EP is distri buted in the root zone (EPZ profile)  according to two 
factors, each of them having the same influence: the effective root density profile, 
LRACZ and the a vailable water content (HUR-HUMIN): eq. 7.2 4 where CUMLRACZ 
and HCUM  are the c umulative efficient roots and available water over the rooting zone 
(layers without roots are excluded from HCUM calculation) . The roots are assumed to 
be effective whenever the soil layer water content is above wilting point. Moreover it is 
assumed that the water located in the macroporosity does not contribute to transpiration. 
It is assumed that macroporosity fills up when microporosity is already filled.

eq. 7.24
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8 Nitrogen transformations

The nitrogen balance in the soil-plant system depends on the main processes affecting 
the mineral nitrogen content of the soil (mineralization, immobilization, nitrification, 
volatilization, denitrification, leaching) and the source/sink effect of the crop (symbiotic 
N fixation, absorption of mineral N).

The net N mineralization, i.e. the net production of mineral nitrogen by the soil, is 
the sum of two components: 

• Humus mineralization, which results from the decomposition of stabilized organic 
matter in soil. This is a permanent process which always leads to a release of mineral N, 
i.e. a positive net mineralization, called “basal” mineralization.

• The mineralization of organic residues, which is associated with the decomposition 
of crop residues (straw, roots etc.) or organic wastes added to the soil. It is a process 
which is very variable in time, linked to the application of organic residues. During a 
first phase after the addition of residues, the mineralization can be positive or negative 
(immobilization of soil mineral N). During the second phase, it is positive through the 
“re-mineralization” process which releases N coming from either the residue or the 
microbial biomass which has decomposed it.

These processes are very dependent on soil and weather, and may be affected differ-
ently by them, particularly soil temperature and water content. The effect of tempera-
ture on C or N mineralization in soil is still a matter of controversy, as pointed out by 
Kirschbaum (2006). We attribute some of the disagreement between authors to the fact 
that the temperature response differs according to the type of organic matter decomposed. 
In STICS we use a different function for decomposition of humus and (fresh) organic 
residues. The effect of soil moisture might also be different for the two processes, but 
little is known on this aspect. Therefore we use a single function to describe the effect of 
water content on decomposition and N mineralization.
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8.1 Mineralization of soil organic matter

Although the soil below the plough depth and the subsoil may contain important 
reserves of organic C and N, their decomposition rate appears to be slow or negligible 
compared to the upper soil layer (e.g. Fontaine et al., 2007). In STICS, mineralization is 
assumed to occur up to a maximum depth (PROFHUM

S 
, in cm) and be negligible below 

that depth. The basal mineralization rate (VMINH, in kg N ha–1 day–1 in eq. 8.1) depends 
on the amount of active soil organic nitrogen (NHUM , in t ha–1 calculated in eq. 8.4), the 
soil type (its clay and calcium carbonate contents) and environmental factors, namely the 
water content and temperature in each soil layer (FH  and FTH  ).

eq. 8.1

( ) ( )
( ) ( ) ( )⋅⋅=

⋅=

ZFTHZFHHUMKIK

NHUMIKIVMINH

22

2

∑
=

PROFHUM

Z 1

In eq. 8.1 K2  is the actual mineralization rate (kg N day–1) and K2HUM  is the poten-
tial mineralization rate (kg N day–1), i.e. the mineralization rate constant of a soil which 
contains clay and calcium carbonate and is maintained at constant temperature and mois-
ture content (reference conditions).

The soil water content (HUR)  modifies the mineralization rate according to a linear 
function (eq. 8.2). The maximum value is reached for soil water contents equal or above 
HOPTM

G
  (expressed as a proportion of field capacity), whereas mineralization is stopped 

when the soil water content is below HMINM
G
  (Figure 8.1). Values of these parameters 

can be different for temperate and tropical soils (Figure 8.1). 

Figure 8.1.  Influence of relative soil water content (HUR/H UCC)  on decomposition rate of 
organic matter and N mineralization for a temperate and a tropical soil. Values for the temperate 
soil are HOPTMG=1 .0 and HMINMG=  0.30 (Rodrigo et al., 1997) while for the tropical soil they 
are HOPTMG=0.67 and HMINMG= 0.22 (Sierra et al., 2003).
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eq. 8.2
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The effect of soil temperature on basal mineralization (FTH)  can be described either 
by an Arrhenius or a logistic function (Valé, 2006). We have chosen a logistic function 
because it makes it possible to simulate the slower increase in mineralization rate at high 
temperatures when microbial activity slows down (Figure 8.2).

The proposed function is roughly exponential from 0 to 25°C and increases more 
slowly above this temperature (eq. 8.3). It relies on three parameters including the refer-
ence temperature (TREF

G 
c hosen at 15°C). The parameter FTEMHA

G
 c orresponds to the 

asymptotic value of FTH a nd has been set to 25. Using these settings, the two parameters 
defining FTH are FTEMH

G
=  0.120 K–1 and FTEMHB=1 45.

eq. 8.3
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=

exp1
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The logistic function thus parameterized makes it possible to simulate adequately C 
or N mineralization kinetics measured in controlled conditions for several temperate and 
tropical soils (Balesdent and Recous, 1997; Valé, 2006; Nicolardot et al., 2006). It is very 
close to an Arrhenius function with an activation energy E

A
 = 78 kJ mol–1 K–1 between 

Figure 8.2.  Influence of temperature on decomposition rates of organic matter (humus and 
organic residues). 
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0 and 35°C. It is also equivalent to a Van’t Hoff function between 0 and 25°C with a Q
10

 
coefficient equal to 3.15.

The amount of active organic N (NHUM, i n t ha–1 in eq. 8.4) is the product of the 
soil organic nitrogen content in the upper layer (NORG

S
, i n %), the proportion of active 

organic nitrogen (1-FINERT
G
, t he default value for FINERT

G
 is 0.65), the bulk density of 

the upper layer (DA (1 ), in g cm–3) and the equivalent mineralization depth (PROFHUM
S
, 

i n cm).

eq. 8.4

 ( ) SGS PROFHUMDAFINERTNORGNHUM ⋅⋅−⋅= )1(1

The effect of soil tillage is not explicitly considered but is accounted for as follows. 
In a regularly ploughed soil, the nitrogen content is homogeneous in the ploughed layer 
and corresponds to NORG

S
. In  this case PROFHUM

S
 mus t be equal to or greater than 

the ploughing depth in order to take into account the contribution of lower layers to the 
total mineralization. However some studies (e.g. Valé, 2006; Oorts et al., 2007) suggest 
that this contribution is small.

If the soil is no longer ploughed, the organic nitrogen distribution in the old plough 
layer becomes heterogeneous. The same calculation can be applied but PROFHUM

S
 

cor responds to the old depth of ploughing and NORG
S
 rep resents the mean organic N 

concentration over this depth. If NORG
S
 is measured over the new (and smaller) depth 

of soil tillage, PROFHUM
S
 must correspond to that depth. In both cases, the possible 

change in bulk density (increase due to the reduction in soil tillage) must be taken into 
account.

The potential rate of mineralization (K2HUM) is  affected by the mineralogic clay 
content (ARGI

S
, in  %) and the CaCO

3
 content (CALC

S
, in  %) which reduce mineraliza-

tion (eq. 8.5). It involves three parameters: FMIN1
G
, FM IN2

G
, FM IN3

G
.

Figure 8.3.  Influence of clay content on N mineralization rate from humus measured in laboratory 
conditions. The continuous lines are the simulated values using eq. 8.5. 
Parameter values: FMIN1

G
 = 6  10–4; FMIN2

G
 = 0.0272; FMIN3

G
 = 0.0167.
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eq. 8.5

( )
SG

SG
G CALCFMIN3

ARGIFMIN2FMIN1HUMK
⋅+

⋅−
=

1
exp2

eq. 8.5 is based on soil incubation data obtained by Delphin (1986) and Chaussod 
et al. (1986) for N mineralization, as shown in Figure 8.3. This relationship was found to 
be applicable to another set of incubation data (Valé, 2006), although it explained only 
29% of the variance. It was validated by Saffih and Mary (2008) for predicting the evolu-
tion of soil organic carbon over the long term.

The parameter FMIN1
G
 was  calibrated using the field experiments described by Mary 

et al. (1999): its value is 6.10–4 day–1. Using this value, the mean turnover time of the 
whole soil organic matter (1/K2) lie s between 30 and 60 years in temperate soils. The N/
C ratio of humified organic matter in soil is assumed constant and equal to WH

G
, who se 

standard value is 0.105.
As indicated in eq. 8.4, the humified organic N in soil (NHUMT, in  t ha–1) is composed 

of 2 pools: an “active” pool (NHUM) and  a “stable” pool (FINERT
G
 . NH UMT). The 

first pool only contributes to mineralization and humification, whereas the second is 
assumed to be inert on the time scale of a century. Such an inert pool is included in most 
models simulating the evolution of soil organic matter over the long term. However the 
models differ greatly in the size of this pool, which may vary from 10% (e.g. in ROTHC; 
Coleman and Jenkinson, 1996) to 50% (in CENTURY; Parton et al., 1987) and even 60-
80% (Ludwig et al., 2003, 2007).

In STICS the initial size of the stable pool has been assigned a nominal value of 
FINERT

G
=65%.  This value allowed the evolution of soil organic carbon to be simulated 

in nine long-term experiments (Saffih and Mary, 2008). However this value should 
depend on the cropping history of the field. It should be smaller if the soil has a recent 
grassland or forest land use or if it received large amounts of organic manure. 

8.2 Mineralization of organic residues

STICS simulates the decomposition of various organic residues and their humifica-
tion due to microbial activity, as described by Nicolardot et al. (2001) for crop resi-
dues. Nitrogen mineralization depends on the decomposition rate of organic residues 
(i.e. carbon fluxes), their C/N ratio (CSURNRES

T
), th e C/N ratio of the zymogeneous 

biomass (CNBIO) and  of the newly formed humified matter (CNHUM).
E ight categories of organic residues have been defined: 1) crop residues from mature 

crops (e.g. straw), 2) crop residues from young plants (e.g. catch crops), 3) farmyard 
manures, 4) composts, 5) sewage sludges, 6) vinasses, 7) animal horn and 8) other (any 
other residue can be included). The fate of residues in each category (r) is followed sepa-
rately. The carbon and nitrogen flows occurring during the decomposition of the organic 
residues is given in Figure 8.4.

The model is defined by 6 parameters, most of them being residue-dependent: two 
decomposition rate constants (KRES and  KBIO

G
, in  day–1), two partition parameters 

(YRES
G
 and  HRES) and  two C/N ratios (CNBIO and  CNHUM). Fo r a given category, 
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the parameters are either constant (KBIO
G
, YRES

G
, and CNHUM=1/WH

G
) or  dependent 

upon the C/N ratio of the organic residue (CSURNRES
T
), ac cording to the following 

relationships:

eq. 8.6
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The decomposition rate of organic residues (DCRES, in k g C ha–1 day–1) is assumed 
to follow first order kinetics (eq. 8.7) against the amount of decomposable carbon 
(CRES) and  depends on their nature (KRES), on  soil temperature (FTH), wat er content 
(FH) and  the available soil nitrogen in the vicinity of residues (FN).

eq. 8.7

( ) ( ) ( ) ( )IZFNIZFHIZFTRrIZCRESrKRESrIZDCRES ,,,,,)(),,( ⋅⋅⋅⋅−=

The change in the associated microbial biomass (DCBIO) and t he rate of humus 
formation (DCHUM), both  in kg C ha–1 day–1, are given in eq. 8.8 and eq. 8.9. 

eq. 8.8
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eq. 8.9

( ) ( ) ( ) ( ) ( ) ( )IZFHIZFTRrIZCBIOrHRESrKBIOrIZDCHUM G ,,,,,, ⋅⋅⋅⋅=

Figure 8.4.  Flow diagram of the decomposition of organic residues in soil (from Nicolardot et al., 
2001). The continuous lines indicate carbon flows, and the dashed lines nitrogen flows. 



Nitrogen transformations

147

The soil moisture content influences decomposition similarly to the decomposition 
of humified materials (eq. 8.2) whereas the soil temperature has a specific effect on the 
decomposition rate of organic residues. The thermal effect on residue mineralization FTR 
is based  on the data published by Balesdent and Recous (1997). It is similar to the logistic 
function defined for humus decomposition (eq. 8.3), but with different parameters. Using 
the same reference temperature (TREF

G
), the pa rameters are: FTEMH

G
= 0.103 K –1 and 

FTEMHA
G
=12. The  shape of the curve is shown in Figure 8.2.

A lack of mineral nitrogen reduces both the decomposition rate (factor FN) and the  
N immobilization rate (Recous et al., 1995; Giacomini et al., 2007). It also reduces and 
postpones the subsequent remineralization of nitrogen.

The depth of residues incorporation in soil modifies their decomposition since water 
content and temperature vary with depth and their localization determines the amount of 
mineral nitrogen available for the microbial biomass. Each tillage operation is assumed 
to mix the residues uniformly with the soil over the depth defined by a minimal value 
(PROFRES

T
) and a m aximal value (PROFTRAV

T
).

The n et N mineralization rate (DN, in kg N  ha–1 day–1, positive or negative) resulting 
from residue decomposition is calculated as the complement of the variation in the three 
organic pools (eq. 8.10).

eq. 8.10
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The changes in the three N pools (residue, microbial biomass, humus) are calculated 
using the C/N ratio of the three compartments (eq. 8.11)

eq. 8.11
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The factor FBIO is normall y equal to 1. It can be greater in the case where the soil 
mineral N is exhausted and cannot satisfy the needs of the decomposers. In that case, 
there is a change in the composition of the microbial biomass which requires less N, so 
that its C/N ratio increases. The factor FBIO becomes greater than 1; it is calculated in 
order to fit the microbial requirements to the available soil mineral N.

Examples of C and N dynamics predicted by the model are given in Figure 8.5 and 
Figure 8.6. The variation in organic pools may exceed the amount of N added by the 
residue when mineral N is immobilized. 
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Figure 8.5.  Evolution of C and N pools simulated during the decomposition of a crop residue 
(rapeseed straw) finely mixed in the soil, assuming no limitation by mineral N. The ordinate is 
expressed in % of C or N added by the residue.

The C and N mineralization kinetics differ according to the type of organic residue 
(Figure 8.6). Decomposition results in net release of N for residues with a low C/N ratio 
(vinasse, C/N =7; catch crop C/N =12) and net immobilization with residues poor in N 
(rapeseed straw, C/N =46). 

8.3 Nitrification

Nitrate production in soil results from two successive processes: mineralization (or 
ammonification) and nitrification. Nitrification is often a rapid process in cultivated 
soils under temperate climates, which may justify avoiding describing nitrification and 
equating mineral N to nitrate-N. However in some soil and climatic conditions (acidic, 
hydromorphic or tropical soils etc.), the nitrification process may be much slower and 
ammonium ions may persist in soil. Furthermore, the simulation of ammonia volatiliza-
tion is highly dependent on NH

4
+ concentration and requires a description of nitrifica-

tion. Therefore the present version of STICS is able to simulate nitrification (in terms of 
slowing down of mineralization) and the two forms of mineral N separately.
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Nitrification is assumed to occur in the biologically active layer, i.e. up to the depth 
PROFHUM

S
. It is a f irst order process against NH

4
+ concentration, and depends on soil 

temperature (TSOL), soil wat er content (HUR) and soil  pH (PH
S
). These fa ctors do not 

interact with each other. The fraction of NH
4
+ transformed into NO

3
– every day in each 

layer (TNITRIF given in eq. 8.12) cannot exceed the value FNX
G
 (in day–1) . This param-

eter has been assessed at 0.5 in a tropical soil (Sierra et al., 2003). 

eq. 8.12

 ( ) ( )IZFTNIZFHNFPHNFNXIZTNITRIF G ,,),( ⋅⋅⋅=

The effects of soil pH (PH
S
) and water  content (HUR) are linear  as described in 

eq. 8.13 and eq. 8.14 and illustrated in Figure 8.7 and Figure 8.8, involving the param-
eters PHMINNIT

G
, PHMAXNIT

G
,  HMINN

G
 and  HOPTN

G
,  whose defa ult values are 3.0, 

5.5, 0.67, 1.0 respectively.

Figure 8.6.  Evolution of C and N mineralized due to the decomposition of three types of organic 
residues (vinasse, catch crop shoots and rapeseed straw). The abscissa represents the normalized 
time (constant temperature and moisture, no limitation by mineral N). The ordinate is expressed 
in % of C added or kg N/ha.
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eq. 8.13
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eq. 8.14
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As shown in Figure 8.8, the optimal water contents for nitrification (HOPTN
G
) and 

mineralisation (HOPTM
G
) are different, which can lead to significant NH

4
+ accumula-

tion in soil.
The temperature function increases linearly from the threshold TNITMIN

G
 up to the 

opt imum TNITOPT
G
 and then decr eases linearly to TNITMAX

G
, after which  it becomes 

nil (Figure 8.9 and eq. 8.15). 

eq. 8.15
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Figure 8.7.  Effect of soil pH on nitrification.
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Figure 8.9.  Temperature effects on nitrification rate in temperate and tropical soils with their 
respective cardinal temperatures.

Nitrification is also accompanied by N
2
O emissions. Under satisfactory aerobic 

conditions, it has been shown that the amount of N
2
O emitted is a constant proportion of 

the nitrified NH
4
 (Garrido et al., 2002; Khalil et al., 2004), called RATIONIT

S
. The rate 

of N 
2
O emission through nitrification (N2ONIT, in kg N ha-1  day-1) is given in eq. 8.16 

as the complement of the nitrate production (NITRIF, in kg N ha-1  day-1).

eq. 8.16
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Figure 8.8.  Effects of soil water content on nitrification and mineralization in the case of a 
tropical soil.
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8.4 Ammonia volatilization

Ammonia volatilization is a purely chemical process which operates on the soil 
ammonium pool (NH

4
+) and converts it into gaseous ammonia (NH

3
). It affects the 

ammonium derived from mineral fertilizers or from organic fertilizers which contain 
large amounts of ammonium (such as liquid manure) and/or which have rapid mineral-
izing potentials (e.g. vinasses). The current STICS version only simulates explicitly the 
volatilization following an application of liquid organic manure (see § 6.3.2 for volatil-
ization from mineral fertilizers).

In order to simulate volatilization, it is necessary to consider four forms of ammonia 
compounds which are in equilibrium (Génermont and Cellier, 1997):

• NH
4
s: ammonium ions (NH

4
+) adsorbed onto the mineral or organic soil fractions

• NH
4
l: ammonium ions in solution in the liquid soil phase

• NH
3
l: ammonia molecules (NH

3
) in solution in the liquid soil phase

• NH
3
g: ammonia molecules in the gaseous soil phase.

All conditions which move these equilibrium towards the last form (e.g. high pH and 
temperature) stimulate volatilization. Volatilization occurs at the soil surface and depends 
on the NH

4
+ concentration there: therefore it is affected by fertilizer type, fertilizer rate, 

soil water content and NH
4
+ movement in soil. The equilibrium between NH

4
s and NH

4
l 

forms can be characterized by an adsorption isotherm which depends on soil CEC (itself 
linked to clay and organic matter contents). NH

4
l and NH

3
l are linked through a chem-

ical equilibrium which is pH- and temperature- dependent. The solubility equilibrium 
between NH

3
l and NH

3
g forms mainly depends on temperature.

The first step consists of defining the volatilizable NH
4
+ immediately after the appli-

cation. The exchangeable NH
4
+ (NMINRES

T 
, in kg N ha–1) is split into two pools: a pool 

which remains at the soil surface and which can be volatilized (NVOLATORG , in kg 
N ha–1) and a pool which infiltrates and is not volatilizable. The proportion of the vola-
tilizable fraction (PROPVOLAT , eq. 8.17) increases with the dry matter content of the 
manure (Figure 8.10) or its water content (EAURES

T 
). It is also affected by soil tillage: 

it decreases if the soil has been tilled during the last 7 days before manure spreading 

Figure 8.10.  Effect of dry matter content of slurry and soil tillage on the volatilizable fraction.
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(TRSOLVOLAT =-1) and increases otherwise (TRSOLVOLAT=+1) (Morvan, 1999). The 
volatilizable NH

4
+ at the time of application (IAP) is:

eq. 8.17

( )

( ) TRSOLVOLATEAURESPROPVOLAT

with

PROPVOLATNMINRESIAPNVOLATORG

T

T

⋅+−⋅+=

⋅=

117.0100029.037.0

Furthermore, the addition of manure (containing urea type compounds and bicar-
bonates) is accompanied by a pH increase which is considered in the calculations. 
Immediately after the manure application, the soil pH at soil surface (PHVOL)  increases 
by a value DPHVOL,  which varies with the mineral N level as follows (Figure 8.11):

eq. 8.18

≤ ≤

≤ GTG

GS

S

G

SG
GS

DPHVOLMAXDPHVOLMandNMINRESALPHAPHDPHVOLM

with
DPHVOLthenPHVOLPHif

DPHVOLMDPHVOLthenPHif
PHVOL

PHPHVOLDPHVOLMDPHVOLthenPHVOLSPHif

⋅=

=>
=<

⋅=

0
0.7

0.7
7 −

−

Using the data given by Morvan (2001) and Chantigny et al. (2004), we can 
propose the following parameter values: ALPHAPH

S
 =  0.005, DPHVOLMAX

G
 = 1.0 

and PHVOLS
G
 =  8.6.

Figure 8.11.  Effect of mineral N content of slurry and soil pH on the initial pH increase.

During the following days, the pH at the soil surface (PHVOL)  returns to the soil pH 
value (PH

S
),  at a rate proportional to the decrease in the volatilizable pool: eq. 8.19.

eq. 8.19

( ) ( )
( )IAPNVOLATORG

INVOLATORG
DPHVOLPHIPHVOL S ×+=
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The model then calculates the amounts of the four forms: NH4s, NH4l, NH3l and 
NH3g (in mol m–2), using the acido-basic equilibria equations, Henry solubility equa-
tion the transfer equations of Beutier and Renon (1978). These amounts depend on 
soil temperature, water content, soil porosity, pH at soil surface and wind speed. The 
ammonia concentration at the soil surface (NH3SURF, i n µg N m–3) is:

eq. 8.20

( ) ( ) 91032.13 ⋅⋅= IgNHISURFNH

The potential ammonia volatilization rate (FSNH3, in  µg N m–2 s–1) is: 

eq. 8.21

( ) ( )
( ) ( )IRAAIRAS

REFNHISURFNH
IFSNH C

+
−= 33

3

where NH3REF
C
 is the atmospheric ammonia concentration, which is about 10 µg 

m–3 in cattle production areas and 0 elsewhere; RAS and  RAA (in  s m–1) are the resis-
tances calculated according to Shuttleworth and Wallace (1985) if the “resistive” option 
is activated (eq. 7.18); otherwise RAA is the default parameter (RA

G
=50)  and RAS = 0. 

The calculation of FSNH3 is m ade hourly because volatilization decreases rapidly, 
assuming constant weather data throughout the day.

The actual ammonia volatilization rate (NVOLORG, in  kg N ha–1 day–1) is propor-
tional to FSNH3 thro ugh a coefficient 0.036 which is a unit conversion factor (µg m–2 
s–1 into kg ha–1 day–1). However it can exceed neither the amount of ammonium at 
the soil surface (AMM(1),  in kg N ha–1) nor the volatilizable pool (NVOLATORG): 
eq. 8.22. 

eq. 8.22

 ( ) ( )

( )
( ) )(

)1(

3036.0

INVOLATORGINVOLORG

AMMINVOLORG

and

IFSNHINVOLORG

≤
≤

⋅=

Finally, the volatilizable pool is updated daily (eq. 8.23)

eq. 8.23

( ) ( ) ( )INVOLORGINVOLATORGINVOLATORG −=

8.5 Denitrification

Denitrification and N
2
O emissions are calculated according to the model proposed by 

Hénault et al. (2005). The actual rate NDENENG (kg N- (N
2
O+N

2
) ha–1 day–1) is assumed 

to be affected by soil temperature (FDENT), nitr ate content (FDENNO3) and w ater 
content (FDENW), as f ollows:
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eq. 8.24

( ) ( ) ( ) ( )∑
=

⋅⋅=
SPROFDENIT

ZS

S IZFDENWIZFDENNOIZFDENT
PROFDENIT
VPOTDENIT

INDENENG
1

,,3,

In eq. 8.24 PROFDENIT
S
 is the  thickness (cm) of the denitrifying layer and 

VPOTDENIT
S
 is the total denitrification potential rate (kg N ha–1 day–1) of the soil, 

assumed to be constant with time. The effect of the three limiting factors (temperature: 
TSOL, nitrat e content: NIT and sat uration soil status: WFPS) are de tailed in eq. 8.25, 
eq. 8.26 and eq. 8.27 and illustrated in Figure 8.12, Figure 8.13 and Figure 8.14. 
Obviously the daily denitrification rate in each layer cannot exceed the amount of nitrate-
N in that layer.

eq. 8.25

( ) ( )
( )( )[ ]

( ) ( )
( )( )[ ]0742.02,exp

,1,

668.0449.01,exp

,1,

⋅−
=≥

−⋅−
=<

TDENREIZTSOL

IZFDENTthenTDENREIZTSOLif

TDENREIZTSOL

IZFDENTthenTDENREIZTSOLif

G

G

G

G

The default values for (TDENREF1
G
, TDENREF 2

G
)

 
are (11 °C, 20°C) and (20°C, 

29°C) for temperate and tropical soils respectively.

