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Abstract – The STICS simulation model was adapted for linseed. An original procedure was used. Firstly, options were selected from among
the possibilities available in STICS to simulate the processes of crops. Secondly, the model was calibrated following six steps: 1. gathering of
information, 2. the use of parameters from the literature or from other models, 3. the use of STICS parameters for other crops if there is an
analogy with linseed, 4. the use of the experimental data to determine parameters which can be measured or calculated, 5. the use of the
experimental data to determine parameters by testing a range of values, and 6. the checking of consistency between the parameters and their
physical or biological meaning. After adaptation to linseed, the simulations of leaf area, biomass, water consumption, plant nitrogen content,
seed number and seed yield were in good agreement with the measurements used for calibration. Thirdly, the results of calculations by STICS
were compared with measurements not used for calibration. There was little difference between calculations and measurements of leaf area,
biomass, plant nitrogen content and seed number, while seed yield was overestimated because of diseases and lodging, which are not taken into
account by the model. However, the differences in seed yield between treatments were properly simulated. This work was a first step towards
developing a model to improve linseed crop management. To this end, modifications are needed to account for all yield limitations. 

linseed / modeling / calibration / validation / STICS

1. INTRODUCTION

Linseed (Linum usitatissimum, L.) is an industrial crop.
Grains are mainly triturated to extract the oil, which is used for
linoleum, paper ink, soap, etc., while the oil cake is used for
animal food. The industries of the European Union (E.U.) need
240 000 tons of linseed oil per year [11]. Linseed grains are also
used whole for animal and human food. The cultivation of lin-
seed in the E.U. has been erratic [25]. This has prevented the
development of the utilization of linseed. The main reason for
the lack of interest of the European farmers is the low income
provided by this crop [12]. The mean yield of linseed in France
is about 2 tons ha–1, while the maximum yield is 4 tons ha–1.
An increase in the mean yield, and thus in the income for farm-
ers, would make possible the development of the production of
linseed grains in France. This would increase the diversity of
cropping systems and hence make the control of diseases and
weeds easier. This would also provide a new outlet for French
agriculture. A study was conducted in the region of Picardie
(France) from 1997 to 2002 in order to promote linseed among
farmers and increase their income by improving crop manage-
ment. First, yield-limiting factors were investigated. Second,
this information was used to improve crop management. Exper-
iments were conducted in a limited range of climatic and soil
conditions. A crop simulation model would be helpful to

explore a wider range of conditions. Moreover, it could be used
to investigate yield-limiting factors better. 

Few studies have been conducted on linseed crop modeling.
The crop parameters to calculate plant biomass and seed yield
were derived from field experiments [9]. Some of these param-
eters were also calculated in other studies, on linseed [19] or
on fiber flax [20]. The SUCROS model was adapted to linseed
in order to predict the potential yields [5]. However, this model
did not account for the effect of water or nitrogen stresses. The
SUCROS model was used to understand yield variability better
[6]. The ratio between measurements and simulations was used
to indicate the effect of water stress on yield. However, the dif-
ference between the two may have resulted from other limiting
factors. The calculation by the model of water and nitrogen
stresses would have provided useful information to examine
more accurately the limiting factors. The parameters to simu-
late these effects are not available in the literature. Moreover,
the climatic conditions in the region of Picardie (France) are
different from those of the previous studies. Thus, further stud-
ies are needed to develop a linseed crop model for agricultural
use in the region of Picardie (France). 

STICS is a generic model for simulating crops and their
water and nitrogen balances. It computes agricultural data
(yield and input consumption) as well as environmental data
(water and nitrate leaching) in various agricultural situations.
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The crop is globally characterized by its aboveground biomass
(carbon and nitrogen) and leaf area index, as well as by the
number and mass of harvested organs. Vegetative organs
(leaves, ramifications or stems) are viewed as a whole. The soil
is considered as a succession of horizontal layers characterized
by their water, mineral nitrogen, and organic nitrogen content.
The STICS model is based on three types of functions: 
– a physiological calendar defines the growing stages (devel-

opment module), using a thermal (degree-day), photother-
mal, or vernalo-photothermal index according to the species;

– the crop growth functions (leaf area setting, light absorption,
conversion of absorbed light and partition to grain) depend
on climatic variables (temperature and radiation); 

– functions to simulate the effects of water and nitrogen
stresses. They require root growth in order to access the
water and nitrogen resources (rooting, water balance, min-
eralization and nitrogen balance).

The model runs using input and parameter files. Parameters
describe plant functioning, while input data files contain cli-
mate data, initial conditions of crop or soil, permanent condi-
tions of soil and agricultural practices. The model was cali-
brated [2] and validated [3] for wheat and corn.

STICS is supposed to be adaptable to any crop. An attempt
to adapt STICS to linseed was done previously [24], but it
appeared that the database was not sufficient. Hence, experi-
ments conducted in the region of Picardie from 1997 to 2002,
in order to improve linseed crop management, were used to cal-
ibrate and validate the STICS 4.0 model for spring linseed. The
adaptation to a new crop is the use of similarities in the frame-
work of the model (equations and their arrangement) and in the
parameters of the equations with the crops already simulated.
Although ‘STICS was conceived as a generic model, able to

adapt easily to various kinds of plant’ as stated by Brisson et al.
[2], the method for adapting this model to a new crop is not well
documented. Few studies have investigated the adaptation of
a model to a new crop [1, 14–16], and only one dealt with STICS
[15]. Although these studies give useful information for adapt-
ing STICS to a new crop, none of them gives a procedure which
should be followed. The objective of this article is to present
the procedure used for linseed and the results of this adaptation.
All the processes of the model were adapted to linseed, except
those used to calculate emergence. Emergence is very variable
in linseed crops due to variability in the structural properties
of the seed bed. Hence, specific work is being done to simulate
emergence with the SIMPLE model [10], as STICS does not
account for the structural properties of the seed bed. In the
future, these two models will be connected.