Figure 8.12.  Relative effect of temperature on the denitrification rate.

The denitrification rate increases with the nitrate content in soil and depends also on 
bulk density (eq. 8.26)

eq. 8.26

( ) )(2.2),(
),(

,3
ZDAIZNIT

IZNIT
IZFDENNO

+
=

In eq. 8.27, the soil water factor is in interaction with mineralisation through the 
SWRMIN variable  using the TREF

G
 parameter  ( Sierra, comm. pers.).
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eq. 8.27
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( ) ( ) ( )
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Denitrification is highly sensitive to soil properties, both water content at field 
capacity and bulk density (Figure 8.14).

Figure 8.14.  Effect of bulk density (DA) and water  content at field capacity (HCC) on the re lative 
denitrification rate when soil water content is equal to field capacity.

Figure 8.13.  Relative effect of nitrate concentration on the denitrification rate.
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The N
2
O evolved during denitrification (N2ODENIT, in kg N h a–1 day–1) is calcu-

lated assuming a constant ratio between N
2
O-N emissions and total denitrification (i.e. 

(N
2
O+N

2
)-N production), called RATIODENIT

S
. The total  amount of N2O emissions is 

N2ONIT (eq. 8.16)  + N2ODENIT (eq. 8.28).

eq. 8.28

() () SRATIODENITINDENENGIODENITN ⋅=2

8.6 Nitrogen uptake by plants and plant nitrogen status

Nitrogen uptake by the crop is simulated using the concept of either soil availability 
or crop demand being the more limiting. The model calculates and compares these two 
terms every day. The effective N uptake rate is equal to the smaller of these terms. 

Lemaire and Gastal (1997) have shown that one can define a nitrogen content in 
shoots below which the plant metabolism is affected, which is called the ‘critical N 
content’. Its value decreases with time and with plant biomass. Yet the way this decrease 
occurs is not the same throughout crop life. It depends on 3 factors:

• the plant metabolism requiring more or less nitrogen, illustrated by the difference 
between C3 and C4 plants, 

• the plant’s ability to store nitrogen in the form of reserves (proteins, amino-acids 
etc.) that explains the differences between cereals and proteinaceous plants,

• the inter-plant competitive processes that play a role on senescence and thus on the 
C/N ratio within the plant. This requires to consider differently isolated plants and plants 
within a dense canopy. 

These three components are not always considered with the same attention. In the 
first versions of STICS the early crop phase was simply considered as constant in terms 
of maximal and critical N content. In practice only the critical curve can be found from 
experiments (Justes et al., 1994), the maximal level being very difficult to ascertain.

8.6.1 The dilution curves

If NMAX is the maxi mal crop nitrogen content and written as a function of 
plant biomass (W that can be slightly different from MASEC), the daily  N demand 
(DEMANDE, in kg N ha–1 day–1) is the product of the crop growth rate (DLTAMS, in t 
ha–1  day–1) and the derivative of NMAX relative to W:

eq. 8.29

( ) ( ) ( ) ( )IDLTAMS
W

WNMAX

I

INMAX
IDEMANDE ⋅

Δ
Δ=

Δ
Δ=

In STICS the expression of NMAX varies as a  function of 2 criteria: the density of 
the canopy and the presence of storage organs; the first one defining the parameters of 
the NMAX=f(W) curves (according to Lemaire and Gastal, 1997, or Justes et al., 1997) 
and the second one defining W.
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8.6.1.a The dilution curves of N in aboveground biomass

Two curves define the critical response function (NC): one for lo w biomass corre-
sponding to isolated plants (NI) and one for high biomass with dense canopies (NP). 
Similarly, two curves can be derived to characterize the N demand of these two popu-
lations (NMAXI and NMAXP).  These 4 cu rves can be described by similar power 
functions: 

eq. 8.30

( ) ( )
( ) ( )

( ) ( )
( ) ( ) BDILMAX

BDILMAXI

BDIL
P

BDILI

IWADILMAXINMAXP

IWADILMAXIINMAXI

IWADILINP

IWADILIINI

P

−

−

−

−

⋅=

⋅=

⋅=

⋅=

In addition to the prescribed parameters ADIL
P
 and BDIL

P
, th e other pa rameters are 

obtained using the following assumptions:
• There is a value of metabolic-N concentration (NMETA

P
) correspondin g to the 

plantlet nitrogen content that is composed of functional organs only. This value is a func-
tion of species metabolism: 6.47% for C3 crops (e.g. wheat) and 4.8% for C4 crops (e.g. 
maize) (Justes et al., 1997; Lemaire and Gastal, 1997).

• It is possible to define an arbitrary biomass for this plantlet status (MASECMETA
G
 

= 0.04 t ha–1 ; Justes et al., 1997).
• It is possible to define experimentally the biomass value at the intersection of the 

two curves that depends on the form of the canopy (MASECDIL
P
) and at this  point the 

reserve N content is NRES
P
. 

• The curva ture of the maximal curve is the same than that of the critical curve for 
dense canopy: BDILMAX=BDIL

P

We can  then  calculate the missing parameters of eq. 8.30 
eq. 8.31)

eq. 8.31
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An example of these dilution curves is given in Figure 8.15.

Figure 8.15.  Maximal (NMAX) and critical ( NC) dilution curve s for wheat and vineyard.

8.6.1.b The presence of storage organs

The N demand due to vegetative organs is assumed to follow the maximal dilution 
curve, whereas the demand associated with the “fruit” (either grains or storage organs) 
depends on the nitrogen status of the crop through the variable ABSODRP. The biomass 
(W ) used to calculate the N demand from the maximal dilution curve can be reduced 
using the parameters INNGRAIN1

P
 and INNGRAIN2

P  
(eq. 8.32)

eq. 8.32
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Figure 8.16.  ABSODRP versus nitrogen  stress index.

8.6.2. The N supply from the soil

The soil supply is the maximum amount of mineral N that the soil can deliver to the 
surface of roots, for a given status of soil and plant root system. It is calculated for each 
elementary layer (1 cm thick) from the surface to the maximum rooting depth (ZRAC, in 
cm). It does  not account for possible nitrate upflow by capillary rise (this would require 
a knowledge of the nitrate concentration in the soil below the rooting depth).

The soil N supply in each soil layer (FLUXSOL, in kg N ha–1 da y–1) is determined 
by the transport of mineral N from a given soil location to the nearest root by convection 
and diffusion (eq. 8.33).

eq. 8.33

( ) ( ) ( )IZDIFFIZCONVIZFLUXSOL ,,, +=

The convection flow in each elementary soil layer (CONV, in kg N ha–1 day–1) is the 
product of the water flow (i.e. the transpiration flow EPZ, in mm day–1, see  § 7.3.3) and 
the mean NO

3
 concentration (CONCN, in kg N ha–1 mm– 1 water). The exchangeable NH

4
 

is not included, since it assumed to be immobile. There is no nitrate transport by convec-
tion if the transpiration is nil (due to absence of roots or severe water stress):

eq. 8.34

),(),(),( IZCONCNIZEPZIZCONV ⋅=

The diffusion flow in each elementary soil layer (DIFF, in kg N ha–1 day– 1) is the 
product of the effective diffusion coefficient of mineral N (DIFE, in cm2 day–1) and 
the horizontal gradient of mineral N concentration in the soil (in kg N ha–1 mm–1 water 
cm-1 soil). This gradient is calculated from the effective root density profile (LRACZ), 
assuming that ro ots are vertical and equidistant and that mineral N concentration 
decreases linearly from the middle of two adjacent roots up to root surface (mineral N 
concentration is nil at the root surface). These assumptions lead to eq. 8.35.
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eq. 8.35

( )[ ] ),(,),(),(4),( IZLRACIZAMMIZNITIZDIFEIZDIFF ⋅+⋅⋅= π

with 

( ) ( )
( ) ( )

( ) ( ) 0.0,0,

,.),(

=<
−
−=

IZDIFEthenIZDIFEif
ZHUMINZHUCC
ZHUMINIZHURDIFNIZDIFE G

The effective diffusion coefficient is a function of soil water content and bulk 
density (de Cockborne et al., 1988). Only the moisture effect (which is the main effect) 
is considered in STICS. The hypothesis of uniform root distribution leads to maximize 
the diffusive flow. In fact, roots are heterogeneously distributed so that the diffusive flow 
is smaller. In order to account for this effect, the diffusion coefficient at field capacity 
(DIFN

G
) used in STICS (0.01 8 cm2 day–1) is lower than the measured values reported in 

the literature (0.10-0.25 cm2 day-1) (Barber and Silberbush, 1984; de Cockborne et al., 
1988; Kersebaum and Richter, 1991).

8.6.3 The N uptake capacity

The N uptake by the root system is an active physiological process which depends on 
the intrinsic absorption capacity of the plant, its root density and the nitrate concentration 
in the soil. The specific absorption capacity VABS (per unit of root area, in µmol N h–1 
cm–1 root) increases with nitrate concentration according to a double Michaëlis-Menten 
kinetics (Devienne-Barret et al., 2000) (eq. 8.36). These kinetics correspond to two types 
of transport systems: a high affinity transport system ‘HATS’ (with low VMAX1

P
 and 

KM1
P
) and a low  affinity  transport system ‘LATS’ (with high VMAX2

P
 and KM2

P
).

eq. 8.36 
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In eq. 8.36 CONCN is the molar concentr ation of mineral nitrogen (µmol l–1) and the 
parameters VMAX are in µmol cm–1 h–1. Mineral N is considered as a whole (NH

4
+NO

3
), 

so that any selectivity between ammonium and nitrate absorption is not accounted for.
The potential uptake rate in each soil layer is FLUXRAC (kg N ha–1 day–1). It  is 

proportional to the effective root density (eq. 8.37) which is limited by the threshold 
LVOPT

G
 above which uptake is  no longer limited by root density:

eq. 8.37

( ) ( )IZLRACZIZVABSIZFLUXRAC ,),(6.33, ⋅⋅=

The coefficient 33.6 is the ratio of µmol cm–2 h–1 to kg ha–1 day–1. Figure 8.17 shows 
the dynamics of FLUXRAC versus the nitrate con centration in soil and the contribution 
of both transport systems to the uptake capacity. 
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Figure 8.17.  N uptake capacity versus nitrate content in soil. Parameter values: VMAX1
P
=0.0018; 

KM1
P
=50; VMAX2 

P
=0.050; KM2

P 
=25000; LRA CZ=0.20; ZRA C=60; HUR=0.2 0.

8.6.4 The act ual N up take

The mineral N available for root uptake in each layer (OFFRN) is equal to the small est 
of the three terms (eq. 8.38): soil supply, uptake capacity and available mineral N:

eq. 8.38

( ) ( ) ( ) ( )( )IZAMMIZNITIZFLUXRACIZFLUXSOLMINIZOFFRN ,,,,,,),( +=

The integration of OFFRN over the whole profile  yields CUMOFFRN. In each layer, 
the N s upply can be compared to the crop demand through the ratio PROP (eq. 8.39):

eq. 8.39

( ) ( )
( ) ( ) 0.1≤= IPROPwith
ICUMOFFRN

IDEMANDE
IPROP

 
If PROP = 1, the soil N supply i s the factor limiting N uptake. In this case the N 

uptake in each layer is equal to the N supply OFFRN. Conversely, the demand  is the 
factor limiting N uptake if PROP < 1; in this case, the actual N uptake in each layer is 
smaller than the N supply and proportional to it.

In both cases, the actual N uptake in each soil layer (ABSZ) and the total uptake ov er 
the root profile (ABSO) can be written as funct ions of the PROP variable (eq. 8.40):

eq. 8.40

( )

( ) ( ) ( )IPROPICUMOFFRNIABSO

and

IPROPIOFFRNIZABSZ

⋅=

⋅= )(),(
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8.7 Nitrogen fixation by legumes

The influence of crop growth and phenology on the activity of biologic nitrogen fixa-
tion (BNF) has been shown experimentally by many authors, as well as the influence of 
environmental factors, and in particular of soil nitrate availability (Voisin et al., 2002).

Firstly, BNF intensity is known to vary during crop growth. It increases until the early 
stages of reproductive development and then, after passing a plateau, declines till the end 
of crop life (Lawrie and Wheeler, 1974; Bethlenfalvay et al., 1978; Bethlenfalvay and 
Phillips, 1977). These variations are thought to be the result of competition for carbon 
between nodules and seeds (Jeuffroy and Warenbourg, 1991), and differ according to 
species, and sometimes to cultivars (Cousin, 1997). 

Secondly, BNF has been shown to be closely linked to crop photosynthetic activity 
through experiments using labelled CO

2
 (Warembourg, 1983; Kouchi and Nakaji, 1985; 

Gordon et al., 1985; Voisin et al., 2003), and thus correlated to crop growth rate (Finn 
and Brun, 1982; Jensen, 1987; Voisin et al., 2002). 

Finally, several abiotic factors have been mentioned to explain BNF inhibition, and 
especially soil nitrate availability. Indeed, the negative effect of nitrate on BNF has been 
reported by several authors (Mac Duff et al., 1996; Waterer and Vessey, 1993), soil nitrate 
availability inhibiting both nodule formation and nitrogenase activity (Sprent et al., 1988). 
BNF is also limited by soil water deficiency (Pena-Cabriales and Castellanos, 1993) but 
this effect may be reversible (Guérin et al., 1991). Waterlogging may prevent BNF, while 
limiting O

2
 availability for bacteria (Jayasundara et al., 1998). Low temperatures reduce 

nodule activity (Rennie and Kemp, 1980) and high temperatures affect bacterial lifespan 
in the soil (Hungria and Vargas, 2000) and nitrogenase activity. 

In STICS, symbiotic N
2
 fixation by legumes is simulated considering three criteria. 

The first of these is the presence of nodules, depending on their own phenology and 
lifespan and also on an inhibiting effect of excessive nitrate in the soil. The second is the 
capacity of the plant to feed these supplementary symbiotic organs depending on plant 
growth rate, and the third is the soil-dependent physicochemical conditions allowing 
optimal nodule activity: soil nitrate level, water deficit, anoxia and temperature (Debaeke 
et al., 2001; Voisin et al., 2003). The first two criteria define the potential N

2
 fixation 

while the third defines the actual N
2
 fixation.

8.7.1 The potential N2 fixation

The potential N
2
 fixation (FIXPOT  in kg N ha–1 day–1) is calculated as the product of 

a phenology-dependent coefficient PROPFIXPOT  (between 0 and 1) and the maximal 
fixation capacity of the crop (FIXMAX  in kg N ha–1 day–1). 

eq. 8.41

( ) ( ) ( )IFIXMAXIPROPFIXPOTIFIXPOT ⋅=

The PROPFIXPOT  coefficient varies according to growing degree-days (eq. 8.42) 
calculated as for root growth (see § 5.1). The fixation process begins at the IDNO  stage 
(defined by the thermal duration STLEVDNO

P
)  and stops at the IFNO stage (defined by 

the thermal duration STDNOFNO
P
) . The potential curve then decreases until the death of 
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nodules, corresponding to the IFVINO  stage, during the STFNOFVINO
P
  thermal dura-

tion. The establishment rate of nodules between IDNO and IFNO stages depends on the 
potential rate VITNO

P
  and on growing degree-days. 

It may be inhibited by high mineral nitrogen levels, under the control of NODN  which 
is nil when soil mineral nitrate concentration exceeds the threshold CONCNNODSEUIL

P
 

 (in kg N ha-1 mm-1 water), and otherwise is equal to 1.0 (Figure 8.18 and eq. 8.42).

eq. 8.42
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Figure 8.18.  Evolution of PROPFIXPOT v ersus thermal time, for two levels of soil nitrate 
content: low level (NODN=1 ), high level (NODN variable). Parameter values: STLEVDNO

P
=5 00, 

STDNOFNO
P
=1 200, STFNOFVINO

P
=3 00, VITNO

P
=0 .0025.

The maximal fixation capacity of the crop FIXMAX i s calculated from above-ground 
biomass growth rate (eq. 8.43). The FIXMAXVEG

P
 p arameter defines the N fixed per 

ton of produced vegetative dry matter and the FIXMAXGR
P
 p arameter defines the 

amount of N fixed per ton of grain dry matter produced.

eq. 8.43

 ( ) ( ) ( )( ) ( )IDLTAGSFIXMAXGRIDLTAGSIDLTAMSFIXMAXVEGIFIXMAX PP ⋅+−⋅=

DLTAMS is  the daily biomass accumulation and DLTAGS is  the daily grain filling.
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8.7.2. The actual N2 fixation

To calculate the actual N
2
 fixation (FIXREEL, i n kg N ha-1 day-1), the potential N

2
 

fixation FIXPOT is  multiplied by indices (varying between 0 and 1) corresponding to 
constraints due to anoxia (FXA),  temperature (FXT),  water content (FXW) a nd soil 
mineral nitrogen (FXN) (eq. 8.44).

eq. 8.44

( ) ( ) ( ) ( ) ( ) ( )( )IFXNIFXWIFXAIFXTIFIXPOTIFIXREEL ,min⋅⋅⋅=

Limitation by temperature (FXT) us es the soil temperature in the nodulation zone 
and is a trapezoidal function defined by four cardinal temperatures (TEMPNOD1

P
 to 

 TEMPNOD4
P
) as  depicted in Figure 8.19.

Figure 8.19.  Effect of temperature on N
2
 fixation. Parameter values are TEMPNOD1

P
= 0°C, 

TEMPNOD2
P
 = 1 5°C, TEMPNOD3

P
 = 2 5°C, TEMPNOD4

 P
 = 35°C.

The water stress factor (FXW) is  estimated from the proportion of elementary soil 
layers in the nodulation area whose water content HUR is  at least as high as the perma-
nent wilting point HUMIN (eq. 8.45).

eq. 8.45

( ) ( )∑
=+−

=
P

T

PROFNOD

PROFSEMZTP

ZIH
PROFSEMPROFNOD

IFXW ,
1

1

 ( )
( ) )(),(0,

)(),(1,

ZHUMINZIHURifZIH

ZHUMINZIHURifZIH

≤=
>=with

Limitation by anoxia (FXA) is c alculated according to the same principle, as the 
proportion of elementary soil layers which are in aerobic conditions using the ANOX 
varia ble (see $ 5.2.2.b.).
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eq. 8.46

( ) ( )∑
=+−

−=
P

T

PROFNOD

PROFSEMzTP

IZANOX
PROFSEMPROFNOD

IFXA ,
1

1
1

Finally the fixation is partially inhibited when the mean amount of mineral nitrogen 
in the rooting zone (AZORAC/ZRAC, in kg  N ha–1 cm–1 soil) exceeds the threshold 
AZOZRAC100

P
, and i s fully inhibited when it exceeds the threshold AZOZRAC0

P 

(Figure 8.20). 

Figure 8.20.  Effect of soil mineral N content on N
2
 fixation. Parameter values are AZOZRAC0

P
 

= 0.80 kg N ha–1 cm–1 soil and AZOZRAC100
P
 = 0.125 kg N ha–1 cm–1 soil.
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9 Transfers of heat, water and nitrate 

As far as transfer modelling is concerned, two methods are commonly used (Addiscott 
and Wagenet, 1985): the functional reservoir type model and the flux-gradient model. 
Most crop models rely successfully on the first of these, whose main limitation is that it 
does not take explicitly into account the capillary rises of water and nitrate, which can be 
important in highly conducting soils. In the case of a cultivated soil, this obstacle can be 
partly overcome if it is assumed that the depth where water and nitrogen are taken up by 
the plant is a bit deeper than the actual depth of rooting. In order to rigorously simulate 
the rising flows, it is necessary to work with models that use Darcy’s law and the convec-
tion-dispersion equation (Addiscott and Wagenet, 1985). Though work on soil transfer 
functions (deducing the hydrodynamic parameters required for transfer laws from readily 
available soil data) has progressed (Bruand et al., 2003) the variability of the hydrody-
namic parameters in space and between soils is still difficult to assess (Vachaud et al., 
1993). Consequently, these mechanistic models are difficult to use and to parameterize. 
Several studies have shown that the transfer of nitrate can be simulated with a functional 
as well as with a mechanistic model provided that the dispersivity is weak and that the 
thickness of elementary layers is small (Vinten and Redman MH, 1990; Van der Ploeg et 
al., 1995). On the other hand, it is clear that a functional model cannot simulate precisely, 
and with a small enough time step, the water content of surface layers and their porosity 
to the air, which can hinder the estimation of soil subsurface phenomena such as plant 
germination and emergence or nitrogen losses from denitrification. Heat transfers in the 
soil are very seldom accounted for in crop models, assuming that the soil temperature-
dependent processes are sufficiently superficial to respond to air temperature. 



Conceptual basis, formalisations and parametrization of the STICS crop model

168

9.1 Soil temperature

Temperature variation in soil depends on the surface conditions which determine the 
daily thermal variation but also thermal inertia related to the environment. This inertia 
is the cause of the lower daily average temperatures in deep layers compared to those at 
the surface: this is the annual thermal variation. The temperature at the upper limit for 
calculating soil temperature is assumed to be TCULT  and the daily thermal amplitude 
(AMPLSURF ) at the surface is given by eq. 9.1. Crop temperature calculations are 
explained in § 6.6.2.

eq. 9.1

−( ) ( ) ( )ITCULTMINITCULTMAXIAMPLSURF =

The daily thermal amplitude, AMPLZ,  and the soil temperature, TSOL,  at depth Z in 
the soil are calculated using a formalisation suggested by McCann et al. (1991). It is a 
recurrent calculation using the previous day’s values.

eq. 9.2

  

( ) ( )    
DIFTHERM2

10272.7
ZexpIAMPLSURFI,ZAMPLZ

G

5

⎟
⎟

⎠

⎞
⎜
⎜

⎝

⎛
−⋅=

−

( ) ( ) ( )
( ) ( ) ( )[ ]

( ) ( )[ ] ( )
2

I,ZAMPLZ
1I,ZTSOL1ITCULT1.0

ITCULTMIN1ITCULT
IAMPLSURF

I,ZAMPLZ
1I,ZTSOLI,ZTSOL

+−−−+

−−−−=

The thermal diffusivity DIFTHERM
G 

is  assumed to be
 
independent of soil water 

conditions and general throughout the various soil types. A value of 5.37 10–3 cm2s–1 is 
proposed, based on the work by McCann et al. (1991). 

Figure 9.1.  Calculation of soil warming in spring (example of a site in northern France) as a 
function of the considered soil layer and the soil colour represented by its albedo.
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9.2 Transfers of water and nitrate in free drained soil

The nitrates circulate with water downwards through the soil. There are also some 
extreme cases of drought or waterlogging which require the simulation of upward fluxes. 
The way these transfers are accounted for in STICS relies on the soil compartmental 
description and on the tipping bucket concept. 

9.2.1 Soil compartmentation

Figure 9.2.  Schema of soil pore space components.

As shown in Figure 9.2, the description of the soil can involve up to four compart-
ments: microporosity, macroporosity, cracks (the case of swelling clay soils) and pebbles. 
However, only the description of microporosity is obligatory, the description of the other 
compartments being optional.

9.2.2 Soil microporosity: basis for calculating water and nitrogen 
transfer values

Water transfer in the soil microporosity is calculated per elementary 1 cm layer using 
a reservoir-type analogy. Water fills the layers by downward flow, assuming that the 
upper limit of each basic reservoir corresponds to the layer’s field capacity. The perma-
nent features of the elementary layers, as well as the initial water contents, are inferred 
from those of the 5 layers describing the soil: HMINF

S
(H) (minimal moisture or wilting 
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point of the layer H), HCCF
S
(H) (field capacity moisture of the layer H), DAF

S
 (H ) (bulk 

density of fine earth for layer H). It is possible to account for pebbles (see § 9.2.3). If 
the flow is not obstructed, (cf. macroporosity), the excess water above field capacity is 
drained downward. The soil layers affected by evaporation, i.e. down to a depth of ZESX

S
, 

c an dry until they reach the residual soil water content. In deeper layers, the water is only 
extracted by the plant and therefore always remains above the wilting point.

The transfer of nitrates is also described using this reservoir-type analogy, according 
to the “mixing cells” principle. Any nitrate arriving by convection with water in the 
elementary layer mixes with the nitrate already present. Excess water then leaves with 
the new concentration of the mixture. This description produces results which are very 
similar to the convection-dispersion model, the thickness of layers (EPD

S
) b eing equal to 

twice the dispersivity (Mary et al., 1999). In the first STICS versions, this thickness was 
fixed at 1 cm, which often led to too weak a dispersion. A minimum concentration level 
may exist (CONCSEUIL

S
),  below which mineral nitrogen cannot be leached (eq. 9.3). 

This can be a simple way to simulate ammonia nitrogen without using the simulation of 
the ammoniacal phase of mineralisation (see § 8.3). 

eq. 9.3
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 with Z1 and Z2 the limits of the mixing cell , and Z∈ [Z1, Z2]

The amounts of drained water and leached nitrogen, i.e. leaving via the base of the 
soil profile (eq. 9.3 for Z=PROFSOL

S
), are  not retrievable by another crop. Upwards 

nitrate movements occur via plant uptake only (§ 8.6). Capillary rises provided by humid 
subsoil can be taken into account (Figure 9.3 and § 9.2.4)

9.2.3 Pebbles

In the presence of pebbles, defined by their volumetric percentage (CAILLOUX
S
(H)) 

in the layer H,  the typical moisture levels and the bulk density of the layers are modified 
depending on the amount and type of pebbles (see for example 
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Figure 9.3.  Water/nitrate transfers in the soil: mainly downwards but could be upwards if cracks 
are present or capillary rise occurs.
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eq. 9.5 for bulk density), according to Gras, 1994. The type of pebbles is defined by 
a volumetric mass value (MASVOLCX

G
) and  a field capacity moisture value (HCCX

G
), 

ass uming that the minimal moisture content of pebbles (HMINCX) is s imply calculated 
with reference to fine earth values (eq. 9.4) 

eq. 9.4

( ) ( ) ( )
( )HHUCC

HHCCX
HHUMINHHMINCX G⋅=

eq. 9.5

( ) ( ) ( )( )
( )( ) ( )

[
]HDAFHCAILLOUX

HUXTYPECAILLOMASVOLCXHCAILLOUXHDA

SS

SGS

⋅−+
⋅=

100
100

1

Figure 9.4.  Effect of pebbles (70% in volume) on soil evaporation and the consequences on mean 
spring crop temperature in a vineyard in south-eastern France.

9.2.4 Macroporosity and cracks

Two compartments can be functionally added in the soil: macroporosity and 
shrinkage cracks, should this occur in the soil (CODEFENTE

S
 = 1). T he macroporosity 

compartment is discretized by layer (but not by the 1 cm layers used for the standard 
microporosity compartments) whereas the cracks correspond to a single entity. Needless 
to say, this decomposition is somewhat imaginary and arbitrary; it is only justified in that 
it makes the modelling more convenient.

At each pedological discontinuity level, a daily infiltrability parameter is defined 
(INFIL

S
(H) in m m day–1). At the soil surface, the daily amount of water penetrating 

into the soil accounts for soil surface status (see § 6.4) and allows the runoff esti-
mates. Between two discontinuous levels, the “downward” circulation occurs due to 
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“overflowing” from one layer to the next, as mentioned above (c.f. microporosity). At 
a discontinuity level, the amount of water which has filtered through is limited by the 
infiltration parameter INFIL

S 
(H) which also sustains the macroporosity of the layer. As 

the infiltrability acts when the microporosity is filled, its value is similar to the saturated 
hydraulic conductivity, though it cannot be exactly equated to it because of a residual role 
of sorptivity (Boivin et al., 1987). 

The pore space corresponding to the macroporosity of each layer (MACROPOR(H)) 
is  evaluated by one of the following two formulae, depending on the soil swelling proper-
ties (CODEFENTE

S 
=0 or 1 ):

eq. 9.6

( ) ( ) ( ) ( ) ( )HEPCHDA
HHCCHDA

HMACROPORthenCODEFENTEif S ⋅⋅⎥
⎦

⎤
⎢
⎣

⎡
⎥⎦
⎤

⎢⎣
⎡−⎥⎦

⎤
⎢⎣
⎡ −== 10

10066.2
10

( ) ( ) ( )[ ] ( )HDAHHMINHHCCHMACROPORthenCODEFENTEif S ⋅−⋅== 5.01

If the layer’s macroporosity has reached saturation, the anoxia index of each layer 
(ANOX (Z)) is al located the value of 1 and can restrict root growth. In the case of swelling 
soils, the fissures, when open, are filled by overflow from the surface layer; water supply 
by rain interception at the surface is not taken into consideration. The opening of cracks 
(variable BOUCHON) depends  on the combination of two factors in at least one of the 
layers: empty macroporosity and a root front deeper than the base of the layer. 

If the basal soil layer is dry enough (below the HUMCAPIL
S
 threshold ), capillary 

rise can occur from the subsoil into the soil, at a constant rate (CAPILJOUR
S
) until th e 

basal layer reaches a moist status (above HUMCAPIL
S
). As, in the model, these upward 

transfers take place through the macroporosity (they are considered negative infiltration), 
they require a zero value of infiltrability at the base of the soil to be active.

Figure 9.5.  Effect of a strong decrease in infiltrability (INFIL) at the base of the second layer 
located at 30 cm and its consequences on root penetration due to anoxia.
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9.3 Case of artificially drained soil

The introduction of agricultural drainage into STICS raises two major problems: 
(1) the time step characteristic of the functioning of a drainage system in the temperate 
climate of mainland France is about one hour and not one day; (2) the functioning of a 
drainage system is two- or even three-dimensional and not unidimensional. These two 
problems require a modification of models usually used in drained soils.

The classic draining system (Figure 9.7) uses the properties of symmetry arising from 
the presence of lines of drains with spacing (2 LDRAIN

S
) which is  generally constant 

within a field. Flow is assumed to occur from the space between drains towards the drain 
following a shape characterized by the parameter BFORMNAPPE

S
; it occur s within a 

water table based on an impermeable floor, the depth of which (PROFIMPER
S
) may be 

g reater than the soil depth considered in STICS.
A simplification of the baseline Hooghoudt equation (1940) is used to simulate the 

daily water outflow (QDRAIN) at the d rain level (eq. 9.7) assuming a single hydraulic 
conductivity above and below the drains (KSOL

S
). 

eq. 9. 7

( ) ( ) ( )
2

2 2)(
S

SS

LDRAIN

IHMAXIDEKSOLIHMAXKSOL
IQDRAIN

⋅⋅+
=

This equation relies on the estimation of DE, the equiv alent depth of the aquifer 
below the level of drains, which first requires calculating HMAX (eq. 9.8). 

Figure 9.6.  Effect of swelling properties (CODEFENTE
S
=1) in case of a heavy clayey soil of low 

infiltrability (O.1) on the storage capacity of the soil and its consequences on runoff, transpiration 
and finally sugar cane production (La Reunion).
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eq. 9.8
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The Hooghoudt equation is normally valid under a permanent regime, but it was 
shown (Zimmer, 2001) that for sufficiently large time steps, it provides entirely satisfac-
tory predictions of the flows and water table heights in drainage systems. The operating 
principle is as follows: when gravity flow begins following saturation of the micropo-

Figure 9.7.  Schema of the draining system. In grey is the STICS soil, the water table develops 
between PROFIMPER

S
 and the d aily level HNAPPE, which is  reduced by the presence of the 

drains to a maximum between-drains level of HMAX. The drai ns are characterized by their 
location and spacing in the soil (PROFDRAIN

S
, LDRAIN

S
)  and thei r radius (RDRAIN

S
).



Conceptual basis, formalisations and parametrization of the STICS crop model

176

rosity in the system, the macroporosity fills and creates a water table, whose level is at the 
top of the layer whose macroporosity is saturated. If we know the system parameters and 
the height of the previous table, a quantity of drained water is calculated, to which may be 
added, if relevant, drainage linked to exchanges with deep layers of the soil. The sum of 
these two drainage quantities is subtracted from the water contained in the macroporosity, 
and a new water table height is calculated.

Although it does not appear explicitly in the equations, the porosity of drainage plays 
an important role in the emptying and filling of soil macroporosity. As a general rule, 
the simulations are correct only when the value of the soil macroporosity is equal to its 
drainage porosity. 

In order to be able to account for the field heterogeneity due to the drainage system, 
it is possible to calculate the plant effects of the presence of a water table either at the 
drain level or at the inter-drain level or for an average level. 

Nitrates can be leached through the drains and their amount is calculated assuming 
that nitrate concentration in the drained water is that of the HNAPPE level.

9.4 Integr ated calculations of soil status

9.4.1 Water and nitrogen reserves

By integrating the elementary layer water contents, HUR(Z)+SAT(Z), and  the 
ni trogen contents, NIT(Z)+AMM(Z), ove r the d epth of soil used for taking measurements 
(PROFMES

T
) or over the w hole depth of soil (PROFSOL

S
), we obtain th e soil water 

reserve RESMES, and the nitro gen reserve AZOMES.
By integrati ng the difference between HUR(Z)-HUMIN(Z) ov er the ro oting depth 

ZRAC, we obtain RES RAC. This same dif ference integrated over the soil depth, 
PROFSOL

S
, and weighted  by the difference between HUCC(Z)-HUMIN(Z) gi ves the 

soil water status as a proportion of readily available water (RSURRU).
Lastly, the  maximal reserve used, RMAXI, corresponds t o the integration of the differ-

ence between HUCC(Z)-MIN(HUR(Z))  over the r ooting depth, where MIN (HUR(Z)) is 
the lowest water content value in the layer Z encountered during the simulation.

9.4.2 Water and nitrogen balances

The balances are calculated for the three levels represented in the soil: the elemen-
tary 1 cm level, the layer and the whole soil from the surface to its basis. Let us take the 
example of the whole soil (eq. 9.9): the inputs of the water balance are rainfall (TRR), 
irrigation ( AIRG) affected by a n efficiency (EFFIRR

T
) and capillary  rises (REMONTEE); 

while the ou tputs are soil (ESOL) and plant (EP ) evaporations,  runoff (RUISSEL) and 
deep drai nage natural (DRAIN) or artificial  (QDRAIN). The one day  delay between soil 
and plant evaporation is assumed to account for the soil priority.

eq. 9.9

( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )IQDRAINIDRAINIRUISSELIEPIESOL
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−−−−+−

+⋅++=+
1

)1(
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As far as mineral nitrogen is concerned, the same input-output terms are identi-
fied, applied here in a cumulative form from the beginning of the simulation (eq. 9.10). 
The amounts of nitrogen are those provided by mineralisation of humus (QMINH) or 
residues (Q MINR) in addition to  those of the fertilizers (ANIT). In outputs th ere is the 
plant uptake (ABSO) and all nitrog en losses by leaching (QLES and QLESD in th e 
artifici al drains), as gas (QNVOLENG and QNDENENG fo r the mineral  fertilizers, and 
QNVOLORG for manure) or by reorganization (QNORGENG)

eq. 9.10
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9.4.3 P redawn plant water potential

At dawn, plant water potential is assumed to be in equilibrium with the soil water. 
Consequently this measurement is often used as a daily assessment of water stress and 
a relevant integrated measurement of soil behaviour. In order to be able to compare 
STICS simulations to this type of measurement, a simple calculation of predawn plant 
water potential is proposed, based on Brisson et al. (1993). Predawn plant potential is 
calculated as the arithmetic mean over depth of soil water potential, weighted by root 
density.

The soil potentials (PSISOL) are calculated  using the Clapp and Hornberger (1978) 
formulae, using the points (HUCC, -0.03 MPa) and  (HUMIN, -1.5MPa) to cal culate the 
parameters BPSISOL and PSISOLS.

eq. 9.11
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The roots participating in predawn potential are the ones located in moist layers 
(PSISOL above -1.5 MPa)
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eq. 9.12
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 Figure 9.8.  Influence of rooting depth on PSIBASE calculation and s ensitivity to rainfall. 
Example of a vineyard in the Rhône valley: the simulated shallow rooted vineyard production is 
half of that of the deeply rooted vineyard.



179

10 Cropping systems

10.1 The notion of a Unit of SiMulation (USM )

A cropping system is a sequence and/or spatial combination of crops and the corre-
sponding technical operations, applied to a given, uniformly treated agricultural area 
(Boiffin et al., 2001). “They are identified by involving not only the cash crops them-
selves, but also periods between crops with bare soil or plant cover”. STICS can easily 
describe the cropping system behaviour, because it integrates the temporal variability 
of weather, agricultural practices and crops over time. This modelling is implemented 
at the homogeneous soil unit level. STICS cannot intrinsically investigate the landscape 
scale, which is the relevant one for economic or environmental diagnosis of agricul-
tural practices. Landscape contains a combination of several cropping systems, called 
“agro-ecosystem” (Meynard et al, 2001). On the assumption that joint soil units can be 
accounted for independently, the modelling of landscape is possible but requires STICS 
to be run within a geographical information system, which includes soil mapping of 
the agro-ecosystem (Nicoullaud et al., 2004; Guérif et al., 2007). Conversely, coupling 
STICS with a spatially distributed hydrological model allows lateral interactions occur-
ring across the landscape to be described (Durand et al., 2007). The simulation of the 
course of the cropping system over several cropping seasons needs to simulate succeeding 
units of simulation, corresponding to both cropped cycles and bare periods.

A Unit of Simulation (USM ) is a combination of a given soil/weather situation with 
a given crop species and a given crop management. A USM gathers all the required 
information to run a simulation: the daily weather data during the simulation period, 
the soil characteristics as well as ecophysiological and agronomic characteristics of the 
crop species and all the techniques applied during crop growth (sowing date and depth, 
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 fertilization amount and dates, irrigation amounts and dates, etc.). Another important 
input is the initial status of the system, i.e. the soil water and nitrogen contents and, if 
necessary, the plant growth status when the simulation starts. When the simulation should 
end is also important to be able to correctly chain simulations. In practice, a USM file 
includes the names of the files to be used for the soil, the plant, the weather and the 
technical operations.

Depending on the user’s objectives, a USM  may be created to simulate simple crop 
cycles, or chained in order to simulate succeeding crops at the same location. Special 
USMs may be created to simulate intercropping, using the same soil and weather data and 
the agro-physiological and management properties of the two intercropped species.

10.2 Long term simulations

Numerous biological and physical processes occur over the time course of a given 
crop succession. Some of them consist of short-term processes such as soil anoxia, 
denitrification, soil freezing or crop growth. They may have little effect on the soil crop 
system pattern in the long term. Yet some temporary physical conditions can definitely 
affect crop behaviour; e.g. drought reducing grass tiller density in Mediterranean condi-
tions (Satger et al. 2007). Conversely other conditions and processes only come to light in 
the long term through their cumulative effects: this is the case of those affecting the Soil 
Organic Matter (SOM) or the soil structure. The predictive performance of soil carbon 
and nitrogen turnover by various models: CERES, NCSOIL, SUNDIAL, and STICS has 
been compared by Gabrielle et al., 2002: “The results highlight a trade-off between the 
prediction of N mineralization in the short term (day to year) and SOM dynamics in the 
long term (year to decade)”. STICS simulated SOM mineralization rate well when the 
amounts of incorporated residues were well known. The version of STICS that we will 
refer to in this section assumes the soil physical parameters to be stable. Making STICS 
able to simulate the evolution of bulk density or soil permeability is a worthwhile future 
research project, with some elements already present in the model (Richard et al., 2007 
and § 6.5). In order to simulate the soil-crop system behaviour over a long period, we 
have first to analyze what kind of carry-over effects the model is able to take into account 
between successive USMs,  and second, to define the relevant calendar of each USM in 
order to get confident initial values. From a practical point of view, there are a lot of ways 
of splitting the studied period into several successive USMs . But it seems best to link 
one USM to the next when there is a low level activity in the cropping system and fallow 
periods in order to minimize the effect of initial conditions. Indeed during the cropping 
season many processes occur, as crop growth is stimulated by the farmer’s practices. 
Concerning N dynamics we can mention crop uptake, influenced by N fertilisation, as 
the most influential flow as regards soil mineral N level (Blombäch et al., 2003). If the 
cropping systems include crop volunteers, green manure or sown catch crops, it may be 
necessary to define several USMs a year.

STICS is easily able to run monocrop cropping systems by chaining the same agricul-
tural configuration (or USM ) over a several years with successive weather files. The other 
possibility is to account for rotations by chaining various USMs. As far as initial condi-
tions are concerned, in both cases, it is possible either to reset (R: or use the prescribed 
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initial conditions) or run continuously (C: or use the final conditions of the previous 
simulation as initial condition of the current one) the model over the succeeding USM. 

10.2.1 Monocrop vs rotations

The monocrop simulation can be performed by the same USM , i.e. the same soil, 
species and techniques over several years with successive weather files. Using the reset 
option can be interesting in the case of annual crops for numerical experiments to get rid 
of cumulative effects. It can also be used to understand the model’s sensitivity to cumu-
lative effects, as for instance the amount of winter carbon reserves in forage crops. Of 
course, using the continuous option is much more realistic, in particular for predicting the 
behaviour of perennial crops. For instance, the response of various French vineyards to 
global warming was evaluated by comparing STICS simulations for 1970-2000 to those 
of 2070-2099 (García de Cortázar Atauri et al., 2006), using this option. 

For rotations or successive USMs , the reset option can provide confident diagnosis 
of the impacts of agricultural practices over a past period when both practices and initial 
values are well known (Nicoullaud et al., 2004, Beaudoin et al., 2008). This approach 
takes into account the modelled impacts of cumulative effects of agricultural practices-
soil-weather interactions and requires that all state variables are available at the dates 
chosen for USM initiation: soil water and nitrogen contents, organic matter and bulk 
density and, if initiation occurs during the cropping period, crop developmental stage and 
biomass. The availability of such measurements can also be taken as a relevant rule for 
the calendar chaining of USMs (§ 10.2.3). 

In the absence of such measurements or for predictive studies over a long period, it is 
recommended to simulate rotations with the continuous option (Ducharne et al, 2007). 
In that case the results do not depend on the segmentation of the simulated period into 
successive USMs  but rely greatly on the confidence in the simulated long-term effects of 
STICS, which can be questionable. For continuous rotations the soil characteristics must 
be exactly the same for all the USMs and great attention must be paid to the calendar 
chaining in Julian days. If initial values of the series are missing, it is common to run 
the model for several years preceding the first year of interest, just to calculate reliable 
simulated initial values.

 
The final status of the system used as initial status for the following simulation 

concerns:
1. the soil mineral status (water, nitrates, ammonium)
2. the system thermal status (soil and crop temperature)
3. the soil organic status in the three pools (humus, biomass and residues for C and 

N contents and rates of decomposition)
4. the plant status (LAI , biomass, N content, rooting depth and density, carbon and 

nitrogen reserves and developmental status including stage and developmental units)

10.2.2 The particular case of crop residues 

In the long term, the incorporation or export of crop residues is probably the key 
process influencing soil organic matter dynamics. It can potentially concern several 
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parts of the plant, from the fine roots to the whole plant from green manure, passing 
through stems and stubbles (RESSUITE

T 
), and the nature of crop residues (C/N ratio or 

CSURNRESSUITE ) together with their quantity (QRES) are elements of the cropping 
management accounted for by the model. They can be either prescribed, in the case of 
the “reset” option or calculated in the case of the “continuous” option. In both cases 
their incorporation is done by the various soil cultivation operations prescribed in the 
crop management file, which may occur before the end of the USM  simulation (in that 
case the crop residues are taken into account in the various state variables characterizing 
the following initial status). An error in the estimation of QRES or, to a lesser extent, 
of CSURNRESSUITE is likely to be propagated and lead eventually to a false result. 
The equations detailing the incorporation of crop residues according to the parameter 
RESSUITE

T
 and the root simulation options are given in § 6.3.4. Crop residues, such as 

dead leaves (e.g. for rapeseed), can also be incorporated during crop growth as they are 
produced. 

Crop residues left on the soil surface can act as a mulch after harvest (§ 6.4.1). In that 
case, the user needs to specify it as a particular technique in the crop management file 
and prescribe the amount of mulch biomass since it is not automatically implemented in 
any of the USMs. Yet the mulch will automatically disappear as soon as any form culti-
vation is done, provided that its depth exceeds 2 cm. In fact, in the model, the physical 
role of the plant mulch is managed independently from its biological role in residue 
decomposition.

10.2.3 Examples of long term simulations

The plant carbon reserves (RESPERENNE ) are supplied once all the identified 
organs’ demand is satisfied, i.e. leaves, stalks and possibly seeds or fruits (see § 3.5.4). 
They can also be consumed when photosynthesis is insufficient (see § 3.3.3). The 
filling or emptying of reserves depends both on the plant parameters (SLAMAX

P 
, 

Figure 10.1.  Dynamics of the carbon reserve (RESPERENNE ) of a temperate grass (Festuca 
arundinacea), with reset every year or continuous simulation, from 1994 to 2003 (Ruget and 
Brisson, 2007).
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TIGEFEUILLE
P 
, REMOBRES

P 
) and soil and weather conditions, as it is shown in 

Figure 10.1. The differential behaviour is particularly important in winter when the 
meadow’s reserves are used for the initiation of spring growth. Cutting causes an abrupt 
decrease in the carbon reserves in both cases because the remaining organs consist 
entirely of the whole remaining biomass, leaving little reserves.

The dynamics of the carbohydrate reserves of a vine grown under current conditions 
in the Bordeaux vineyard (5000 vines per ha, 1.3m high; 183 mm of soil available water) 
are compared for three climatic scenarios (Garcia de Cortazar Atauri , 2006): the actual 
recent past (1970-1999) (control) and two possible future scenrios (periods 2070-2099) 
under two hypotheses of global CO

2
 emission (Figure 10.2). The predictions of the vine 

reserves for the past and future periods differ greatly, both on average as well as in vari-
ability. The simulated higher reserves for the future periods is due to stimulating growing 
conditions, both in terms of air temperature and atmospheric CO

2
 concentration, and also 

to a longer post-harvest period, allowing carbon storage between harvest and leaf fall.
In Figure 10.3 are presented simulated versus measured soil nitrate contents for two 

contrasting soils within the same field: a shallow sandy stony loam overlying limestone 
and a deep loamy soil. Year-to-year measured values are more variable on the loamy 
soil than on the sandy stony loam. Simulations with reset twice a year correctly mimic 
measurements while the continuous ones agree less well with the measured reality, espe-
cially for the loamy soil. The largest discrepancies occur for long fallow periods during 
dry winters. Hence uncertainties in the model’s initial values cause it to generate errors 
between years when N leaching is low. This study also shows that the model’s sensitivity 
to soil parameters depends greatly on the duration of the simulation.

These data were collected on various soils (36 sampling sites) of a small catchment, 
named Bruyères, in northern France, and STICS was run on each of them. The mean 

Figure 10.2.  Dynamics of the carbon reserve of a vine (cv Merlot) at Bordeaux, according to 
two future climatic scenarios covering the 2070-2099 period (B2-SRES scenario ([CO

2
]=550 

ppm in 2100 and A2-SRES scenario ([CO
2
]=800 ppm in 2100) as compared to the recent past 

(1970-1999) (Garcia de Cortazar Atauri, 2006). The future climatic scenarios are calculated by 
the Arpege GCM model (Gibelin and Déqué, 2003) following the IPCC (2001) recommendations 
for SRES scenarios and using the method of the “anomalies” for downscaling the large scale 
GCM outputs.
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prediction by reset simulation (RS) or continuous simulations (RS) of all the variables 
of interest (yield, N losses) were close (Beaudoin et al., in press). The main difference 
between RS and CS predictions concerned the residue mineralization despite their 
predictions, of either biomass or N content, did not greatly differ (Table 10.1). That can 
reach up to 16 kg × ha–1y–1 for deep loam but only 2 kg × ha–1y–1 for the sandy soil. This 
difference lies with the automatical addition of the simulated root residues provided 
by the preceding crop in the amount of crop residues incorporated in CS unlike RS. 
The N content of root residues is assumed to equal those simulated for the aerial crop 

Figure 10.3.  Observed and simulated soil nitrate contents during the period 1991-1999 for two 
contrasting soils: a) shallow sandy loam overlying limestone and b) deep loamy soil from the same 
field. The succeeding crops include S = Sugarbeet, WW = winter wheat, WB = winter barley, cc= 
catch crop, P = spring peas (Beaudoin et al., 2008).
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residues. As interaction with the soil type, outputs are quite similar for the sandy soil 
because the high N content of root residues does not allow significant supplementary N 
immobilisation.

Evaluating STICS’s long-term calculations for bare soil has been possible thanks to 
the Fagnières lysimeter device in northern France (48°57’N, 4°19’E; Ballif, 1996 cited in 
Beaudoin, 2006). Water drainage and N leaching have been monitored for 28 years. The 
evaporation parameter, Q0

S ,
 was estimated in order to minimize the differences between 

measured and simulated amounts of drained water (Figure 10.4).The good prediction of 

Table 10.1.  Bruyères catchment from 1991 to 1999: comparison of STICS predictions of the 
annual residue biomass, N content and mineralization (kg N ha–1 y–1) by reset and continuous 
simulations. The 36 sampling sites of are of various soil types (Beaudoin et al., 2008).

Mean prediction Soil type

deep loam shallow 
sandy loam 

on limestone

shallow 
loamy clay 

on marl 
and rock

shallow 
loamy sand 

on sand

reset simulations

Residue biomass t ha–1 y–1 8.0 7.3 5.6 5.7

Residue N content % 0.8 0.9 0.8 1.3

Residue mineralization kg N ha–1 y–1 –5 –9 –5 –8

continuous simulations

Residue biomass t ha–1 y–1 7.7 6.6 5.2 5.6

Residue N content % 0.8 0.8 0.8 1.3

Residue mineralization kg N ha–1 y–1 –21 –22 –17 –6

Figure 10.4.  Cumulative water drainage and nitrate leaching measured (symbols) and simulated 
with the STICS model (continuous lines) in the lysimeter experiment of Fagnières, from 1978 to 
2003 (Beaudoin et al., 2008).
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leaching confirmed the ability of the N mineralization module to correctly simulate soil 
organic matter dynamics over the long term. The cumulative N mineralized (1770 kg 
ha–1) represents 32% of the initial organic N content of the biologically active layer (0-
27 cm). The rate of N leaching decreases at the end of the period, which is unsurprising 
due to the depletion of organic nitrogen. 

10.3 Intercropping

Intercropping consists of growing several crops (annual or perennial) simultaneously, 
each crop developing and growing at its own rate as a result of resource partitioning. This 
practice is traditional in the tropics and is beginning to be used in temperate climates 
for environmental reasons. Various arrangements of intercrops exist: strip intercrops, 
alley crops, mixed intercrops or even windbreaks, which exhibit more or less spatial 
heterogeneity.

Given the complexity of the system, models can be especially helpful for analysing 
intercropping comprehensively (Caldwell, 1995). The intercrop modelling framework 
can be summarised using three approaches. The first of these, consistent with de Wit 
et al.’s initial principles (de Wit, 1978 and de Wit et al., 1970) is an extension of sole 
crop modelling, considering the system to be composed of two species instead of one, 
simply organised within a kind of elementary pixel supposed to represent the whole 
field. Actually this is the oldest and more operational approach (Caldwell et al., 1993 and 
Kiniry et al., 1992), concentrating more on the dynamics of the system than on its spatial 
heterogeneity. The second approach relies on a description of the intercropping system as 
a series of discrete crop-based or tree-based points with flow of mass or energy between 
each. This spatial discretized approach allows big spatial variations to be accounted for, 
each point generally being simulated under the above-mentioned crop modelling prin-
ciple, and the field response results from a spatially integrated calculation (Huth et al., 
2002). The last possible approach derives from architecture modelling, putting emphasis 
on a realistic description of the 3D structure of the complex two-species canopy, which 
leads to fine-scale descriptions of processes (Sonohat et al., 2002) at the organ level. 
In that approach it is more difficult to account for the system dynamics because of the 
complexity of organ dynamics in interaction with the whole plant behaviour. The adap-
tation of the STICS crop model was based on the first approach (Brisson et al., 2004), 
aiming at producing an operational tool to help managing intercrops, while trying to 
overcome the problems of unwarranted over-simplification.

The adaptation of STICS’s conceptual basis and formalizations to intercropping relies 
first on a simplified definition of the complex agronomic system of intercropping, and 
secondly on the adaptation of the modules calculating resource capture (light, water and 
nitrogen).

10.3.1 Representation of the intercropping system

The intercropping system being complex, some simplifying hypotheses are adopted. 
The soil-plant-atmosphere system is divided into three sub-systems at the canopy level 
(Figure 10.5): the dominant canopy (D ) and the understorey canopy (U ) are divided into 
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two parts: a shaded part (SURFAO ) and a sunlit part (SURFAS ), each of them being 
defined by a light microclimate. These light microclimates, estimated from a radiation 
balance (see § 6.6), drive the different behaviours of the sub-systems in terms of growth 
(dry matter accumulation, LAI ) and water and nitrogen budgets (transpiration, nitrogen 
uptake, stress index). The estimation of the water requirements for both crops relies on 
light partitioning coupled to a resistive scheme (Figure 7.6) and is applied on a daily time 
step. The phasic development is considered the same for both parts of the understorey 
crop. Also the soil environment is assumed to be the same for both crops: that is to say 
that the horizontal differentiation within the soil profile is neglected in favour of the 
vertical one. It is assumed that the interactions between the two root systems result from 
the influence of the soil on each crop root profile through its penetrability and water 
dynamics.

The application of this theory within the STICS code is done by multiple calls to 
the elementary subroutines and re-calculation of the state variables as a function of the 
considered sub-system. Specific modules or options were added to the preceding sole 
crop version in order to take account of the ecophysiological features of these complex 
systems. These adaptations are now available in the present version for sole crop simula-
tions as well as for intercrops. They concern radiation interception, energy budget driving 
water requirements and microclimate, and dynamics of the root system as influenced by 
soil status. Those modules and options were described in chapters 3, 7, and 5 respectively. 
The shoot growth was slightly modified to account for the understorey shaded crop 

Figure 10.5.  Simplified representation of the model with, on the left, the modules (grouped 
according to the way they are called within the code), and on the right the system with its three 
sub-systems (D : dominant crop; U : understorey crop divided into a shaded part: SURFAO  and a 
sunlit part: SURFAS ) and in the centre the number of calls of each module devoted to a particular 
part of the system. * corresponds to the modules modified for the adaptation to intercropping.
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growing under limiting radiation. We explain here the value of these formalisms in the 
case of intercropping system simulation.

10.3.2 The radiation intercepted by the two crops

The objective is to estimate, on a daily time step, the part of the radiation intercepted 
by the dominant crop and the part transmitted to both components of the understorey 
crop: the shaded (ROMBRE ) and the sunlit (RSOLEIL ). To solve this problem, the 
most complex method for radiation transfers within the canopy was chosen in STICS 
(see details in § 3.2.2). While for sole crops the basic level of calculation is the soil, in 
the case of intercropping, it is the top of the understorey canopy. On a daily time step, 
the shaded part of the understorey canopy corresponds to the vertical projection of the 
dominant foliage at the soil surface. The elementary pixel for calculation consists of 
the LARGEUR /2 part of the dominant crop (see § 3.2.2.b and.Figure 3.9), the shaded 
surface of the understorey crop (SURFAO ) and the sunlit surface of the understorey crop 
(SURFAS ) (Figure 10.6).

Figure 10.6.  Simplified representation of an elementary pixel of the system (LARGEUR /
2 represents the half-width of the dominant crop part, SURFAO  represents the shaded surface of 
the understorey crop part, and SURFAS  represents the sunlit surface of the understorey crop part 
of this elementary pixel).
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10.3.2a Radiation intercepted by both crops

The radiation intercepted by the dominant crop and its complementary part trans-
mitted to the understorey canopy must be calculated using the radiation transfer formal-
isms, using the series of equations and crop geometry given in § 3.2.2. Those equations 
lead to the simple calculations of ROMBRE  and RSOLEIL , assuming a discretization of 
the inter-row distance in 20 points.

Hence for 20 points spread equally along the inter-row, XSH  points are on the 
shaded part of the understorey crop, and ROMBRE  (eq. 10.2) is the average value for 
those XSH points of the transmitted radiation (which is the sum of the radiation not 
intercepted  by the dominant crop (RDROIT), and the transmitted radiation through 
the dominant crop RTRANSMIS ), while RSOLEIL  is the complementary value for 
the 20-XSH points (eq. 10.1: see eq. 3.18 and eq. 3.19 for RDROIT and RTRANSMIS 
calculations).

eq. 10.1
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Then the proportion of income radiation intercepted by the dominant (FAPAR
D
)  and 

the understorey crop (FAPAR
U
)  can be simply derived from eq. 10.1 coupled to eq. 3.16 

(Beer law analog applied to the understorey crop): eq. 10.2.

eq. 10.2
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The FAPAR of both crops depends greatly on their respective heights, which not only 
depend on the plant characteristics but also on the growth conditions as demonstrated in 
Figure 10.7.

10.3.2b Crop geometry

When both canopies (dominant and understorey) are vertically mixed, the sole upper 
part of the dominant crop, located above the understorey crop, is accounted for in the 
radiative transfer calculations. Thereby, an efficient shape is defined for the dominant 
crop; in the case of the “upside-down” triangle, the efficient shape is trapezoidal but it is 
assumed to be rectangular to simplify the geometrical calculations.
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In order to allow inversion of dominancy of both crops, the intercrop plant status 
(dominant or understorey) is a function of the respective plant heights, which can change 
several times throughout the growing cycle as a function of growth rates of each crop.

10.3.3 Energy budget and microclimate

In the model, the energy budget is used to estimate the crop water requirement 
through the “resistive approach” option (see § 7.2). This approach is particularly relevant 
in the case of intercrops, because it allows for microclimatic effects on water require-
ments: convection beneath the dominant canopy and decrease in the vapour pressure 
deficit due to transpiration from the understorey plants. Then actual soil evaporation and 
plant transpiration are calculated independently by means of a soil water balance (see 
7.1 and 7.3). These fluxes are then re-introduced into the energy budget to calculate crop 
temperature, which is a driving variable for growth and development of the plant (see 
chapters 2 to 5). The required adaptations for intercrops concern the first stage. 

Figure 10.7.  Comparison of pea-barley intercrops in Denmark (a) and France (b) in terms of 
respective crop heights (HAUTEUR)  and proportion of intercepted radiation (FAPAR).
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10.3.3a Theoretical basis

Following the relative position of the dominant and the understorey crops, the energy 
budget calculations rely on slightly different resistance networks (Figure 10.8). This 
simplification aims at limiting to two the number of sites playing the role of water vapour 

Figure 10.8.  The two possible schemes of resistance networks used to estimate water requirements 
for intercrops (right-hand side of the schemes) and the fluxes (left-hand side of the schemes). 
(a) the understorey crop is near to the ground, (b) the understorey crop is nearly as high as the 
dominant crop.
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sources. The resistance scheme for a low understorey crop (Figure 10.8.a) is an extrapola-
tion of the original model by Shuttleworth and Wallace (1985) and the resistance scheme 
for a high understorey crop (Figure 10.8.b) is an extrapolation of the model proposed by 
Wallace (1995) for intercrops. Those two schemes are applied at a daily time step relying 
on Monteith’s theory (Monteith, 1965) and its consequences (Allen, 1994) and on a 
previous study (Brisson et al., 1998b), in which full details of definitions and formula-
tions are given.

The calculations involve five evaporative fluxes: soil evaporation (ESOL),  maximal 
plant transpiration for dominant crop (EOP

D
),  maximal plant transpiration for under-

storey crop (EOP
U
),  direct evaporation of the water intercepted by the “dominant” 

leaves (EMPD
D
)  or by the “understorey” leaves (EMPD

U
),  three net radiation budgets: 

RNETS,  RNETP
D
 a nd RNETP

U
 f or the soil, the dominant crop and the understorey 

crop respectively and three types of resistance (eddy diffusion resistances: RAS a nd 
RAA,  bulk boundary layer resistances of both crops: RAC

D
 a nd RAC

U
 a nd surface 

resistances: soil resistance is accounted for in the soil evaporation calculation, RC
D
, 

 and RC
U
).  Each flux is calculated using a formula such as the ones given in eq. 7.12 

and eq. 7.13 (Brisson et al., 2004). The combining of the three subsystems (soil and 
both crops) into two requires varying the bulk boundary layer resistance applied to the 
lower level: either (RAC

U
 + RAS) and RAC

U
 for the low and the high configurations 

respectively.

10.3.3b Available energy and its distribution.

In order to evaluate the distribution of available energy between the soil and both 
crops, we base our method on the hypothesis that we know the proportion of global 
radiation intercepted by the crops (FAPAR

D
 a nd FAPAR

U
:  eq. 10.2), whose values were 

calculated in the radiative transfers module. In the case of intercrops, the net radiation 
corresponding to plants (RNETP1 in eq. 7.14) consists of the net radiation of the domi-
nant and understorey crops, RNETP

D
 a nd RNET

U
 respectively (eq. 10.3).

eq. 10.3
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But the energy actually available for crop transpiration must also account for possible 
direct water evaporation from the leaves.

10.3.3c Water persistence on foliage.

The simulation of rainfall interception is not usually included in crop models, while it 
is an important process in forestry models (Bussière, 1995). A common idea is that evap-
oration of intercepted water compensates exactly for the decrease in evaporative demand, 
especially for herbaceous canopies (McMillan and Burgy, 1960). As far as intercrops 
are concerned, the processes are more complex and the above-mentioned compensation 
is not so likely, depending on rain events, evaporative demand and intercrop structure. 
Including these processes in an intercrop model seems to be worthwhile to correctly 
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predict water use by canopies, especially in humid tropical climates (high evaporative 
demand combined with frequent rainfall). Through the simulation of stemflow and direct 
water evaporation from leaf surfaces, the objective is rather to correctly evaluate the 
amount of water that will reach the soil than to partition water between the two crops. 
Indeed, once in the soil the water is assumed to be evenly available for both root systems, 
neglecting horizontal variability of soil water content. 

To account for these processes, water persistence and direct evaporation from the 
dominant (EMPD

D
) a nd understorey (EMPD

U
) c rop foliage as well as the stemflow along 

the dominant stems are simulated as described in § 6.2.2 and 7.2. Then another value of 
net radiation is derived (RNETP2) using eq. 7.14

10.3.3d Specific considerations in the calculation of the eddy diffusion 
resistance (RAA an d RAS).

The particular aspects of the application of formalisms described in § 7.2 to inter-
cropping concern the roughness for crop and soil (Z0 an d Z0S) a nd displacement height 
(DH),  which are evaluated as follows: 

For the low understorey crop (Figure 10.8.a):

eq. 10.4
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For the high understorey crop (Figure 10.8.b):

eq. 10.5
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where HAUTEUR
D
 and  HAUTEUR

U 
are  the heights of the dominant and the 

understorey crops respectively. The threshold height for the “low” understorey crop is 
arbitrarily fixed at 0.2 m. The reference height taken from meteorological data is 2m. If 
the plant canopy height exceeds this threshold, a wind speed value is recalculated at a 
reference height of over 2 m by applying a logarithmic profile. The other meteorological 
values are not recalculated. 

10.3.3e Surface resistances

The resistances of the boundary layers are calculated for dominant and understorey 
crops as functions of the leaf area index of each crop, as described for a sole crop in 
eq. 7.19. Concerning the canopy resistances, (eq. 7.20) the saturation deficit is the same 
for both crops, corresponding to the D0 level (Figure 10.8), while the incident radiations 
differ for each crop.
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10.3.4 Leaf growth of the understorey crop

In the case of sole crops, a strong correlation between intercepted radiation and 
temperature implicitly links the LAI and  the biomass accumulation processes, which 
makes the separate calculation of LAI and biomass accumulation realistic. In the case of 
an understorey crop, this correlation no longer exists because of the shade of the domi-
nant crop. It is therefore important to limit leaf expansion when not enough structural 
biomass is available to expand leaves at the rate predicted by temperature and also to 
account for light quality effects. This is done by means of:

– a trophic limitation on leaf expansion, using the notion of the maximum leaf expan-
sion allowed per unit of biomass accumulated in the plant, and described in § 3.1.1.b.

– the calculation of an equivalent plant density for the understorey crop (DENSITEUeq), 
wh ich accounts for the presence of the dominant crop. If DENSITE

D
 and  DENSITE

U
 

are  the planting densities of the dominant and the understorey crops respectively and 
BDENSD

P
 and  BDENSU

P
 are   the threshold densities for inter-plant competition, the 

equivalent density is calculated as in eq. 10.7:

eq. 10.6

( ) ( ) ( )
P

P
DU BDENSD

BDENSU
IDENSITEIDENSITEIDENSITEUeq +=

This empirical relationship allows the inter-plant competition to be increased 
(DELTAIdens function, as described in § 3.1.1.a and eq. 3.4) compared to the mono-crop 
situation (Figure 10.9). 

Figure 10.9.  Illustration of the calculation of the equivalent plant density for the understorey 
crop.

10.3.5 Root profiles

The soil volume occupied by each crop is different in sole crops and intercrops. Adiku 
et al. (2001) showed that root systems of component plants in a mixture may intermingle 
considerably in well-watered situations whereas a tendency for the root systems to cluster 
within their ‘own’ zones may be observed under water-stressed conditions. This behav-
iour does not fit the notion of a standard root profile (see § 5.2.1). In our model, we did 
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not consider allelopathy but we assumed that for intercrops the influence of the crop root 
systems on each other results from the influence of the soil status on the root distribution. 
Consequently, the “true density” option (see § 5.2.2) has to be chosen to calculate the 
root distribution profile in the case of intercrops. 

Figure 10.10 illustrates the simulation of root profile dynamics in a case study of pea 
(Pisum sativum) and barley (Hordeum vulgare) sole crops and a pea-barley intercrop. 
This example illustrates the plasticity of the “true density” approach through:

– a limitation of root growth in the case of pea intercrop (compared to pea sole crop), 
with the decrease of temperature induced by the shade effect of the shrub,

– the lower capacity of pea inter-crop to colonize the soil profile compared to barley 
intercrop, which underlines its low competitiveness. 

Figure 10.10.  Simulation of root density profiles at maturity in the case study of Pea-Barley 
intercrop in 2004, from a) sole and intercropped peas, and from b) intercropped pea and barley.
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10.3.6 Simulation examples

Figure 10.10 illustrates the simulation of root profile dynamics in a case study of pea 
(Pisum sativum) and barley (Hordeum vulgare) sole crops and a pea-barley intercrop. 
This example illustrates the plasticity of the “true density” approach through:

– a limitation of root growth in the case of pea inter-crop (compared to pea sole crop), 
with the decrease of temperature induced by the shade effect of the shrub,

– the lower capactiy of pea intercrop to colonize the soil profile compared to barley 
intercrop, which underlines its low competitiveness.

Figure 10.11.  Simulation of crop height (HAUTEUR) and  yield (MAGRAIN) in the case study of 
pea-barley intercrop in United Kingdom (a) and Denmark (b) sites in 1999 (Launay et al., 2008).

With the soil and climatic conditions of UK and Denmark, the model simulates pea 
and barley emergence on the same date in UK whereas peas emerge before barley in 
Denmark, leading to barley dominance in UK (Figure 10.11.a), and peas appears as a 
better competitor for light than barley in Denmark (Figure 10.11.b). This result leads to 
a bigger pea yield in the Danish intercrop, while pea and barley yields remain nearly the 
same in UK (Launay et al., 2008).
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11  Involvement of the user in the model 
operation

11.1 Driving options

11.1.1 Regular weather driving variables

Like most dynamic crop models, STICS is driven by the weather on a daily time step. 
The minimal set of weather variables required to run the model comprises minimum and 
maximum temperature (°C), global radiation (MJm-2d-1) and rainfall (mm d–1). There are 
four possible ways of estimating evapotranspiration (TETP ), requiring different numbers 
of additional variables.

The least demanding option is the Priestley-Taylor (1972) calculation, followed by 
that of imposing a pre-calculated value. The two last options require two additional 
primary weather variables, namely wind speed (ms-1) and vapour pressure (mbars). One 
of them is the calculation of the Penman formula and the other does not rely on the notion 
of evapotranspiration but directly calculates water requirements at the plant level through 
a resistive approach (§ 7.2.2). For the three first options, let us point out the close depen-
dence between the value of reference evapotranspiration and the KMAX

P
 value (because 

KMAX
P
 is experimentally calculated with a given reference evapotranspiration), so that 

a change in this option should theoretically lead to a change in KMAX
P
. In a comparative 

work cited by Smith et al. (1996), many reference evapotranspiration calculations were 
compared to lysimeter measurements from 11 locations. The Penman formula exhibits a 
0.60-0.70 mm error whatever the environment while Priestley-Taylor formula appears far 
better in humid environments (0.68 mm) than in arid ones (1.89 mm). 
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11.1.1a Calculation of Priestley-Taylor reference evapotranspiration

This calculation (eq. 11.1) is recommended in the absence of wind speed and 
humidity measurements but it takes poor account of convective factors. It relies on a 
site-dependent coefficient ALPHAPT

C 
, whose value for many soil surface conditions is 

1.26, and an empirical calculation for the net radiation (RNET
PT 

) and a constant value 
of the latent heat of vaporization (2.5 MJ kg–1). The other variables have already been 
defined (see eq. 6.31) 

eq. 11.1

( ) ( )
( )( ) ( )

( ) ( ) 9504.0ITRG72.08.0IRNETwith

IRNET
GAMMAIDELTAT5.2

IDELTAT
ALPHAPTITETP

PT

PTC

−⋅⋅=

+⋅
⋅=

11.1.1b Calculation of Penman evapotranspiration

The formulae eq. 11.2 is from Penman (1948) fully described in Brochet and Gerbier 
(1968)

eq. 11.2

( ) ( )
( ) ( )( ) ( )

( ) ( )( ) ( )IDSATITVENT54.0126.0
GAMMAIDELTAT

GAMMA

IRNET
GAMMAIDELTATIL

IDELTAT
ITETP PE

⋅⋅+⋅⋅
+

+

+⋅
=

where RNET
PE

 i s estimated by combining eq. 6.22 and eq. 6.27 (Brunt formula), 
using a value of 0.20 for the albedo. 

11.1.2 Driving the model by weather data for high altitude climates

The model is driven by standard weather variables (radiation, minimum and maximum 
temperatures, rainfall, reference evapotranspiration and possibly wind speed and 
humidity) on a daily time step. These meteorological data are obtained from a weather 
station and entered in an input file. The difference in altitude between the weather station 
and the simulation site can be taken into account but only in terms of recalculation of 
temperatures, the other weather readings remaining unchanged. 

As a general rule, temperatures in mountain regions show a gradual fall with altitude, 
and a difference in temperature between the south-facing and the north-facing slopes. In 
addition, account must be taken of the temperature inversion phenomenon which affects 
minimum temperatures. Different studies (Antonioletti, 1986; Antonioletti and Seguin, 
1988; Douguedroit, 1986) have been made on temperatures in mountain regions, and the 
values used are thus taken from these studies. Differences in incident radiation also occur 
between south and north-facing slopes but they are not accounted for by the model.
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11.1.2a Parameterization of the various phenomena

ALTISIMUL
C
 a nd ALTISTATION

C
 a re the altitudes of the simulation site and the 

weather station, respectively, with the assumption that ALTISIMUL
C
 > ALTISTATION

C
.

To account for the gradual fall in temperature with increasing altitude (adiabatic 
gradient), we have used the values provided by Douguedroit (1986) who proposed a 
reduction of 0.55°C (+/-0.08°C) per 100 m at night and a reduction of 0.61°C (± 0.03°C) 
during the day. These mean values were assigned to the parameters GRADTX

G
 a nd 

GRADTN
G
,  which affect the calculation of maximum and minimum temperature 

respectively.
For the differences between south and north-facing slopes, the problem is more 

complex, and studies are lacking. According to Antonioletti and Seguin (1988), the 
difference between south and north-facing slopes is mainly found to affect maximum 
temperatures. In the case of Mont Ventoux, these exhibit an almost constant difference 
of about 1.4°C. The parameter OMBRAGETX

G
 r epresents this constant difference, and 

is removed to the maximum temperature when the simulation site is on the north-facing 
slope (parameter CODEADRET

C
=  2 otherwise =1). 

The phenomenon of temperature inversion is due to the circulation of air masses 
during clear weather at night, which causes a flux of cold air into valleys. This leads to a 
rise in temperature as the altitude increases (approximately 1.3°C per 100 m up to an alti-
tude of between 400 and 900 m) (Antonioletti, 1986). This has been included in the model 
through the parameter GRADTNINV

G
 u p to the threshold altitude ALTINVERSION

G
. 

 The notion of “clear weather” has been taken into account from calculation of the 
complement of cloud cover FRACINSOL ( eq. 6.26.), which has to reach at least the value 
of the parameter CIELCLAIR

G
.

11.1.2b Calculation of the maximal temperature

The maximal temperature at ALTISIMUL
C
 (TMAX) depends on the reference 

maximal temperature measured by the weather station (TMAXS) and the adiabatic 
gradient (GRADTX

G
<0) corrected by OMBRATX

G
 (<0) in case of north-facing slope 

(eq. 11.3)

eq. 11.3

( ) ( ) ( )
( ) GC

CCG

OMBRAGETXCODADRET

NALTISTATIOALTISIMULGRADTXITMAXSITMAX

1100 −+
−⋅+=

11.1.2c Calculation of the minimal temperature

The relative position of the inversion altitude requires defining two functions, corre-
sponding to the adiabatic (ADIA) a nd to the inversion (INV) g radients (eq. 11.4).

eq. 11.4

( ) ( )
( ) ( ) 100122,1,

100122,1,

ALTALTGRADTNINVTNALTALTTNINV

ALTALTGRADTNTNALTALTTNADIA

G

G

−⋅+=
−⋅+=
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where ALT1 and ALT2 are two increasing altitudes (ALT2>ALT1), GRADTN
G
 

<0 and GRADTNINV
G
 >0. Then 2 cases must be considered to calculate the resulting 

minimal temperature of the simulated site (TMIN) as  a function of the reference 
measured one (TMINS)

1. CCG ALTISIMUL,NALTISTATIOONALTINVERSI >   

( ) ( )( )CC NALTISTATIOALTISIMULITMINSINVITMIN ,,=  

2. CGC NALTISTATIOONALTINVERSIALTISIMUL >>  

( ) ( )( )[
]GC

CG

ONALTINVERSIALTISIMUL

NALTISTATIOONALTINVERSIITMINSINVADIAITMIN

,

,,,=
 

 

Figure 11.1.  Temperature variations at high altitudes.

11.1.3 Driving the model by observed stages.

The model can be driven using the observed phenological stages. In this case, the 
dates of the different stages in the techniques file are given the observed values. The 
model can equally be asked to calculate or use the observation dates for any of the 
following vegetative stages ILEV, IAMF,  ILAX,  or har vested organ stages IDRP, IMAT, 
 IDEBDE S and IRE C (see §  2, Table 2.1). The flowering stage IFLO is alwa ys calculated 
by the model from a given STFLODRP

V
 paramet er corresponding to the thermal duration 

between flowering and the onset of filling of the harvested organs IDRP. There is no point 
in driving this flowering stage date IFLO with observed data, because it doesn’t trigger 
any calculation in the model. Should there be any disagreement between the calculated 
dates and the observed dates for consecutive stages, then the model will cease to run.

11.1.4 Driving the model by the LAI.

In th is case, another model is used, called STICS-feuille, which uses the observed 
LAI data as  inputs (Ripoche et al., 2001). This way of driving it can be very useful when 
developing the model. By imposing the LAI, water and nitrogen requirement levels suit-
able to cope with stress are also imposed.

As it is usually difficult to obtain daily observed LAI data, a  tool was developed to 
interpolate LAI measurements using a statistical relationship representing the time course 
of LAI (eq. 11.5). This function is fitted to calculate daily LAI from measurements. 
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eq. 11.5

)(( ) ( )( )( ) ( )( )( )−−
−−+

= LAILAILAI
LAILAILAI

LAI TFISTAexp
TIISTBexp1

1
KILAI

where ST
LAI

 is the g rowing degree-days since emergence, K
LAI

 is the m aximal LAI 
produced  (which is higher than the maximal measured LAI because of the effect of 
senescence), TI

LAI
 and TF

LA I
 are the  growing degree-days for the point of inflexion of 

the growth curve and complete senescence respectively, and A
LAI

 and B
LAI 

 describe  
the shapes of the growth and senescence curves. (Figure 11.2). The first component of 
eq. 11.5 stands for the green leaf appearance and the second for leaf senescence.

Figure 11.2.  Empirical relationship representing the time course of LAI, and its  two components, 
green leaf appearance and leaf senescence.

In the following example of a wheat crop (Figure 11.3), daily prescribed LAI data 
wer e calculated by fitting the 5 parameters of eq. 11.5 to LAI measurements. Then those 
daily LAIs were used to drive the model, improving the simulation of above-ground 
biomass (MASEC).

11.2 Simulation options

11.2.1 Water or nitrogen stress activation or deactivation

Model users are allowed to deactivate water and/or nitrogen stress effects in order to 
simulate crop growth and development without water or nitrogen stress (Figure 11.4). 
These options allow “potential” yield to be predicted for example, or to organize these 
stresses into a hierarchy (by deactivating them separately). Only water and nitrogen stress 
effects (Table 3.1 and Table 3.2) may be deactivated, while trophic, temperature, water-
logging or stress effects linked to the soil structure remain. However, even if water or 
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Figure 11.3.  Improvement of the above-ground biomass values (MASEC) when th e model 
is run by prescribed LAI as compa red to free simulation of LAI. a) LAI and b) above-ground 
biomasses. 

Figure 11.4.  Comparison of stressed and unstressed LAI dynamics  and evolution of water and 
nitrogen stress indices over the cropping season (calculated when influencing crop growth).
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nitrogen stress is deactivated and does not influence crop growth and development, it is 
still calculated by the model and is available to the user through the model outputs. But 
in that case, these stress index values may not be considered as “actual” values because 
they depend on the crop growth which is calculated as a “potential” one. 

11.2.2 Smoothing of initial profiles

In order to avoid discontinuities of water and nitrogen content between soil layers, a 
smoothing option may be activated. This option smoothes initial profiles of water and 
nitrogen contents (Figure 11.5), thanks to a spline function. 

Figure 11.5.  Nitrogen content partitioning with soil depth with or without activating the 
smoothing option.

11.3 Formalisation options 

The generality of the model is allowed first through the availability of formalisation 
options, some of which are exclusive. Moreover some formalisation choices are linked 
to each other, e.g. the option allowing the calculation of the amount of foliage simply as 
ground cover precludes the use of the mechanistic option of calculating water balance 
with a resistive approach. These choices drive the efficient parameter number. 

These options address plant and variety ecophysiology (Table 11.1), soil biophysics 
(Table 11.2) or cropping management (Table 11.3). If the first set of options is pre-deter-
mined by species specialists, the last two need input from the user as descriptions of the 
local cropping system conditions.
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11.4 Parameterization

Running the model without the proper parameter set makes it inoperative or leads to 
incorrect results, and yet this part is rarely documented in scientific literature because the 
parameterization is not regarded as novel. Expressing phenomena as equations is consid-
ered a much nobler task and is the object of many scientific papers. The actual parameter 
values are mostly only available in the technical documentation of crop models, or worse, 
in the code. Unlike statisticians for whom a model comprises equations and parameters, 
so that changing parameters brings about a change of the model, for crop scientists the 
model does not include the parameter values. 

However the robustness of the model, as well as its ability to be extrapolated, is 
closely linked to the parameter values, mainly their spatial and temporal validity as well 
as their validity throughout various cropping systems. But spatial and temporal validity 
must not be mistaken for biophysical meaning. The closer the parameters are to the 
processes, the better their biophysical meaning. We can assume that such parameters can 
be arrived at independently from the model through experiments, especially those carried 
out in controlled environments. These parameters are valuable even though they can be 
strictly soil- or plant-dependent. On the other hand parameters that encompass many 
processes are difficult to measure by experiments and must be evaluated with the model 
by mathematical optimization techniques (Makowski et al., 2006). Although not always 
the case, those parameters may be ones which confer robustness to the model, e.g. the 
maximal radiation use efficiency or the harvest index. 

The number of parameters for a model is often a subject of discussion. A widely 
accepted idea is that the more the parameters, the more complicated the model. It is true 
that the number of parameters more or less reflects the number of processes simulated, 
which can be regarded as a source of complication. At the same time, parameters may be 
easy to access, so we prefer the notion of cost of availability of the parameters rather than 
their number. Readily available parameters are, for example, parameters of a biophysical 
nature connected to largely shared databases, such as soil parameters deduced from soil 
databases using soil transfer functions. It is very important to know the sensitivity of the 
model to the considered parameter in order to determine the required precision for its 
value (see for STICS Ruget et al., 2002). Note that each sensitivity analysis is applicable 
only to the soil and weather conditions explored. 

In STICS we have adopted the commonly-used definitions for parameters and vari-
ables, i.e. parameters can be considered as constant throughout the simulation while 
variables vary over time. In STICS, some parameters were converted to variables as new 
processes were added. 

The following paragraphs focus on the parameters characterizing the three parts of 
the cropping system, i.e. the plant, the soil and the cropping techniques, and attempt to 
recommend methodologies to assign them values.
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11.4.1 Plant parameterization

11.4.1a Methodology

First is the choice of formalisations. Some formalisations are prescribed from agro-
physiological knowledge of the plant, while others are chosen by the user as a function 
of his point of view concerning the output variables of interest. The most important 
processes should be as mechanistically simulated as possible, the available information 
on the plant or its cropping conditions providing default values. 

The second element of the recommended methodology is the sensitivity analysis, 
which allows the parameters to be ranked according to their influence on the variable of 
interest and to quantify the magnitude of this influence. It also reveals the agricultural 
conditions which maximise this influence, such as nutrient availability, weather condi-
tions etc. Some methods of applying sensitivity analysis to crop models are described in 
Monod et al. (2006).

Finally the inventory of available experimental data or published parameters for the 
considered plant or similar species should determine the means of specifying parameter 
values (Table 11.4). Some methods for estimating parameters are detailed in Makowski 
et al. (2006).

Table 11.4.  Summary of the various means available for assigning parameter values according to 
the data available. 1 means: “parameter estimation” is used in its mathematical meaning, referring 
to statistical methods for finding the parameter giving the best fit between observed and simulated 
output variables.

Parameter High sensitivity Low sensitivity

Available in literature 
for the plant of interest 
or for an analogous species

Available as a parameter 
of another model

Estimation1 recommended 
if the validity domain 
of available information 
does not match the pursued 
objective.

Use of available parameter 
values from literature 
or modelling documentation

Measured or calculated 
directly from available 
experimental data 

Use of measurements 
compulsory

Use of measurements optional

Unavailable through 
the above-mentioned means 

Estimation1 compulsory using 
dedicated experimental data

Analogous species parameters 
(always possible with STICS)

11.4.1b Set of plant parameters for some species

In order to give some examples of plant parameterizations, we propose in tab. 11.5 the 
plant parameter values for five different crops. Two perennial crops, forage (herbaceous) 
and grapevines (Vitis vinifera L., ligneous), and three annual crops, spring pea (Pisum 
sativum L.), sugar beet (Beta vulgaris L.) and winter wheat (Triticum aestivum L.) are 
taken as examples. In this table, some parameter values are not given if the equations for 
which they are needed have not yet been formulated for the species concerned. Others 
are given for different varieties when they are variety-dependent.
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Commencement of growth for forage and vines is usually simulated after the winter 
rest (dormancy and budding having being parameterized for vines, Garcia de Cortazar, 
2006), when perennial reserves are remobilised. The vine root system is considered to be 
already completely established (Garcia de Cortazar, 2006), whereas that of forage crops 
is partially established and will continue to grow during the cropping period. Forage 
crop parameterization was done for a grass mixture with an ecophysiology similar to 
tall fescue (Festuca arundinacea Schreb.) and cocksfoot (Dactylis glomerata L.) (Ruget 
et al., 2006). Sugar beet is regarded as an annual crop by the model because of the way 
in which it is grown and despite the fact that it completes its vegetative cycle in two 
years (Launay and Brisson, 2004). Parameters controlling the photoperiod slowing effect 
(PHOBASE

P
, PHOSAT

P
 and SENSIPHOT

P
) and vernalisation requirement (JVCMINI

P
, 

JULVERNAL
P
, TFROID

P
 and AMPFROID

P
) are activated for winter wheat only (Brisson 

et al., 2002a).
Shoot growth, and especially leaf production are unrestricted throughout the crop-

ping period for forage and sugar beet, which is simulated by a high STLAMFLAX
P
 

parameter value (Graux, 2006 or Launay and Brisson2, 2004). Considering the row-
planting arrangement of vines and the need to simulate intercropping with peas, those 
two crops were parameterized in order to use the radiation transfer formalisation (see 
$3.2.2) and the associated resistive approach, involving the estimation of KTROU

P
, 

FORME
P
, RAPFORME

P
, ADFOL

P
, DFOLBAS

P
, DFOLHAUT

P
 and RSMIN

P
 parameters 

(Table 11.5). 
Considering yield formation, forage, spring pea and winter wheat are simulated as 

determinate crops, whereas sugar beet and vines are simulated as indeterminate (see 
chapter 4). In the case of forage, the parameterization was not targeted on grain produc-
tion but on the above-ground biomass prediction since this is the harvested part of the 
crop (Ruget et al., 2006). For sugar beet, we assumed that only one tuber (storage and 
harvested root) was set by each plant (NBINFLO

P
=1), and  the trophic stress effects 

on tuber setting were cancelled by means of very low SPFRMIN
P
 and SPFRMAX

P
 

parameter values; storage root growth was assumed to be linear over the growth cycle 
(BFPF

P
=1) (Launay and Brisson2, 2004). 

Finally, root length growth was simulated as trophic-linked for spring peas, as shown 
in trials comparing sole and intercropped peas (Corre-Hellou et al., 2007). Symbiotic 
N uptake formalisation was also parameterized for this leguminous plant (Corre-Hellou 
et al., 2007). The nitrogen stress index relying on the daily accumulation of nitrogen 
rather than on the plant nitrogen concentration, named INNI (see eq.3.33 and $8.2), was 
chosen to avoid the notable inertia of the INN  dynamics in the case of vines and winter 
wheat (Garcia de Cortazar, 2006 and Mary and Guerif 2005).

11.4.2 Soil parameterization

Table 11.6 summarises the various soil parameters and recommends some methods 
to assign them. The hydrodynamic parameters need to be discretized by layers, whose 
maximal number is 5. 

When soil information is missing, some soil parameters, considered as permanent 
characteristics, can be accessed by soil transfer functions or rules (Bruand et al., 2003, 
Wösten et al., 1999), i.e. their values can be inferred from readily available soil data 
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such as texture, particle size and organic matter content. It has been much used for field 
capacity and wilting point and to a lesser extent for bulk density. A review of the litera-
ture on the soil transfer function was carried out by Bastet et al. (1998) and many of 
them are available in the SOILPAR program by Acutis and Donatelli (2003: http://www.
isci.it/tools). For approximate values for non-tilled layers, the pioneer work by Jamagne 
et al. (1977) can be used (tabl.). Databases of hydraulic soil properties, such as HYPRES 
(Wösten et al., 1999) at the European scale, constitute another source of data to assign 
some soil parameters as well as databases of agricultural soil analyses, such as BDAT 
developed in France (http://www.gissol.fr/programme/bdat/bdat.php).  

Yet some parameters closely associated with soil structure are difficult to assign with 
only database information and textural characteristics. This is the case for field capacity 
and bulk density values, especially for sub-surface layers whose hydrodynamic charac-
teristics depend heavily on soil structure, much more than on soil texture (Bruand et al., 
2003). 

In order to enable STICS users to parametrize their soil, at least roughly for test runs, 
we have constructed soil transfer tables based on well-known literature. They mostly use 
textural information (see Figure 11.6) so that they are likely to change with soil structure 
and organic matter content. 

Figure 11.6.  Textural triangle and classification by Jamagne et al. (1977). Soil transfer functions 
to assess the Q0

S 
 parameter as a function of clay or sand content.
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In Table 11.7 the permeability classes proposed by Ritchie (1985) are arbitrarily asso-
ciated with textural classes: they correspond to a percentage of the amount of water stored 
in the macroporosity that infiltrates from one day to the next. The calculations show that 
the effect of layer thickness on INFIL

S 
 disappears with decreasing permeability.

The values of RUISOLNU
S  

(Table 11.8) derived from the USDA Runoff Curve 
Number method are rather low because they represent only Hortonian (surface) runoff, 
which only depends on obstacles created by plants and on the water velocity on a slope 
field. The other component of runoff, i.e. resistance to infiltration, as well as the presence 
of a plant mulch, are taken into account by the model (see § 6.4).  

Table 11.8.  Values of the parameter RUISOLNU
S 
 as the proportion of Hortonian runoff to incoming 

precipitation minus the PMINRUIS
G 
 threshold, based on the USDA CN approach described in 

Chapman and Lake (2003) and at http://www.icrisat.org/gt-aes/oneds/DataNeeds.htm

Soil cover
Slope classes

0-2% 2-5% 5-10% >10%

smooth soil 0.05 0.07 0.10 0.13

ploughed soil 0.00 0.03 0.06 0.08

row crop in direction of slope 0.05 0.07 0.10 0.13

row crop perpendicular to slope 0.00 0.03 0.06 0.09

homogeneous crop 0.00 0.03 0.07 0.10

The albedo parameter applies to a dry soil, the effect of water content being simulated 
(eq. 6.24). There are two criteria to assign this parameter, either texture or colour, the 
latter being read from a Munsell chart (Table 11.9).

Table 11.9.  Values of the dry soil albedo (ALBEDO
S 
) using either textural classes or colours, 

based on Richard and Cellier (1998), Jacquemoud and Baret (1992) and http://www.icrisat.org/gt-
aes/oneds/DataNeeds.htm

Soil type ALBEDOS

TEXTURE 

Limestone 0.31

Loamy sand 0.25

Clayey loam 0.18 – 0.22

Mean loam 0.22 – 0.23

Crusted mean loam 0.28

Clay 0.28

COLOUR

Brown soil             0.27

Red soil 0.29

Black soil            0.17

Grey soil                  0.29

Yellow soil                 0.35
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Pebbles are characterized by their water retention ability. Some laboratory experi-
ments were done to assess them for pebbles frequently met in French agricultural fields 
(Table 11.10).

Table 11.10.  Water retention characteristics of various pebbles, used as classes of stone types 
(Gras, 1995; Nicoullaud et al., 1995; Beaudoin, 2006).

Stone type Volumetric mass 
g cm–3

Field capacity
% in mass

Non-porous limestone 2.20 7

Porous limestone 1.80 16

Lutetian semi-porous limestone 2.00 11 

Lutetian stones 2.30 7

Morainic gravel 2.60 3

Silex, sandstone or unaltered granite 2.65 0

Altered granite 2.30 10

Rendzinic porous calcareous 1.20 28

11.4.3 Crop management parameterization

While management data are probably the easiest input to provide, the links between 
practices and the proper state variables in the model can require the implementation 
of transfer rules. For example the interactions between the fertilizers and the soil-crop 
system depend very much on the type of fertilizer, of course either organic or mineral, but 
also within each of these types their proper biochemical and physical behaviour. As listed 
in Table 11.11, the practices accounted for in STICS concern bare soil and cropping 
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periods for industrial crops as well as fruit crops and vegetables. There is no information 
about the sanitary status of the crop.

Table 11.12.  List of available mineral fertilizers and corresponding parameters.

Code 1 2 3 4 5 6 7 8

Type ammo-
nium 

Nitrate

UAN 
solution

urea anhydrous 
ammonia

ammo-
nium 

sulfate

ammo-
nium 

phosphate

calcium 
nitrate

Fixed 
efficiency1

ENGAMM
T
 0.50 0.75 1.00 1.00 1.00 1.00 0.00 0.50

DENENG
T

0.11 0.13 0.10 0.10 0.10 0.10 0.20 0.05

VOLENG
T

0.12 0.30 0.35 0.35 0.25 0.25 0.00 0.05

ORGENG
T
 30.0 33.8 37.7 37.7 37.7 37.7 25.0 0.20

1 With this option the DENENG, VOLENG and ORGENG values represent the proportion of fertilizer which is 
denitrifi ed, volatilized and immobilized in soil, respectively.

Table 11.13.  List of organic residues and corresponding default parameters. The CODERES
T 
 

number refer to mineralization dynamics (§ 6.3.3).

Residue
 code 

Average 
rate

Carbon 
content

C/N
ratio

Mineral N 
content

Water 
content

Reference
(pers. com.)

t FM ha–1 % DM % FM % FM

CODEREST QREST CRESPCT CSURNREST NMINREST EAUREST

RESIDUES 
OF MATURE CROPS

 

Cereals (straw) 1 9 42 90 0 7

J.M. Machet
sugarbeet (leaves 
and crowns)

1 40 42 22 0 90

grain maize (stalks) 1 12 43 60 0 25

soybean (straw and roots) 1 5 44 75 0 10

B. Nicolardotproteaginous pea (foliage 
and roots)

1 4 42 28 0 10

rapeseed (roots, pods 
and straw)

1 6 44 45 0 10 E. Justes

RESIDUES 
OF CATCH CROPS

       

wheat, rye (cereals) 2 8 42 15 0 80
J.M. Machet

mustard (cruciferous) 2 10 42 15 0 70

phacelia (cruciferous) 2 15 42 20 0 80

E. Justes
radish, oil seed 
(cruciferous)

2 10 42 16 0 80

ryegrass (grass) 2 18 40 25 0 80

MANURE    

bovine manure 3 45 32 20 0 75

T. Morvanovine manure 3 45 45 20 0 75

poultry manure 3  22 45
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COMPOSTS        

rubbish compost 4 10 25 19 0.08 44

S. Houotgreen waste compost 4 10 26 18 0.04 30

compost of  sewage plant 4 10 37 19 0.04 50

SEWAGE SLUDGE  

non processed sludge 5 60 30 8 0.12 90

V. Parnaudeaulimed sludge 5 25 25 10 0.13 70

physico-chemical sludge 5 20 30 15 0.05 75

CONCENTRATED 
VINASSE

6 3 40 8 0 50 J.M. Machet

GROUND HORN 7  40 3.8 0 10 B. Nicolardot

LIQUID MANURE        

porcine liquid manure 8 50 35 15 0.35 91
T. Morvan

bovine liquid manure 8 50 25 18 0.10 94

FEATHER FLOUR 9 0.5 37 4 0 10 B. Nicolardot

Table 11.14.  Some plant mulches and corresponding parameters.

decomposmulchT qmulchruis0T mouillabilmulchT kcouvmlchT albedomulchT

maize stalk 0.0070 1.0 0.4 0.367 0.10

sugar cane 0.0070 1.0 0.4 0.367 0.50

vine stems 0.0070 1.0 0.0 0.050 0.08

Many of the techniques mentioned offer some possibility of calculation using simple 
decision rules (Table 11.15).

Table 11.15.  Decision rules to help to implement practices.

technique Possible decision rules

sowing date as a function of soil water status and temperature

irrigation calendar dates or phenological stages 
and amounts as a function of water stress

fertilisation calendar dates or phenological stages
and amounts as a function of nitrogen stress and soil surface water 
status 

harvesting date as a function of plant physiology
and soil water status

forage cutting calendar dates or phenological stages
with a minimum level of biomass 

tactical shape control dates and amounts as a function of the purposed shape

leaf removal dates and amounts as a function of the leaf quantity to remove
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Definition of symbols

Parameter or variable Defi nition unit

A soil evaporation parameter combining climatic 
and soil aspects

mm

AANGST
G 

coeffi cient of the Angstrom’s relationship for 
extraterrestrial radiation

–

ABSCISSION
P
 sensescent leaf proportion falling on the soil –

ABSO nitrogen absorption rate by plant kg N ha–1 day–1

ABSODRP N demand during grain fi lling as a proportion 
of the dilution curve demand

–

ABSZ profi le of N uptake kg N ha–1 day–1 cm–1

ACLIM
C

climatic component of A mm

ADENS
V

interplant competition parameter –

ADFOL
P

parameter determining the leaf density evolution 
within the chosen shape

m–1

ADIA function estimating temperature in altitude °C

ADIL
P 

parameter of the critical curve of nitrogen 
requirements 

N % 

AFPF
P

parameter of the logistic function defi ning sink 
strength of fruits (indeterminate growth): relative 
fruit age at which growth is maximal

–

AFRUITSP
V
 potential number of fruits per infl orescence and 

per degree.day
nb infl o–1 degree.days–1

AIRG daily irrigation mm

AKS
G 

parameter of calculation of the energetic 
lost between the inside and the outside of a 
greenhouse 

Wm–2K–1

A
LAI

parameter describing the shape of the LAI  curve 
when it is considered as a driving variable

–

ALBEDOLAI albedo of the crop combining soil with vegetation –

ALBEDOMULCH
G
 albedo of crop mulch –
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ALBEDOMULCH
T

albedo of plastic cover –

ALBEDO
S
 albedo of the bare dry soil –

ALBSOL albedo of the soil –

ALBVEG
G
 albedo of the vegetation –

ALLOCFRMX
P

maximal daily allocation towards fruits as a 
proportion of daily growth

–

ALLOCFRUIT allocation ratio of assimilats to the fruits –

ALPHACO2
P

coeffi cient allowing the modifi cation of radiation 
use effi ciency in case of atmospheric CO2 
increase

–

ALPHAPT
C

coeffi cient of the PriestleyTaylor evaporatiion 
formulae

–

ALTINVERSION
G

altitude of the thermal inversion when calculating 
altiutude temperature

m

ALTISIMUL
C

altitude of the simulation m

ALTISTATION
C

altitude of the clilmatic station (and the climatic 
variables)

m

AMM profi le of ammoniacal nitrogen kg N ha–1 cm–1

AMMSURF ammonium inputs kg N ha–1

AMPFROID
P

semi thermal amplitude thermique for vernalising 
effect

°C

AMPLSURF daily thermal amplitude at the soil surface °C

AMPLZ profi le of daily thermal amplitude °C

ANIT daily nitrogen provided kgN.ha–1 j–1

ANITCOUPE
T
 amount of mineral fertilizer applications at each 

cut (forage crop)
kg N ha–1

ANOX profi le of the index of anoxia 

AO index for a variable defi ned in the shade 
(intercropping)

–

ARGI
S
 percentage of clay in the surface layer %

AS index for a variable defi ned in the sun 
(intercropping)

AZOMES amount of mineral nitrogen in the soil between 
surface and PROFMES

T
 

kgN.ha–1

AZOZRAC0
P
 parameter of the infl uence of nitrates on legume 

nodules
kg N ha–1 cm–1 soil

AZOZRAC100
P
 parameter of the infl uence of nitrates on legume 

nodules
kg N ha–1 cm–1 soil

BANGST
G
 coeffi cient of the angstrom’s relationship for 

extraterrestrial radiation
–

BDENSD
P

BDENSp for the dominant crop in case of 
intercrop

plants m–2

BDENS
P

minimal density from which interplant 
competition starts

plants m–2

BDENSU
P

BDENSp for the understorey crop in case of 
intercrop

plants m–2

BDIL
P
 parameter of the nitrogen critical dilution curve –

BELONG
P

parameter of the curve of coleoptile elongation degree.days –1
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BETA
G

parameter of increase of maximal transpiration 
when occurs a water stress

–

BFORMNAPPE
S

shape parameter of the water table –

BFPF
P

parameter of the logistic curve defi ning sink 
strength of fruits (indeterminate growth): rate of 
maximum growth proportionately to maximum 
weight of fruits

–

BIOROGNEM
T 

minimal biomass to be removed when tipping 
(automatic calculation)

t ha–1

BKS
G 

parameter of calculation of the energetic 
lost between the inside and the outside of a 
greenhouse 

Wm–2K–1

B
LAI

parameter describing the shape of the LAI  curve 
when it is considered as a driving variable

–

BOUCHON index showing if the shrinkage slots are opened 
(0) or closed (1) 

0-1

CADENCEREC
T 

number of days between two harvests day

CAILLOUX
S

volumetric stone content %

CALC
S
 calcareous content %

CAPILJOUR
S

capillary rises mm day–1

CELONG
P

parameter of the subsoil plantlet elongation curve –

CFES
S

parameter defi ning the soil contribution to 
evaporation as a function of depth 

–

CFPF
P

parameter of the fi rst potential growth phase 
of fruit, corresponding to an exponential type 
function describing the cell division phase.

–

CHARGEFRUIT amount of fi lling fruits on the plant nb fruits.m–2

CIELCLAIR
G

fraction of insolation defi ning the “clear weather” 
notion

–

CNBIO C//N ratio of the zymogeneous biomass –

CNGRAINREC
T
 minimal grain nitrogen content for harvest 0-1

CNHUM C/N ratio of  the newly formed humifi ed matter  –

CNPAILLRAC nitrogen concentration of the stems %

CNPLANTE nitrogen concentration of entire plant %

CNRESIDU C/N ratio of falling leaves –

CO2
C

atmospheric CO2 content above 330 ppm ppm

CODEADRET
C

code defi ning the slope orientation 

CODEDENIT
G
 code activating the calculation of denitrifi cation

CODEFENTE
S

code for swelling soils

CODEFRMUR
G

code defi ning the maturity status of the fruits in 
the variable CHARGEFRUIT 

CODENITRIF
G
 code activating the calculation of nitrifi cation

CODERES
T
 code defi ning the type of organic residues

CODLOCFERTI
T
 code defi ning the location of fertilisation

CODLOCIRRIG
T
 code defi ning the location of irrigation

COEFAMFLAX
P

multiplier coeffi cient of the development phase 
AMFLAX to use crop temperature

–
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COEFB
G

parameter defi ning radiation effect on conversion 
effi ciency

–

COEFDEVIL
G 

multiplier coeffi cient of the exterior radiation to 
compute potential evapotranspiration inside of a 
greenhouse

–

COEFLEV ratio between the emerged and the germinated 
density

–

COEFLEVAMF
P

multiplier coeffi cient of the development phase 
LEVAMF to use crop temperature

–

COEFLEVB ratio between the emerged and the germinated 
density due to crusting

–

COEFMSHAUT
P
 ratio biomass/ useful height cut of crops t ha–1 m–1

COEFRNET
G 

coeffi cient of calculation of the net radiation 
under greenhouse

–

CONCIRR
T

nitrate concentration in irrigation water kg N ha–1 mm–1 water

CONCN soil nitrate concentration  kg N ha–1 mm–1 water

CONCNODSEUIL
P

threshold soil nitrate concentration for nodulation kg N ha–1 mm–1 water

CONCRR
G
 rainfall mean nitrogen concentration kg N ha–1 mm–1 water

CONCSEUIL
S

threshold soil nitrate concentration for lixiviation kg N ha–1 mm–1 water

CONTRDAMAX
P

maximal root growth reduction due to soil 
strenghtness (high bulk density)

–

CONV convection fl ow of mineral N kg N ha–1 day–1

CORECTROSEE
G

temperature to substract to Tmin to estimate dew 
point teñperature (in case of missing air humidity 
data)

°C

COUVERMULCH proportion of soil covered by the vegetal cover –

COUVERMULCH
T
 proportion of soil covered by a plastic mulch –

CRES amount of c in the soil organic residues kg C .ha–1

CROIFRUIT fruit growth g m–2

CROIRAC
V

growth rate of the root front cm degree day–1

CRUST indicator of crust conditions at the soil surface 0/1

CSURNRESSUITE C/N ratio of calculated crop residue for the next 
crop

–

CSURNRES
T
 C/N ratio of the preceeding crop residues –

CU chill units accumulation –

CUH hourly chill unit –

CUMLARCZ sum of the effective root lengths over the profi le cm root.cm –2 soil

CUMOFFRN sum of nitrogen soil supply over the profi le kg N ha–1

CVENT
G
 constant for greenhouse thermal calculation –

D dominant crop in case of intercrop m

DA bulk density g cm–3

DACHISEL
T
 bulk density after soil tillage by a chisel g cm–3

DACOHES
G

bulk density under which root growth is reduced 
due to a lack of cohesion

g cm–3

DAF
S

bulk density of fi ne earth g cm–3

DALABOUR
T
 bulk density after soil ploughing g cm–3

DAREC
T
 bulk density after harvest compaction g cm–3
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DASEM
T
 bulk density after sowing compaction g cm–3

DASEUILBAS
G

threshold of bulk density of soil below that the 
root growth is not limited

g cm–3

DASEUILHAUT
G

threshold of bulk density of soil below that the 
root growth no more possible

g cm–3

DCBIO change in microbial soil biomass kg C ha–1 day–1

DCHUM change in humus soil biomass kg C ha–1 day–1

DCRES change in residue soil biomass kg C ha–1 day–1

DE equivalent depth of the aquifer below the level of 
drains

m

DEBSENRAC
P

life span of a root degree.days

DECOMPOSMULCH
G
 decomposition rate of crop cover day–1

DELTA extinction coeffi cient used for evaporation 
calculation

–

DELTABSO nitrogen dependant biomass growth t ha–1.day–1

DELTAI
1

daily increase of the green leaf index for 
determinate rops

m2 leaf.m–2 soil

DELTAI
2

daily increase of the green leaf index for 
indeterminate rops

m2 leaf.m–2 soil

DELTAI
dens

density component of DELTAI plant m–2

DELTAI
dev

phasic development component of DELTAI m2 plant–1 degree-day–1

DELTAI
dev

MAX maximal value of DELTAI
dev

m2 plant–1 degree-day–1

DELTAIMAXI maximum increase in leaf expansion m2m–2day–1

DELTAI
stress

stress component of DELTAI –

DELTAI
T

thermal component of DELTAI degree-days

DELTAMSRESEN daily sensecence of residual dry matter of a forage 
crop 

t ha–1 day–1

DELTAT gradient of the relationship between saturation 
vapour pressure and temperature

mbars °C–1

DELTATEMP difference in mean daily temperature inside and 
outside a greenhouse

°C

DELTAZ deepening of the root front cm day–1

DELTAZ
stress

stress component of DELTAZ –

DELTAZ
T

thermal componenet of DELTAZ cm day–1

DEMANDE daily nitrogen need of the plant kgN.ha–1 day–1

DENENG
G
 maximal proportion of N losses for each fertilizer 

type by denitrifi cation
–

DENSITE plant density plants.m–2

DENSITE
D

plant density of the dominant crop in case of 
intercropping 

plants.m–2

DENSITE
T

sowing planty density plants.m–2

DENSITE
U

plant density of the understorey crop in case of 
intercropping 

plants.m–2

DENSITEUeq equivalent plant density of the understorey crop in 
case of intercropping accounting for the dominant 
plant

plants.m–2

DESHYDBASE
P

phenological rate of evolution of fruit water 
content (>0 or <0)

g water.g fresh matter–1. °C–1
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DFOL “Within the shape” leaf area density m2 leaf m–3

DFOLBAS
P

minimal value for DFOL m2 leaf m–3

DFOLHAUT
P

maximal value for DFOL m2 leaf m–3

DFPF
P

parameter of the fi rst potential growth phase 
of fruit, corresponding to an exponential type 
function describing the cell division phase.

–

DFR fruit development stage –

DH displacement height m

DIFF diffusion fl ow of mineral nitrogen kg N ha–1 day–1

DIFN
G
 diffusion coeffi cient bof nitrogen at fi eld capacity cm2 day–1

DIFTHERM
G

soil thermal diffusivity cm2 s–1

DLAIMAXBRUT
P

maximum rate of DELTAI m2 leaf plant–1 degree day–1

DLTAGN daily increase of grain nitrogen content kg N ha–1 day–1

DLTAGS growth rate of the grains t ha–1.day–1

DLTAISEN daily increase of the senescent leaf index m2leaf.m–2 day–1

DLTAMS growth rate of the plant t ha–1.day–1

DLTAMSEN senescence rate of the plant t ha–1.day–1

DLTAMSTOMBE daily sensescent biomass falling on the soil t ha–1.day–1

DLTAREMOBIL amount of reserves remobilised g.m–2.day–1

DN net mineralization rate kg N ha–1 day–1

DOS saturation defi cit within the canopy mbars

DOSIMXN
T
 maximum nitrogen amount authorised at each 

time step (mode automatic fertilization)
kg N ha–1 day–1

DOSIMX
T
 maximum water amount of irrigation authorised 

at each time step (mode automatic irrigation)
mm day–1

DPHVOL increase in surface soil ph –

DPHVOLMAX
G
 maximum increase in surface soil ph –

DRACLONG
P

maximum rate of root length production cm root plant–1 degree.days–1

DRAIN water fl ux drained at the base of the soil profi le mm day–1

DSAT saturation defi cit at the reference level mbars

DURAGE natural life span of leaves Q10

DUREEFRUIT
V

total growth period of a fruit at the setting stage to 
the physiological maturity

degree.days

DURVIE actual life span of the leaf surface °C

DURVIEF
V

maximal lifespan of an adult leaf Q10

DURVIEI
P

lifespan of a young leaf (at the AMF stage) 
expressed in proportion of DURVIEF 

–

DURVIESUPMAX
P     

proportion of additional lifespan due to an 
overfertilization

–

EAI equivalent leaf area index for ear m2m–2

EAURES
T
 water content of residue %

EBMAX maximum value of radiation use effi cieny g MJ–1

EDIRECT water amount evaporated by the soil + intercepted 
by leafs + intercepted by the mulch 

mm day–1

EDIRECTM maximum value of EDIRECT mm day–1

EFCROIJUV
P

maximum radiation use effi ciency during the 
juvenile phase(LEV-AMF)

g MJ–1
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EFCROIREPRO
P

maximum radiation use effi ciency during the 
grain fi lling phase (DRP-MAT)

g MJ–1

EFCROIVEG
P

maximum radiation use effi ciency during the 
vegetative stage (AMF-DRP)

g MJ–1

EFDA bulk density effect on root distribution in the 
profi le

–

EFFEUIL
T 

proportion of daily leaf removed at thinning –

EFFIRR
T 

irrigation effi ciency: proportion of water 
effectively entering the crop water balance 
compared to the water coming out the irrigation 
system

–

EFFN nitrogen use effi ciency –

EFNRAC mineral nitrogen effect on the root distribution in 
the layers

–

ELMAX
P

maximum elongation of the coleoptile in darkness 
condition

cm

ELONG elongation of the coleoptile cm

EMD direct evaporation of water intercepted by leafs mm day–1

EMISSA emissivity of the atmosphere –

EMPD direct water evaporated from leaf interception mm day–1

EMPD
D

direct water evaporated from leaf interception of 
the dominant crop in case of intercrop

mm day–1

EMPD
U

direct water evaporated from leaf interception of 
the understorey crop in case of intercrop

mm day–1

EMULCH direct evaporation of water intercepted by the 
mulch

mm day–1

ENGAMM
T
 ammonium proportion in the fertilizer –

ENVFRUIT
P

proportion of the envelop weight relative to the 
maximum grain weight 

–

EO crop evaporation value if none of the soil or plant 
surfaces had limited water

mm day–1

EOP maximum transpiration fl ux mm day–1

EOP
D

maximum transpiration fl uxof the dominant crop 
in case of intercrop

mm day–1

EOP
U

maximum transpiration fl uxof the understorey 
crop in case of intercrop

mm day–1

EOS maximum soil evaporation fl ux mm day–1

EP actual plant transpiration fl ux mm day–1

EPD
S

thickness of the mixing cell in the soil cm

EPT potential evapotranspiration according to 
priestley-taylor formula

mm day–1

EPZ plant uptake soil profi le mm day–1 cm–1

ESOL actual soil evaporation fl ux mm day–1

ESTIMET evapotranspiration estimated from the water 
balance for the previous day and the climatic 
demand of the day in case of greenhouse

mm day–1

ESZ evaporation soil profi le mm day–1 cm–1

ET daily evapotranspiration (ES+EP ) mm day–1
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ETMAX maximum value of daily evaporation fl ux Wm–2

ETMIN minimum value of daily evaporation fl ux Wm–2

EXOBIOM index of water logging active on radiation use 
effi ciency and transpiration

–

EXOFAC variable for water logging –

EXOLAI index of water logging active on surface growth –

EXTIN extinction coeffi cient of photosynthetically active 
radiation calculated in case of radiative transfer

–

EXTIN
P
 extinction coeffi cient of photosynthetic active 

radiation prescribed in case of Beer ‘s law analog
–

FAPAR proportion of radiation intercepted by the canopy –

FAPAR
D

proportion of radiation intercepted by the 
dominant crop in case of intercrop

–

FAPAR
U

proportion of radiation intercepted by the 
understorey crop in case of intercrop

–

FBIO factor accounting for nitrogen microbial 
requirement

–

FCO2 specie-dependant CO2 effect on radiation use 
effi ciency

–

FCO2S specie-dependant CO2 effect on stomate closure –

FDENNO3 Nitrate content effect on denitrifi cation –

FDENT thermal effect on denitrifi cation –

FDENW soil water content effect on denitrifi cation –

FGELFLO frost index acting on thefruit (or grain) number –

FGELJUV frost index acting on LAI  during the juvenile 
phase

–

FGELLEV frost index acting on plant density during the 
plantlet phase

–

FGELVEG frost index acting on LAI  during the vegetative 
phase

–

FH soil water content effect on mineralization –

FINERT
G
 proportion of inactive organic nitrogen –

FIXMAX maximal nitrogen fi xation capacity by legume 
nodules

kg N ha–1 day–1

FIXMAXGR
P
 FIXMAX  component due to grain growth kg N ha–1 day–1

FIXMAXVEG
P
 FIXMAX  component due to vegetative growth kg N ha–1 day–1

FIXPOT potential n
2 
fi xation kg N ha–1 day–1

FIXREEL actual rate of symbiotic uptake kg N ha–1 day–1

FLUXRAC profi le of nitrogen uptake associated with the 
limiting absorption capacity of the plant

kg N ha–1 day–1

FLUXSOL profi le of nitrogen uptake associated with the 
limiting transfer from soil to roots

kg N ha–1 day–1

FM fresh matter t ha–1

FMIN1
G
 parameter of the potential mineralization rate as 

a function of clay and the CaCO3 contents
day–1

FMIN2
G

parameter of the potential mineralization rate as 
a function of clay and the CaCO3 contents

–
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FMIN3
G

parameter of the potential mineralization rate as 
a function of clay and the CaCO3 contents

–

FNX
G
 daily maximum fraction of ammonium 

transformed in nitrates 
–

FP cumulative foliage produced m2m–2

FPFT sink strength of fruits g.m–2 day–1

FPV sink strength of growing leaves g.m–2 day–1

FRACINSOL fraction of insolation –

FRUIS proportion of run-off water above the activation 
threshold (PMINRUIS

G 
)

–

FSNH3 volatilisation of NH3 µg.m–2.day–1

FSTRESSGEL frost index –

FTEMHA
G
 parameter of the thermal effect on mineralization 

(FTH )
K–1

FTEMHB parameter of the thermal effect on mineralization 
(FTH )

–

FTEMH
G
 parameter of the thermal effect on mineralization 

(FTH )
–

FTEMP temperature-related radiation use effi ciency 
reduction factor

–

FTEMPREMP temperature-related grain fi lling reduction factor –

FTEMRA
G

parameter of the thermal effect on residue 
mineralization (FTR )

–

FTEMR
G

parameter of the thermal effect on residue 
mineralization (FTR )

K–1

FTH thermal effect on basal mineralization –

FTR thermal effect on residue mineralization –

FXA anoxic effect on symbiotic uptake –

FXN nitrogen effect on symbiotic uptake –

FXT temperature effect on symbiotic uptake –

FXW water effect on symbiotic uptake –

GAMMA psychrometric constant mbars °C–1

GMAX maximum value of daily soil heat fl ux Wm–2

GMIN miniimum value of daily soil heat fl ux Wm–2

GRADTN
G

thermal gradient with altitude for minimal 
temperature

°C 100m–1

GRADTNINV
G

thermal gradient with altitude for minimal 
temperature below the latitude of gradient 
inversion

°C 100m–1

GRADTX
G

thermal gradient with altitude for maximal 
temperature

°C 100m–1

H2OFEUILJAUNE
P

water content of yellow leaves g water gFM–1

H2OFEUILVERTE
P

water content of green leaves g water gFM–1

H2OFRVERT
P

water content of fruits before the beginning of 
hydrous evolution (IDEBDES )

g water gFM–1

H2OGRAINMAX
T
 maximal water content allowed at harvest g water gFM–1

H2OGRAINMIN
T
 minimal water content allowed at harvest g water gFM–1

H2ORESERVE
P

water content of reserves g water gFM–1
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H2OTIGESTRUC
P

structural stem part water content g water gFM–1

HA residual soil water content mm water cm soil –1

HAUTBASE
P

base height of crop foliaige m

HAUTCOUPEDEFAUT
T
 cut height for forage crops (calendar calculated) m

HAUTCOUPE
T
 cut height for forage crops (calendar prescribed) m

HAUTEUR height of canopy m

HAUTEUR
D

height of the dominant crop in case of intercrop m

HAUTEUR
U

height of the understorey crop in case of intercrop m

HAUTMAX
P

maximum height of the crop genetically 
determined

m

HAUTMAXTEC
T
 maximum height of the crop technically 

determined
m

HAUTROGNE
T
 cutting height m

HB soil layer between the seedbed and the root front cm

HCCX
G

fi eld capacity of pebbles g water g soil –1 x 100

HCUM available water over the rooting zone mm water cm soil–1

HMAX maximum height of water table between drains cm

HMINCX wilting point of pebbles g water g soil –1 x 100

HMINM
G
 minimal soil water content for mineralization 

expressed as a proportion of fi eld capacity
–

HMINN
G
 minimal soil water content for nitrifi cation 

expressed as a proportion of fi eld capacity
–

HNAPPE height of water table with active effects on the 
plant

cm

HN
S

wilting point water content in the seed bed mm water cm soil –1

HOPTM
G
 optimal soil water content for mineralization 

expressed as a proportion of fi eld capacity
–

HOPTN
G
 optimal soil water content for nitrifi cation 

expressed as a proportion of fi eld capacity
–

HUCC fi eld capacity water content mm water cm soil –1

HUILREC
T
 minimal oil content allowed for harvest g oil gFM–1

HUM hourly air humidity –

HUMCAPIL
S

threshold soil water content under which caoillary 
rises occur

g eau g–1 sol x 100

HUMIDITE daily moisture in the canopy –

HUMIN wilting point water content mm water cm soil –1

HUMIRAC infl uence of soil water content on germination and 
root growth

–

HUMSEUILTASSREC
T
 soil water threshold above which harvest 

machines damage soil by compaction expressed 
in ratio of fi eld capacity

–

HUMSEUILTASSSEM
T
 soil water threshold above which sowing 

machines damage soil by compaction expressed 
in ratio of fi eld capacity

–

HUR soil water content mm water cm soil –1

HX
S

water content at fi eld capacity in the seed bed mm water cm soil –1

I current day –
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IAMF day of the stage AMF (maximal of leaf growth, 
end of juvenile phase ) 

julian day

IDEBDES date of onset of water dynamics in harvested 
organs

julian day

IDEBDORM day of the dormancy entrance calculated julian day

IDEBDORM
P

day of the dormancy entrance prescribed julian day

IDNO beginning of fi xation julian day

IDRP day of the stage DRP: beginning of grain/fruit 
fi lling 

julian day

IFINDORM dormancy break day julian day

IFLO date of anthesis Julian day

IFNO stop of fi xation julian day

IFVINO death of nodules julian day

IGER date of germination julian day

ILAT date of the beginning of the latence phase for 
grain calculation

julian day

ILAX day of the stage LAX: maximal leaf area index julian day

ILET date of the plantlet stage julian day

ILEV day of the stage LEV: emergence julian day

IMAT day of the stage MAT: physiological maturity julian day

IMB date of the beginning of seed moistening julian day

INFILS
infi ltrability parameter at the base of the horizon mm day–1

INFLOMAX
P

maximal number of infl orescences per plant nb plant–1

INFRECOUV
P

ulai at the stage AMF (infl exion point of the soil 
cover rate increase)

–

INN Nitrogen nutrition index (cumulative INN ) –

INNGRAIN1
P
 threshold of INNS defi ning plant demand during 

grain fi lliing
–

INNGRAIN2
P
 threshold of INNS defi ning plant demand during 

grain fi lliing
–

INNI instantaneous nitrogen nutrition index –

INNIMIN
P

INNI (instantaneous INN ) corresponding to 
INNmin

–

INNLAI index of nitrogen stress active on leaf growth –

INNMIN
P

minimum value of INN  allowed for the crop –

INNS index of nitrogen stress active on growth in 
biomass

–

INNSENES index of nitrogen stress active on leaf death –

INNSEN
P

parameter of the nitrogen stress function active on 
senescence (INNSENES)

–

INNTURGMIN
P

parameter of the nitrogen stress function active on 
leaf expansion (INNLAI)

–

INOU date of end of setting of harvested organs julian day

INTERRANG
T

width of the interrang m

INV function estimating temperature in altitude °C

IPLT
T
 sowing or planting prescribed date julian day

IPLT calculated sowing date julian day
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IRAZO nitrogen harvest index N grain N plant –1

IRCARB carbon harvest index g grain g plant–1

IREC date of harvest (fi rst if several) julian day

IRECBUTOIR
T
 latest allowed harvest date julian day

IRMAX
P

maximum carbon harvest index –

IRRIGN N inputs by irrigation kg N ha–1

IRRLEV
G
 amount of irrigation applied automatically on the 

sowing day when the model calculates irrigation, 
to allow germination

mm

IZRAC index of water logging stress on roots –

JULAPPLMULCH
T
 date of the mulch application julian day

JULECLAIR
T
 date of fruits removal julian day

JULEFFEUIL
T 

date of leaf removal julian day

JULROGNE
T 

date of plant shapening julian day

JULTAILLE
T
 pruning day julian day

JULVERNAL
P

date of vernalisation entering for perennial grasses julian day

JVC
V

number of vernalizing days required days

JVCMINI
P

minimum vernalizing days required nb days

JVI vernalizing contribution of a given day –

K

K2 actual mineralisation rate kg N day–1

K2HUM potential mineralization rate kg N day–1

KBIO
G
 decomposition rate constant for soil biomass day–1

KCOUVMLCH
G 

parameter of the relationship between vegetal 
mulch and soil cover rate

–

KGDIFFUS proportion of diffusive radiation reaching the soil –

KGDIRECT proportion of direct radiation reaching the soil –

KH coeffi cient of heat transfer in the cold shelter Wm–2K–1

KHAUT
G

Parameter of the relationship between LAI  and 
crop height

–

K
LAI

parameter describing the shape of the LAI  curve 
when it is considered as a driving variable

m2 leaf m–2 soil

KM1
P
 constant of nitrate affi nity by the root uptake 

system 1 (high affi nity) 
µmole. cm root–1 

KM2
P
 constant of nitrate affi nity by the root uptake 

system 2 (low affi nity) 
µmole. cm root–1 

KMAX
P

maximum crop coeffi cient for water requirements –

KREPRAC
P

parameter of biomass root partitioning: evolution 
of the root/total biomass ratio

–

KRES decomposition rate for soil residues day–1

KS coeffi cient of energy losses between the outside 
and inside of the shelter 

W m–2 K–1

KSOL
S

hydraulic conductivity in the soil above and 
below the drains

cm day–1

KSTEMFLOW
P
 parameter of ther relationship between LAI  and 

stemfl ow
–
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KTROU
P

extinction coeffi cient of PAR through the crop, 
used in case of radiation transfers.

–

L latent heat of vaporisation MJ kg–1

LAI Leaf AreaIindex m2 leaf m–2 soil

LAI0
I

initial leaf area index m2 leaf m–2 soil

LAICOMP
P

LAI  from which starts competition inbetween 
plants

m2 leaf m–2 soil

LAIDEBEFF
T 

LAI  of the beginning of leaf removal m2 leaf m–2 soil

LAIEFFCUM LAI  removed m2 leaf m–2 soil

LAIEFFEUIL
T 

LAI  of the end of leaf removal m2 leaf m–2 soil

LAIPLANTULE
P

plantlet leaf area index at the plantation m2 leaf m–2 soil

LAIRESIDUEL
T 

residual leaf index after each cut m2 leaf m–2 soil

LAIROGNECUM LAI  removed by shapening m2 leaf m–2 soil

LAISEN Leaf Area Index of senescent leaves m2 leaf m–2 soil

LARGEUR width of the plant shape m

LARGROGNE
T 

width of shapening m

LARTEC
T
 width of canopy due to techniques m

LAT
C

latitude radians

LDRAIN
S

between drain ½ spacing cm

LOCFERTI
T
 depth of fertilizer apply (when applied in depth 

of soil)
cm

LOCIRRIG
T
 depth of water apply (when applied in depth of 

soil)
cm

LONGSPERAC
P

root length/root mass ratio cm g–1

LRACSENTOT total length of senescent roots cm root.cm –2 soil

LRACZ effi cient root density profi le cm root.cm –3 soil

LVFRONT
P

root density at the root front cm root.cm –3 soil

LVOPT
G
 optimum root density for water and nitrogen 

uptake
cm root.cm –3 soil

MABOIS prunning dry weight t.ha–1

MACROPOR poral space corresponding to macroporosity mm

MAENFRUIT dry matter of harvested organ envelopes t.ha–1

MAFEUILJAUNE dry matter of yellow leaves t.ha–1

MAFEUILTOMBE dry matter of fallen leaves t.ha–1

MAFEUILVERTE dry matter of green leaves t.ha–1

MAFRAISFEUILLE leaf fresh matter t.ha–1

MAFRAISRES     reserve fresh matter t.ha–1

MAFRAISTIGE structural stem fresh matter t.ha–1

MAFRUIT dry matter of harvested organs t.ha–1

MARGEROGNE
T
 allowed quantity of biomass inbetween two 

shapenings when asking automatic shapening 
t.ha–1

MASEC aboveground dry matter t.ha–1

MASEC0
I

initial biomass t.ha–1

MASECABSO biomass accounting for nitrogen uptake t.ha–1

MASECMETA
G
 biomass of the plantlet when all nitrogen is 

assumed as metabolic
t.ha–1
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MASECPLANTULE
P

initial shoot biomass of plantlet t ha–1

MASVOLCX
G

pebbles bulk density g cm–3

MATIGESTRUC dry matter of stems (only structural parts) t.ha–1

MAXAZORAC
P

parameter of the effect of soil nitrogen on root 
soil partitioning 

kg N ha–1 mm–1

MINAZORAC
P

parameter of the effect of soil nitrogen on root 
soil partitioning

kg N ha–1 mm–1

MINEFNRA
P

parameter of the effect of soil nitrogen on root 
soil partitioning

–

MOUILL water retained on the foliage mm

MOUILLABILMULCH
G 

maximum wettability of vegetal mulch mm t–1 ha

MOUILLABIL
P 

maximum wettability of leaves mm LAI –1

MOUILLMULCH water retained by the vegetal mulch mm

MSRAC root biomass t ha–1

MSRESIDUEL
T 

residual dry matter after a forage cut t ha–1

MULCHBAT
G     

mulch depth from which a crust occurs cm

N2ODENIT N
2
O produced by denitrifi cation kgN ha–1 day–1

N2ONIT N
2
O produced by nitrifi cation kgN ha–1 day–1

NBFEUILLE number of leaves on main stem nb

NBFEUILPLANT
P

leaf number per plant when planting nb plant–1

NBFGELLEV
P

leaf number at the end of the juvenile phase (frost 
sensitivity) 

nb plant–1

NBGRAINS grain number grains m–2

NBGRMAX
V

maximum number of grains grains m–2

NBGRMIN
P

minimum number of grains grains m–2 

NBINFLO number of infl orescences –

NBINFLOECL
T
 number of fruits or infl orescences removed per 

plant
nb

NBINFLO
P
 prescribed potential number of infl orescence nb

NBJGERLIM
P

threshold number of day after grain imbibition 
without germination lack

nb days

NBJGRAIN
P

period before IDRP to compute grain number nb days

NBJGRAUTO days of autothrophy for a moistened seed nb days

NBJHUMEC maximal period that seed can be in a moist status 
without seed death occurs 

nb days

NBJMAXAPRESRECOLTE
T
 number of days until harvest is launched when 

it’s postponed by the «harvest decision» option 
activation

nb days

NBJMAXAPRESSEMIS
T
 number of days from IPLT defi ning the period 

for sowing when “sowing decision” option is 
activated

nb days

NBJSEUILTEMPREF
T

number of days allowing signifi cant growth to 
decide sowing

nb days

NBOITE
P

number of age classes of fruits to discretise fruit 
growth for the indeterminate crops 

nb

NDENENG daily denitrifi cation of nitrogen from fertiliser or 
soil (if option «denitrifi cation» is activated)

kg.ha–1.day–1

NFRUITNOU number of set fruits fruits.m–2
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NH3REF
C

atmospheric ammonia concentration µg N m–3

NH3SURF ammonia concentration at the soil surface µg N m–3

NHUM amount of active nitrogen of the humus pool in 
the soil 

kg N.ha–1

NHUMT total quantity of N humus (active + inert fractions) 
in the soil

kg N.ha–1

NIT profi le of soil nitrates kg N.ha–1 cm–1

NITRIF nitrate productyion from nitrifi cation kg.N ha–1day–1

NLEVLIM1
P

number of days after germination decreasing the 
emerged plants if emergence has not occur

nb days

NLEVLIM2
P

number of days after germination after which the 
emerged plants are null

nb days

NMAX maximal crop nitrogen content %

NMETA
P
 metabolic nitrogen content %

NMINRES
T
 mineral nitrogen quantity in residue  kg N ha–1

NODN soil nitrate concentration affecting nodule 
functionning

kg N ha–1 mm–1 

NORG
S
 soil organic nitrogen content in the upper layer 

(PROFHUM
S 
)

%

NORGENG amount of N immobilized  kg N ha–1

NRES
P
 nitogen reserve content when the canopy weight 

is MASECDIL
P 
 

%

NVOLATORG part of the mineral nitrogen in the residue that can 
be volatilized

kg.N ha–1

NVOLENG daily volatilisation of nitrogen from fertiliser kgN.ha–1.day–1

NVOLORG volitilized nitrogen kgN.ha–1.day–1

OBSTARAC
S

soil depth which will block the root growth cm

OFFRN profi le of mineral N available for root uptake kgN.ha–1.cm–1

OMBRAGETX
G

difference in maximum temperatures between 
south and north facing slopes

°C

ORGENG
G
 maximal amount of microbial immobilized N 

from the fertilizer
kgN.ha–1

ORIENTRANG
T     

direction of ranks rd (0=NS)

PARAZOMORTE
P
 parameter qualifi ng the N content of dead leaves –

PARSURRG
C

PAR/total radiation ratio –

PENTINFLORES
P

parameter of the calculation of the infl orescences 
number 

–

PENTLAIMAX
P

parameter of the logistic curve of LAI  growth –

PENTRECOUV
P

parameter of the logistic curve of the soil cover 
rate increase

–

PFEUILVERTE proportion of green leaves in total non-senescent 
biomass

–

PGRAIN grain weight g

PGRAINGEL frozen grain weight gm–2

PGRAINMAXI
V

maximum weight of one grain (0% water content) g

PHIV0
G 

parameter allowing the calculation of the under 
shelter climate

–
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PHMAXNIT
G
 soil pH threshold above which nitrifi cation is 

maximal
–

PHMAXVOL
G
 soil pH threshold above which volatilization is 

maximal
–

PHMINNIT
G
 soil pH threshold under which nitrifi cation is nill –

PHMINVOL
G
 soil pH threshold above which volatilization is 

minimal
–

PHOBASE
P

base photoperiod for development hours

PHOI current photoperiod hours

PHOSAT
P

saturating photoperiod for development hours

PH
S
 soil pH –

PHVOL soil pH at soil surface varying with mineral N 
level

–

PHVOLS
G
 

PHYLLOTHERME
P

thermal duration between the apparition of two 
successive leaves on the main stem

degree.days

PLNMIN
G

minimal rainfall to apply N fertilizer in case of 
calculation

mm

PLUIEBAT
S

minimal rain quantity for the crust occurrence mm day–1

PMINRUIS
G
 minimal amount of precipitation to start a drip mm day–1

POTCROIFRUIT potential growth of a fruit g fruit–1 day–1

POTGERMI
P

soil water potential inducing grain moistening MPa

PRECIP daily amount of water (precipitation + irrigation) mm day–1

PRECIPN N inputs by rainfall kg N ha–1

PROFDENIT
S
 thickness of the denitrifying layer cm

PROFDRAIN
S
 drain depth cm

PROFHUMREC
T
 thickness of the layer potentially affected by 

compaction at harvest
cm

PROFHUM
S
 thickness of the active layer for mineralization cm

PROFHUMSEM
T
 thickness of the layer potentially affected by 

compaction at sowing
cm

PROFIMPER
S

depth of the impermeable fl oor cm

PROFMES
T

thickness of the soil layer for water and mineral 
nitrogen integrated meausrements

cm

PROFRES
T
 minimal value of the depth where residue are 

incorporated
cm

PROFSEM
T

sowing depth cm

PROFSOL
S

soil thickness cm

PROFTRAV
T
 maximal value of the depth where residue are 

incorporated
cm

PROP demand/offer n ratio –

PROPFIXPOT phenology-dependent coeffi cient affecting n
2 

fi xation
–

PROPNBJGERLIM
G

coeffi cient reducing the period of moistened seed 
autotrophy due to high temperature

–

PROPRAC
G
 proportion of root /shoot biomass –

PROPVOLAT proportion of volaitizable n in residue –

PSIBASE predawn leaf water potential foliaire de base MPa
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PSISOL soil water potential profi le MPa

PSISTO
P

absolute value of the potential of stomatal closing bars

PSITURG
P

absolute value of the potential of the beginning of 
decrease of the cellular extension

bars

Q

Q0
S 

parameter of the end of the maximum evaporation 
stage 

mm

Q10 exponential thermal unit for development 
calculation: used for senescence (2.0UDEVCULT/10)

Q10
P

q10 used for the dormancy break calculation –

QDRAIN daily water outfl ow from the drain mm day–1

QLES cumulative n-no3 leached at the base of the soil 
profi le

kgN.ha–1

QLESD cumulative N-NO3 leached into drains kgN.ha–1

QMINH cumulative mineral nitrogen arising from humus kgN.ha–1

QMINR cumulative mineral nitrogen arising from organic 
residues

kgN.ha–1

QMULCH quantity of plant mulch t.ha–1

QMULCH0
T 

amount of initial mulch t ha–1

QMULCHRUIS0
G 

amount of mulch to annul the drip t ha–1

QNDENENG cumulative denitrifi cation of nitrogen from 
fertiliser or soil 

kgN.ha–1

QNORGENG cumulative organisation of nitrogen from fertiliser kgN.ha–1

QNPLANTE amount of nitrogen taken up by the plant kgN.ha–1

QNPLANTE0
I

initial nitrogen amount in the plant kgN.ha–1

QNPLANTULE amount of nitrogen in the plantlet kgN.ha–1

QNPLMAX maximal amount of N possible in the crop kgN.ha–1

QNVOLENG cumulative volatilisation of nitrogen from fertiliser kgN.ha–1

QRESSUITE crop residues returning to the soilfor the following 
crop

t ha–1

RAA aerodynamic resistance between the cover and the 
reference level zr

s.m–1

RAAMAX daily maximum value of RAA s.m–1

RAAMIN daily minimum value of RAA s.m–1

RAC resistance of the canopy boundary layer s.m–1

RAC
D

RAC for dominant crop in case of intercropping s.m–1

RAC
U

RAC for understorey crop in case of intercropping s.m–1

RA
G
 default value of RAA s.m–1

RAINT photosynthetic active radiation intercepted by the 
canopy 

MJ.m–2

RAPSENTURG
P

threshold soil water content active to simulate 
water sensecence stress as a proportion of the 
turgor stress

–

RAS aerodynamic resistance between the soil and the 
canopy 

s.m–1

RATIODENIT
S
 ratio between N

2
O emission and total 

denitrifi cation
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RATIOLN
T
 nitogen nutrtion stress index below which can be 

triggered a fertilization in automatic mode
–

RATIOL
T 

Water stress index below which we start an 
irrigation in automatic mode 

–

RATIONIT
S
 ratio between N

2
O emission and total nitrifi cation –

RATIOSEN
P

fraction of senescent biomass as the ratio at the 
total biomass

–

RAYON
S

mean root radius cm

RC resistance of canopy s.m–1

RC
D

resistance of the dominant crop in case of 
intercrop

s.m–1

RC
U

resistance of the dominant crop in case of 
intercrop

s.m–1

RDIF ratio between diffuse radiation and global 
radiation 

–

RDIFFUS diffusive radiation MJm–2day–1

RDIRECT direct radiation MJm–2day–1

RDRAIN
G
 drain radius cm

RDROIT radiation not intercepted by the crop MJm–2day–1

REMOBILJ amount of biomass remobilized on a daily basis 
from the reserves 

g.m–2 day–1

REMOBRES
P

maximal proportion of carbon reserve 
remobilizable daily

–

REMONTEE capillary rise at the base of the soil profi le mm day–1

REPRAC aboveground / underground partitioning 
coeffi cient of biomass

–

REPRACMAX
P

maximum value for REPRAC –

REPRACMIN
P

minimum value for REPRAC –

RESMES amount of soil water over PROFMES
T 

depth mm

RESPERENNE carbon reserve during the cropping season, or 
during the intercrop period (for perenial crops)

t ha–1

RESPERENNE0
I

initial reserve biomass t ha–1

RESPLMAX
P

maximal size of the reserve compartment kg plant–1

RESRAC soil water reserve in the root zone mm

RESSUITE
T
 parts of the plant recycled for the next crop name

RFPI slowing effect of the photoperiod on plant 
development 

–

RFVI     slowing effect of the vernalization on plant 
development

–

RGEX extraterrestrial radiation MJm–2day–1

RGLO long wave radiation MJm–2day–1

RLJ root length growth m root m–2 day–1

RLJ
dens

plant density component of RLJ plant m–2

RLJ
dev

plant density component of RLJ m root plant–1 degree-day–1

RLJFRONT growth at the root front m root m–2 day–1

RLJ
stress

stress component of RLJ –

RLJ
T

thermal component of RLJ degree.days

RLTOT total length of roots cm root.cm –2 soil
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RMAXI maximum soil water reserve utilised mm

RNET net radiation MJ m–2day–1

RNETMAX maximal daily value of RNET Wm–2

RNETMIN minimal daily value of RNET Wm–2

RNETP
D

net radiation affecting the dominant crop in case 
of intercropping

MJ m–2day–1

RNET
PE

net radiation estimation in the penman formula MJ m–2day–1

RNET
PT

net radiation estimation in the priestley-taylor 
formula

MJ m–2day–1

RNETP
U

net radiation affecting the understorey crop in 
case of intercropping

MJ m–2day–1

RNETS net radiation affecting the soil MJ m–2day–1

ROMBRE radiation fraction in the shade –

RSMIN
P

minimal stomatal resistance of leaves s m–1

RSOLEIL radiation fraction in the full sun –

RSRSO total to extraterrestrial radiation ratio –

RSURRU soil water status as a proportion of readily 
available water

–

RTRANSMIS radiation transmitted through the crop MJm–2day–1

RUGOCHISEL
T
 soil surface rugosity after soil tillage without soil 

inverting
m

RUGOLABOUR
T
 soil surface rugosity after soil tillage with soil 

inverting
m

RUISOLNU
S
 fraction of drip rainfall (by ratio at the total 

rainfall) on a bare soil 
–

RUISSEL daily run-off (surface + overfl ow) mm day–1

RUISSELSURF daily surface run-off mm day–1

SAT amount of water remaining in the soil 
macroporosity

mm

SB seed bed cm

SBV specifi c surface area of biomass cm2 g–1

SBVMAX leaf expansion allowed per unit of biomass 
accumulated

cm2 g–1

SENFAC water stress index on senescence –

SENSANOX
P

anoxia sensitivity (0=insensitive) –

SENSIPHOT photoperiod sensitivity (1=insensitive) –

SENSRSEC
P

root sensitivity to drought (1=insensitive) –

SLA specifi c leaf surface area cm2 g–1

SLAMAX
P

maximal sla of green leaves cm2 g–1

SLAMIN
P

minimal sla of green leaves cm2 g–1

SOMGER current growing degree.days in the seed bed degree.days

SOMSEN current thermal time for sensecence Q10

SOURCEPUITS sources/sink ratio –

SOURCEPUITS
1

fi rst calculation of SOURCEPUITS –

SPFRMAX
P

maximal sources/sinks value allowing the trophic 
stress calculation for fruit onset

–

SPFRMIN
P

minimal sources/sinks value allowing the trophic 
stress calculation for fruit onset

–
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SPFRUIT index of trophic stress applied to the number of 
fruits

–

SPLAI source/sink ratio applied to leaf growth –

SPLAIMAX
P

maximal source/sink value allowing the trophic 
stress calculation for the leaf growth

–

SPLAIMIN
P

minimal value of ratio source/sink for the leaf 
growth 

–

STADECOUPEDF
T 

stage of automatic cut –

STAMFLAX
V

duration between IAMF and ILAX degree.days

STDEBSENRAC
P

life span of roots degree.days

STDNOFNO
P
 duration between IDNO and IFNO degree.days

STDORDEBOUR
P

duration between the dormancy break and the bud 
break 

degree.days

STDRPDES
P

duration between IDRP and IDEBDES degree.days

STDRPMAT
V

duration between IDRP and IMAT degree.days

STDRPNOU
P 

duration between IDRP and INOU degree.days

STEMFLOW amount of water running along the stem mm

STEMFLOWMAX
P
 maximal fraction of rainfall which fl ows out along 

the stems 
–

STFLODRP
V

duration between IFLO and INOUIDRP degree.days

STFNOFVINO
P
 duration between IFNO and IFVINO degree.days

ST
LAI

variable describing the shape of the LAI  curve 
when it is considered as a driving variable

degree.days

STLEVAMF
V

duration between ILEV and IAMF degree.days

STLEVDNO
P
 duration between ILEV and IDNO degree.days

STLEVDRP
V

duration between ILEV and IDRP degree.days

STOPRAC
P

stage when root growth stops name

STPLTGER
P

duration between IPLT  and IGER degree.days

STRESSDEV
P

maximum phasic delay allowed due to stresses –

SUCREREC
T 

minimal sugar rate at harvest g sugar g FM–1

SURFAO fraction of surface in the shade –

SURFAS fraction of surface in the sun –

SURFOUVRE
T 

proportion of vents related to the total surface 
area of the greenhouse

–

SWFAC index of stomatal water stress –

SWRMIN soil water factor for denitrifi cation –

TAIR mean air temperature °C

TAUXCOUV ground cover –

TCKMAX
P

value of TAUXCOUV corresponding to KMAX
P

–

TCMAX
P

maximum temperature of leaf expansion °C

TCMIN
P

minimum temperature of leaf expansion °C

TCULT crop surface temperature (daily average) °C

TCULTMAX crop surface temperature (daily maximum) °C

TCULTMIN crop surface temperature (daily minimum) °C

TCXSTOP
P

high temperature stopping phasic development, 
leaf expansion and senesecence

°C

TDENREF1
G
 cardinal temperature for denitrifi cation °C
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TDENREF2
G
 cardinal temperature for denitrifi cation °C

TDEW dewpoint temperature °C

TDMAX
P

maximum threshold temperature for development °C

TDMIN
P 

minimum threshold temperature for development °C

TEAUGRAIN fruit(grain) water content g water gFM–1

TEMAX
P

maximal threshold temperature for net 
photosynthesis

°C

TEMIN
P

minimum threshold temperature for net 
photosynthesis

°C

TEMPDESHYD
P

increase in the fruit dehydration due to the 
increase of crop temperature (TCULT -TAIR )

% water °C–1

TEMPNOD1
P
 cardinal temperature driving N

2
 fi xation °C

TEMPNOD2
P
 cardinal temperature driving N

2
 fi xation °C

TEMPNOD3
P
 cardinal temperature driving N

2
 fi xation °C

TEMPNOD4
P
 cardinal temperature driving N

2
 fi xation °C

TEOPTBIS
P

end of the thermal optimal plateau for net 
photosynthesis

°C

TEOPT
P

beginning of the thermal optimal plateau for net 
photosynthesis

°C

TETA available water content in the root zone cm3 water cm–3 soil

TETP reference potential evapotranspiration (entered or 
calculated)

mm day–1

TETSEN threshold soil water content accelerating 
sensecence 

cm3 water cm–3 soil

TETSTOMATE threshold soil water content limiting transpiration 
and photosynthesis 

cm3 water cm–3 soil

TETURG threshold soil water content limiting leaf 
expansion

cm3 water cm–3 soil

TF
LAI

parameter describing the shape of the lai curve 
when it is considered as a driving variable

degree.days

TFROID
P

optimal temperature for vernalisation °C

TGELFLO10
P

temperature corresponding to 10 % of frost 
damages on the fl owers or the fruits

°C

TGELFLO90
P

temperature corresponding to 90 % of frost 
damages on the fl owers or the fruits

°C

TGELJUV10
P

temperature corresponding to 10 % of frost 
damage on the LAI  (juvenile stage)

°C

TGELJUV90
P

temperature corresponding to 90 % of frost 
damage on the LAI  (juvenile stage)

°C

TGELLEV10
P

temperature corresponding to 10% of frost 
damage on the plantlet 

°C

TGELLEV90
P

temperature corresponding to 90% of frost 
damage on the plantlet 

°C

TGELVEG10
P

temperature corresponding to 10 % of frost 
damage on the LAI  (adult stage)

°C

TGELVEG90
P

temperature corresponding to 90 % of frost 
damage on the LAI  (adult stage)

°C
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TGMIN
P

minimum threshold temperature for germination 
and emergence

°C

TIGEFEUILLE
P

stem (structural part)/leaf proportion –

TI
LAI

parameter describing the shape of the LAI  curve 
when it is considered as a driving variable

degree.days

TLETALE
P

lethal temperature for the plant °C

TMAX maximum daily air temperature °C

TMAXREMP
P

maximal temperature for grain fi lling °C

TMIN minimum daily air temperature °C

TMINREMP
P

minimal temperature for grain fi lling °C

TNITMAX
G
 cardinal temperature for nitrifi cation °C

TNITMIN
G
 cardinal temperature for nitrifi cation °C

TNITOPT
G
 cardinal temperature for nitrifi cation °C

TNITRIF profi le of nitrifi ed ammonia kg N ha–1 cm–1

TOTAPN total fertilizer application kg N ha–1 cm–1

TPM vapour pressure in air mbars

TRANSPLASTIC
G 

translission coeffi cient of the shelter plastic –

TRECOUVMAX
P

proportion of the soil covered by an isolated plant, –

TREF
G
 reference temperature for soil mineralisation 

processes
°C

TRG global radiation affecting the crop (entered or 
calculated)

MJ.m–2 day–1

TRGEXT exterior radiation in case of a shelter MJ.m–2 day–1

TRR daily rainfall mm. day–1

TRSOLVOLAT code for manure volatilization –1/+1

TSOL profi le of soil temperature °C

TURFAC index of turgescence water stress –

TURSLA  mean water stress TURFAC  experienced since 
emergence

–

TVAR saturating vapor pressure as a function of 
temperature

mbars

TVENT daily mean speed of wind m.s–1

U understorey crop in case of intercrop m

UDEVCULT effective temperature for the development, 
computed with TCULT 

degree.days

UDLAIMAX
P

ULAIfrom which the rate of leaf growth 
decreases 

–

ULAI daily relative development unit for LAI –

UPVT daily development unit degree.days

URAC daily relative development unit for root growth –

USM unit of simulation

VABS2
G
 crop N uptake rate at which denitrifi cation losses 

reach 50% of their maximum.
kgN ha–1 day–1

 VABSN nitrogen accumulation rate in the plant (uptake 
and fi xation) 

kg N ha–1 day–1

VABSMOY nitrogen uptake rate kgN ha–1 day–1
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VIGUEURBAT
P

proportion of plants succeeding to emerge through 
the crust 

–

VITIRAZO
P

rate of increase of the nitrogen harvest index g grain g plant –1 day–1

VITIRCARB
P

rate of increase of the carbon harvest index g grain g plant –1 day–1

VITMOY average growth rate during the latence phase 
(ILAT-IDRP)

g m–2day–1

VITNO
P
 potential rate of nodule set up Nb degree.days –1

VITPROPHUILE
P

increase rate of oil harvest index g oil g MS–1 day–1

VITPROPSUCRE
P

increase rate of sugar harvest index g sugar g MS–1 day–1

VLAIMAX
P

ULAI at the infl exion point of the function 
DELTAI=f(ULAI)

–

VMAX1
P
 maximal nitrate uptake rate by the uptake system 

1 (high affi nity) of roots
µmole cm–1 h–1

VMAX2
P 
 maximal nitrate uptake rate by the uptake system 

2 (low affi nity) of roots
µmole cm–1 h–1 

VMINH basal mineralization rate kg N ha–1 day–1

VOLENG
G
 maximal proportion of N losses by volatilization 

of the fertilizer
–

VPOTDENIT
S

total denitrifi cation potential rate kg N ha–1 day–1

W biomass variable of dilution curves t ha–1

WFPS profi le of saturation soil status –

WH
G
 N/C ratio of humifi ed organic matter –

XMULCH thickness of mulch created by evaporation from 
the soil

cm 

XORGMAX
G
 N rate at which this maximum microbial 

immobilization is reached for a given fertilizer
kg N ha–1

XSH inter-row points of radiative transfer calculation nb

YRES
G
 partition coeffi cient for residue mineralisation –

Z0 crop roughness m

Z0S soil or understorey crop roughness m

Z0SOLNU
S 

bare soil roughness m

ZDEMI root depth that ensures at least an extraction near 
the soil surface of 20% of the water available

cm

ZESX
S 

maximal depth of soil affected by soil evaporation cm

ZLABOUR
P

depth of ploughing cm

ZNONLI root depth if no obstacle cm

ZPENTE
P

depth where the root density is ½ of the surface 
root density for the reference profi le

cm

ZPRLIM
P

maximum depth of the root profi le for the 
reference profi le

cm

ZRAC depth reached by root system cm 

ZRAC0 initial depth of root front cm

ZRACPLANTULE
P

depth of the initial root front of the plantlet cm

ZR
C
 reference height of meteorological data 

measurement
m
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Index of parameters and variables

A

A  128
AANGST

G
  114, 265

ABSCISSION
P
  69, 105, 265

ABSO  162, 177, 265
ABSODRP  159, 160, 265
ABSZ  162, 265
ACLIM

C
  128

ADENS
V
  42, 47, 48

ADFOL
P
  53

ADIA  199
ADIL

P
  28, 158, 265

AFPF
P
  79, 80

AFRUITSP
V
  77, 99, 265

AIRG  99, 100, 101, 176, 265
AKS

G
  123, 265

A
LAI

  201
ALBEDOLAI  113, 265
ALBEDOMULCH

G
  107, 111, 265

ALBEDOMULCH
G
  107

ALBEDO
S
  106, 113, 225, 266

ALBSOL  113, 266
ALBVEG

G
  113, 266

ALLOCFRMX
P
  80

ALLOCFRUIT  80
ALPHACO2

P
  56

ALPHAPH
S
  153

ALPHAPT
C
  198

ALTINVERSION
G
  199

ALTISIMUL
C
  199

ALTISTATION
C
  199

AMM  154, 176, 266
AMMSURF  100, 266
AMPFROID

P
  35

AMPLSURF  168
AMPLZ  168
ANIT  102, 177, 266
ANITCOUPE

T
  98, 266

ANOX  65, 93, 165, 173, 266
AO  189
ARGI

S
  128, 144, 266

AS  189
AZOMES  176
AZOZRAC0

P
  266

AZOZRAC100
P
  166, 266

B

BANGST
G
  114, 266

BDENSD
P
  194

BDENS
P
  42, 47, 48

BDENSU
P
  194

BDILMAX  158
BDIL

P
  158, 266

BELONG
P
  24

BETA
G
  132

BFORMNAPPE
S
  174

BFPF
P
  79, 80

BIOROGNEM
T
  96, 267
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BKS
G
  123, 267

B
LAI

  201
BOUCHON  173

C

CADENCEREC
T
  98, 267

CAILLOUX
S
  170

CALC
S
  144, 267

CAPILJOUR
S
  173

CELONG
P
  24

CFES
S
  129, 130

CFPF
P
  79

CHARGEFRUIT  80
CIELCLAIR

G  
199, 267

CNBIO  145, 267
CNGRAINREC

T
  98, 267

CNHUM  145, 267
CNPAILLRAC  106
CNPLANTE  60, 106, 267
CNRESIDU  105
CO2

C
  56, 136, 137

CODEADRET
C
  199

CODEDENIT
G
  103, 267

CODEFENTE
S
  172, 173

CODEFRMUR
G
  80

CODENITRIF
G
  101, 267

CODERES
T
  106, 229, 267

CODLOCFERTI
T
  267

CODLOCIRRIG
T
  101, 267

COEFAMFLAX
P
  31

COEFB
G
  55

COEFDEVIL
G
  123, 268

COEFLEV  24, 26, 27
COEFLEVAMF

P
  31

COEFLEVB  27
COEFMSHAUT

P
  58, 97, 98, 268

COEFRNET
G
  123, 268

CONCN  160, 161, 268
CONCNNODSEUIL

P
  164

CONCRR
G
  101, 268

CONCSEUIL
S
  170

CONTRDAMAX
P
  67, 87

CONV  268
CORRECTROSEE

C
  114, 121

COUVERMULCH  108, 110, 126, 134, 268
COUVERMULCH

T
  107, 268

CRES  146, 268
CROIFRUIT  78
CROIRAC

V
  86

CRUST  24, 27, 28
CSURNRESSUITE  105, 182, 268
CSURNRES

T
  145, 146, 268

CU  35
CUH  36
CUMLRACZ  89, 139, 140, 268
CUMOFFRN  104, 162, 268
CVENT

G
  123, 268

D

D  186, 187
DA  87, 88, 144, 156, 268
DACHISEL

T
  112, 268

DACOHES
G
  87

DAF
S
  67, 111, 170

DALABOUR
T
  112, 268

DAREC
T
  112, 268

DASEM
T
  112, 269

DASEUILBAS
G
  67, 87

DASEUILHAUT
G
  67, 87

DCBIO  146, 269
DCHUM  146, 269
DCRES  146, 269
DE  174
DEBSENRAC

P
  30

DECOMPOSMULCH
G
  108, 269

DELTA  269
DELTABSO  61
DELTAI

1
  40

DELTAI
2
  43, 44

DELTAI
dens

  41, 42, 91
DELTAI

dev
  40

DELTAI
dev

 MAX  41
DELTAIMAXI  43
DELTAI

stress
  41, 48

DELTAI
T
  41

DELTAMSRESEN  46
DELTAT  120, 127, 269
DELTATEMP  123, 269
DELTAZ  86, 91
DELTAZ

stress
  86, 87

DELTAZ
T
  86

DEMANDE  104, 269
DENENG

G
  102, 269

DENSITE  24, 42, 77
DENSITE

D
  194

DENSITE
T
  24

DENSITE
U
  194

DENSITEUeq  194
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DESHYDBASE
P
  82

DFOL  53, 97, 270
DFOLBAS

P
  53

DFOLHAUT
P
  53

DFPF
P
  79

DFR  78, 79, 80
DH  134, 193
DIFF  160, 270
DIFN

G
  161, 270

DIFTHERM
G
  168

DLAIMAXBRUT
P
  41

DLTAGN  83
DLTAGS  76, 164, 270
DLTAISEN  46
DLTAMS  43, 54, 55, 56, 57, 92, 157, 164, 
270
DLTAMSEN  46, 69
DLTAMSTOMBE  69
DLTAREMOBIL  56, 57
DN  147, 270
DOS  110, 127, 133, 134, 270
DOSIMXN

T
  104, 270

DOSIMX
T
  99, 270

DPHVOL  153, 270
DPHVOLMAX

G
  270

DRACLONG
P
  91

DRAIN  176
DSAT  120, 127, 136, 270
DURAGE  45
DUREEFRUIT

V
  78, 80

DURVIE  46
DURVIEF

V
  45

DURVIEI
P
  45

DURVIESUPMAX
P
  45

E

EAI  47, 53
EAURES

T
  152, 270

EBMAX  55
EDIRECT  132
EDIRECTM  132, 270
EFCROIJUV

P
  55

EFCROIREPRO
P
  55

EFCROIVEG
P
  55

EFDA  87, 88, 93
EFFEUIL

T
  97, 271

EFFIRR
T
  99, 176, 271

EFFN  101, 104, 271
EFNRAC  93, 94

ELMAX
P
  24

ELONG  26
EMD  100, 120, 271
EMISSA  114, 271
EMPD  131, 133, 134
EMPD

D
  192, 193

EMPD
U
  192, 193

EMULCH  110, 120, 131, 132, 134, 271
ENGAMM

T
  101, 271

ENVFRUIT
P
  70

EO  130, 132
EOP  130, 131, 132, 134, 139, 140
EOP

D
  192

EOP
U
  192

EOS  110, 126, 128, 131, 132, 271
EP  120, 139, 140, 176, 271
EPD

S
  170

EPT  271
EPZ  140, 160, 271
ESOL  120, 128, 129, 131, 134, 176, 192, 271
ESTIMET  123, 271
ESZ  129
ET  117, 247, 271
ETMAX  117
ETMIN  117, 272
EXOBIOM  55, 66
EXOFAC  65, 66
EXOLAI  66
EXTIN  127
EXTIN

P
  49, 50, 100, 110, 272

F

FAPAR  134
FAPAR

D
  189, 192

FAPAR
U
  189, 192

FBIO  147, 272
FCO2  56, 137
FCO2S  136, 137
FDENNO3  154, 272
FDENT  154, 272
FDENW  154, 272
FGELFLO  63, 64, 75, 77
FGELJUV  45, 63, 64
FGELLEV  24, 63, 64
FGELVEG  45, 63, 64
FH  142, 146, 272
FINERT

G
  144, 145, 272

FIXMAX  163, 164, 272
FIXMAXGR

P
  164, 272
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FIXMAXVEG
P
  164, 272

FIXPOT  163, 165, 272
FIXREEL  165, 272
FLUXRAC  161, 272
FLUXSOL  160, 272
FM  82
FMIN1

G
  112, 144, 145, 272

FMIN2
G
  144, 272

FMIN3
G
  144, 273

FN  147
FNX

G
  149, 273

FP  53
FPFT  56, 58, 78, 80
FPV  56, 57, 58
FRACINSOL  114, 199, 273
FSNH3  154, 273
FSTRESSGEL  45
FTEMHA

G
  143, 147, 273

FTEMHB  143, 273
FTEMH

G
  143, 147, 273

FTEMP  54, 65
FTEMPREMP  65, 76, 78
FTH  142, 143, 146, 273
FTR  147, 273
FXA  165, 273
FXN  273
FXT  165, 273
FXW  165, 273

G

GAMMA  120, 127, 273
GMAX  117, 273
GMIN  117, 273
GRADTN

G
  199

GRADTNINV
G
  199

GRADTX
G
  199

H

H2OFEUILJAUNE
P
  81

H2OFEUILVERTE
P
  81

H2OFRVERT
P
  82

H2OGRAINMAX
T
  98, 273

H2OGRAINMIN
T
  98, 273

H2ORESERVE
P
  81

H2OTIGESTRUC
P
  81

HA  128, 129
HAUTBASE

P
  49, 51, 52, 54

HAUTCOUPEDEFAUT
T
  97, 274

HAUTCOUPE
T
  97, 274

HAUTEUR  117, 134, 190, 196, 274
HAUTEUR

D
  193

HAUTEUR
U
  193

HAUTMAX
P
  49, 54, 137

HAUTMAXTEC
T
  96, 274

HAUTROGNE
T
  96, 97, 274

HB  24
HCCX

G
  172

HCUM  140
HMAX  174, 175
HMINCX  172
HMINM

G
  142, 274

HMINN
G
  149, 274

HNAPPE  175, 176
HN

S
  23, 128

HOPTM
G
  142, 274

HOPTN
G
  149, 274

HRES  145
HUCC  96, 98, 99, 104, 113, 129, 142, 156, 
176, 177, 274
HUILREC

T
  98, 274

HUM  121, 274
HUMCAPIL

S
  173

HUMIDITE  121, 274
HUMIN  113, 140, 176, 177, 274
HUMIRAC  23, 24, 26, 60, 87, 93
HUMSEUILTASSREC

T
  98, 112, 274

HUMSEUILTASSSEM
T
  96, 112, 274

HUR  99, 104, 113, 129, 142, 149, 162, 165, 
176, 274
HX

S
  23, 128

I

IAMF  20, 41, 43, 45, 47, 55, 63, 77, 86, 200
IDEBDES  47, 70, 80, 82, 98, 200, 273, 275
IDEBDORM  36
IDEBDORM

P
  35

IDNO  163, 275, 284
IDOR  29
IDRP  19, 20, 33, 36, 47, 55, 70, 74, 75, 76, 
77, 200
IFINDORM  31, 35
IFLO  20, 200
IFVINO  164, 275, 284
IGER  24, 34
ILAT  20
ILAX  19, 20, 41, 44, 45, 48, 200
ILET  24



Index of parameters and variables

293

ILEV  24, 26, 29, 31, 32, 33, 34, 35, 41, 55, 
200
IMAT  20, 31, 32, 55, 75, 200
IMB  22
INFIL

S
  111, 172, 225

INFLOMAX
P
  77

INFRECOUV
P
  47, 48

INN  45, 60, 61, 62, 104, 222, 275
INNGRAIN1

P
  159, 275

INNGRAIN2
P
  275

INNI  61
INNIMIN

P
  61

INNLAI  30, 36, 43, 61, 62
INNMIN

P
  61

INNS  55, 61, 62
INNSENES  45, 61, 62
INNSEN

P
  61

INNTURGMIN
P
  61

INOU  20, 77
INTERRANG

T
  51, 53

INV  199
IPLT  96, 275, 284
IPLT

T
  96, 275

IRAZO  82
IRCARB  71, 75, 76
IREC  20, 200
IRECBUTOIR

T
  98, 276

IRMAX
P
  75, 83

IRRIGN  101, 276
IRRLEV

G
  99, 276

IZRAC  65, 66, 87, 91

J

JULAPPLMULCH
T
  107, 276

JULECLAIR
T
  97, 276

JULEFFEUIL
T
  97, 276

JULROGNE
T
  97, 276

JULTAILLE
T
  98, 276

JULVERNAL
P
  34

JVCMINI
P
  34, 222

JVC
V
  34

JVI  34

K

K  78, 82, 129, 130
K2  142, 145, 276
K2HUM  142, 144, 276
KBIO

G
  145, 276

KCOUVMLCH
G
  108, 276

KGDIFFUS  51, 52
KGDIRECT  51
KH  123, 276
KHAUT

G
  49

K
LAI

  201
KM1

P
  161, 162, 276

KM2
P
  162, 276

KMAX
P
  130

KREPRAC
P
  92

KRES  145, 146, 276
KS  123
KSOL

S
  174

KSTEMFLOW
P
  100, 276

KTROU
P
  50

L

L  127
LAI  21, 28, 29, 35, 39, 40, 41, 42, 43, 44, 47, 
49, 50, 53, 64, 69, 70, 96, 97, 98, 100, 109, 
110, 125, 126, 127, 130, 131, 132, 181, 187, 
194, 200, 201, 202, 265, 267, 272, 276, 277, 
278, 279, 284, 285, 286
LAI0

I
  29

LAICOMP
P
  42, 47, 48

LAIDEBEFF
T
  97, 277

LAIEFFCUM  53, 97, 277
LAIEFFEUIL

T
  97, 277

LAIPLANTULE
P
  28, 48

LAIRESIDUEL
T
  97, 277

LAIROGNECUM  53, 97, 277
LAISEN  46, 53
LARGEUR  51, 52, 53, 188
LARGROGNE

T
  96, 277

LARTEC
T
  96, 277

LAT
C
  52

LDRAIN
S
  174, 175

LOCFERTI
T
  101, 277

LOCIRRIG
T
  99, 101, 277

LONGSPERAC
P
  92

LRACSENTOT  93
LRACZ  88, 89, 94, 139, 140, 160, 162, 277
LVFRONTP  91, 93
LVOPT

G
  88, 94, 161, 277

M

MABOIS  98, 277
MACROPOR  173
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MAENFRUIT  47
MAFEUILJAUNE  69
MAFEUILTOMBE  69
MAFEUILVERTE  69
MAFRAISFEUILLE  82
MAFRAISRES  82
MAFRAISTIGE  82
MAFRUIT  76
MARGEROGNE

T
  97, 277

MASEC  55, 157, 202, 277
MASEC0

I
  29

MASECABSO  60
MASECDIL

P
  158, 279

MASECMETA
G
  158, 277

MASECPLANTULE
P
  28

MASVOLCX
G
  172

MATIGESTRUC  70
MAXAZORAC

P
  93

MINAZORAC
P
  93

MINEFNRA
P
  93

MOUILL  100, 131, 278
MOUILLABILMULCH

G
  109, 278

MOUILLABIL
P
  100, 278

MOUILLMULCH  109, 110, 131, 278
MSRAC  106
MSRESIDUEL

T
  46, 98, 278

MULCHBAT
G
  27

N

N2ODENIT  157, 278
N2ONIT  151, 157, 278
NBFEUILLE  48
NBFEUILPLANT

P
  28

NBFGELLEVP  24
NBGRAINS  74, 75
NBGRMAX

V
  74, 75

NBGRMIN
P
  74, 75

NBINFLO  77
NBINFLOECLT  97, 278
NBINFLO

P
  77, 99, 222, 278

NBJGERLIM
P
  22, 24, 25

NBJGRAIN
P
  74

NBJGRAUTO  22
NBJHUMEC  24
NBJMAXAPRESRECOLTE

T
  98, 278

NBJMAXAPRESSEMIS
T
  96

NBOITE
P
  77, 80

NC  60, 158, 159
NDENENG  102, 154, 278

NFRUITNOU  77
NH3SURF  154, 279
NHUM  142, 144, 145, 279
NHUMT  145, 279
NIT  155, 176, 279
NITRIF  151, 279
NLEVLIM1

P
  24, 28

NLEVLIM2
P
  24, 28

NMAX  157, 159, 279
NMAXI  158
NMAXP  158
NMETA

P
  158, 279

NMINRES
T
  152, 279

NODN  164, 279
NORGENG  102, 279
NORG

S
  144, 279

NRES
P
  158, 279

NVOLATORG  152, 279
NVOLENG  102, 279
NVOLORG  154, 279

O

OBSTARAC
S
  86, 90

OFFRN  162, 279
OMBRAGETX

G
  199

ORGENG
G
  103, 279

ORIENTRANG
T
  52

P

PARAZOMORTE
P
  105, 279

PARSURRG
C
  49

PENTINFLORES
P
  77

PENTLAIMAX
P
  41, 91

PENTRECOUV
P
  47, 48

PFEUILVERTE  46, 69
PGRAIN  75
PGRAINGEL  75
PGRAINMAXI

V
  76, 79, 80

PHIV0
G
  123, 279

PHMAXNIT
G
  149, 280

PHMAXVOL
G
  102, 280

PHMINNIT
G
  149, 280

PHMINVOL
G
  102, 280

PHOBASE
P
  32

PHOI  33
PHOSAT

P
  32

PH
S
  102, 149, 153, 280

PHVOL  153, 280
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PHVOLS
G
  153, 280

PHYLLOTHERME
P
  24, 48

PLUIEBAT
S
  27

PLUIEN  101
PMINRUIS

G
  107, 108, 225, 273, 280

POTCROIFRUIT  78, 79, 80
POTGERMI

P
  22

PRECIP  99, 104, 280
PRECIPN  100, 280
PROFDENIT

S
  155, 280

PROFDRAIN
S
  175, 280

PROFHUMREC
T
  98, 112, 280

PROFHUM
S
  106, 142, 144, 149, 279, 280

PROFHUMSEM
T
  96, 112, 280

PROFIMPER
S
  174, 175

PROFMES
T
  176

PROFRES
T
  147, 280

PROFSEM
T
  24, 86

PROFSOL
S
  170, 176

PROFTRAV
T
  147, 280

PROP  162, 280
PROPFIXPOT  163, 164, 280
PROPNBJGERLIM

G
  22

PROPRAC
G
  106, 280

PROPVOLAT  152, 280
PROSEM

T
  96

PSIBASE  178
PSISOL  177, 178
PSISTO

P
  139, 140

PSITURG
P
  140

Q

Q0  128
Q0S  112, 128, 185, 223, 281
Q10  30, 35, 45, 46
Q10

P
  37

QDRAIN  174, 176
QLES  177
QLESD  177
QMINH  177
QMINR  177
QMULCH  108, 109, 281
QMULCH0

T
  107, 281

QMULCHRUIS0
G
  109, 281

QNDENENG  177
QNORGENG  177
QNPLANTE  83
QNPLANTULE  28
QNPLANTE0

I
  29, 56

QNPLMAX  104, 281
QNVOLENG  177
QRESSUITE  105, 106, 281

R

RAA  120, 121, 127, 132, 134, 154, 192, 193, 
281
RAAMAX  117, 281
RAAMIN  117, 281
RAC  132, 134, 136
RAC

D
  192

RAC
U
  192

RA
G
  121, 154, 281

RAINT  49, 50, 55
RAPSENTURG

P
  60

RAS  127, 132, 134, 154, 192, 281
RATIODENIT

S
  157, 281

RATIOLN
T
  104, 282

RATIOL
T
  99, 282

RATIONIT
S
  151, 282

RATIOSEN
P
  44, 46

RAYON
G
  175

RC  132, 134, 136
RC

D
  192

RC
U
  192

RDIF  52
RDIFFUS  51
RDIRECT  51
RDRAIN

G
  282

RDROIT  50, 51, 189
REMOBILJ  43, 57
REMOBRES

P
  56, 183

REMONTEE  176
REPRAC  92, 93
REPRACMAX

P
  92

REPRACMIN
P
  92

RESMES  176
RESPERENNE  57, 69, 71, 72, 182
RESPERENNE0

I
  29, 56, 71, 78

RESPLMAX
P
  71

RESRAC  176
RESSUITE

T
  105, 182, 282

RFPI  30
RFVI  30
RGEX  114, 282
RGLO  113, 114, 282
RL  94
RLJ  90, 91, 92
RLJ

dens
  91
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RLJ
dev

  90, 91
RLJFRONT  91
RLJ

stress
  91

RLJ
T
  91

RLTOT  91, 94, 282
RMAXI  176
RNET  117, 120, 283
RNETMAX  117, 283
RNETMIN  117, 283
RNETP

D
  192

RNET
PE

  198
RNET

PT
  198

RNETP
U
  192

RNETS  127, 134, 192
ROMBRE  53, 188, 189
RSMIN

P
  136, 137

RSOLEIL  53, 188, 189
RSRSO  52, 53
RSURRU  176
RTRANSMIS  50, 189
RUGOCHISEL

T
  112, 283

RUGOLABOUR
T
  112, 283

RUISOLNU
S
  107, 109, 225, 283

RUISSEL  176
RUISSELSURF  108, 283

S

SAT  176
SB  22, 23
SBV  97, 283
SBVMAX  43
SENFAC  45, 59
SENSANOX

P
  66, 93

SENSIPHOT
V
  33

SENSRSEC
P
  23, 24

SLA  69, 70, 97, 283
SLAMAX

P
  43, 48, 69, 182

SOMGER  23
SOMSEN  45, 46
SOURCEPUITS  57, 58, 62, 63, 78, 80
SOURCEPUITS

1
  56

SPFRMAX
P
  62, 63

SPFRMIN
P
  62, 63

SPFRUIT  62, 63, 77
SPLAI  44, 58, 62, 63
SPLAIMAX

P
  62, 63

SPLAIMIN
P
  62, 63

STADECOUPEDF
T
  97, 284

STAMFLAX
V
  30

STDEBSENRAC
P
  93

STDNOFNO
P
  163, 164, 284

STDORDEBOUR
P
  34

STDRPDES
P
  30

STDRMAT
V
  30

STDRPNOU
P
  77, 98, 284

STEMFLOW  100, 109, 284
STEMFLOWMAX

P
  100, 284

STFLODRP
V
  200

STFNOFVINO
P
  164, 284

ST
LAI

  201
STLEVAMF

V
  30

STLEVDNO
P
  163, 164, 284

STLEVDRP
V
  30

STOPRAC
P
  86, 90

STPLTGER
P
  23, 25, 28

STRESSDEV
P
  30, 36

SUCREREC
T
  98, 284
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