2. MATERIALS AND METHODS

The adaptation of a model to a new crop is the change in the
framework and in the parameters, and the verification that it
gives good simulations. The change in parameters is called the
calibration of the model. The verification of the quality of the
simulations, called validation, is done by comparing simulated
values with measurements not used to calibrate the model. 

2.1. Changes in the framework of the model

The STICS model offers different options to simulate proc-
esses of the crop (Tab. I). The choices between options give a
range of combinations appropriate for many crops and envi-
ronmental conditions. Hence, options were selected in order to
obtain a particular framework for linseed, according to differ-
ent criteria. Some choices were made to account for the specific

Table I. Options in STICS 4.0.

Modules Options available Choices made for linseed

Development Air temperature or crop temperature to calculate temperature sum Air temperature
Effect of photoperiod (yes/no) No
Effect of water stress (yes/no) No

Shoot growth Minimum temperature for increase in biomass different from the minimum temperature for 
increase in leaf area  (yes/no)

Yes

Radiation-use efficiency during the juvenile stage different from the radiation-use efficiency 
afterwards (yes/no)

Yes

Absorption of solar radiation by a homogeneous leaf area (Beer’s law), or by a raw crop Homogeneous leaf area
Simulation of biomass senescence (yes/no) No

Nitrogen metabolism N2 fixation (yes/no) No

Yield components Determinate or indeterminate crop Determinate
Harvest index increases with days or with temperature sum Daily increase

There is a maximum seed number (yes/no) No
High temperature affects seed filling (yes/no) No

Root growth Crop temperature or soil temperature to calculate temperature sums Soil temperature
Soil moisture affects root growth (yes/no) Yes

Roots are simulated as a ‘root profile’ or as a root density ‘Root profile’

Water requirements Evapotranspiration is simulated with a crop coefficient or with a resistance approach Crop coefficient
The interception of rain by the canopy is simulated (yes/no) No
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features of linseed, some because of the climate of the area of
interest, and some others because of the data available. This
version of the model is only relevant for spring linseed because
there are winter effects on senescence of ramifications which
are not well represented in the STICS 4.0 version. 

Although an effect of photoperiod on linseed development
is reported [17, 27], it had no effect on linseed development for
a wide range of sowing dates, according to the observations of
D’Antuono and Rossini [9] in northern Italy and our own obser-
vations in northern France (data not shown), because the same
sum of temperature was needed to reach a given stage of devel-
opment. So, we made the effect of photoperiod ineffective. Fur-
thermore, crop temperature is an additional option, sometimes
necessary to explain development, especially when soil is bare
and warmer than the air. As the development calendar was well
simulated with air temperature (probably because the soil was
not dry and hot at the beginning of crop growth), we chose the
air temperature. The simulation of an effect of water stress on
development also appeared unnecessary. Another option is
between determinate and indeterminate formalisms [4]. With
the indeterminate formalism, several cycles of flowering can
be simulated, and there is a simultaneous leaf setting and grain
filling. Although linseed can exhibit several cycles of flower-
ing, the varieties cultivated in France were selected to have one
main cycle without competition between leaf setting and grain
filling in order not to have a late maturity. Hence, linseed crop
could be simulated as a determinate species. The option of two
base temperatures, one for the growth in biomass and one for
the leaf area development, was selected not because there was
a great difference between the two, but for convenience. The
calibration of growth in biomass was done after pooling spring
and winter linseed data, because it is not variety-dependent.
This was done with the base temperature for leaf development
of winter linseed (5 °C) and not with that of spring linseed
(6 °C).

As the plant rows are narrow, the crop could be simulated
as homogenous. Thus, the Beer's law option and the simulation
of evapotranspiration with a cultural coefficient were relevant.
Senescence of biomass was not simulated because this is an
option for perennial species. In order to simulate variability in
the harvest indices, it was decided to increase it with days, and
not with temperature sums. It also appeared to be useless to fix
a maximum seed number or to use the thermal stress-decreasing
grain growth at high temperatures (not frequent in northern
France). 

The calibration of root growth was derived from soil mois-
ture measurements using the ‘root profile’, which is the ability
to take up water. As the upper layers of soil are often dry, the
effect of low soil moisture slowing down root growth was
selected. 

2.2. Calibration

The list of parameters and their symbols are in Appendix 1.
A six-step procedure was followed to calibrate STICS for lin-
seed: 1. information gathering, 2. the use of the information
available in the literature or in other models, 3. the determina-
tion of parameters by analogy, 4. by measurements or by cal-
culations, 5. by testing a range of values, and 6. the checking
of consistency between the parameters and their physical or

biological meaning. The order of these steps means that the
determination of parameters by analogy was predominant,
because the objective of adaptation is to use as much as possible
the information on other crops. Then, the determination by
measuring or calculating parameters prevailed. Finally, the
testing of a range of values was carried out, because with this
method of calibration there is a risk of obtaining values of
parameters that do not result in the lowest difference between
simulations and measurements. Moreover, if a lot of parameters
are determined at the same time by testing values, there is a
great risk of obtaining values not consistent with their meaning.
Other methods are being studied now in order to determine
simultaneously some parameters, also using a priori informa-
tion [18], but they are not convenient for a great number of
parameters. 

2.2.1. Information gathering

All the information available for linseed modeling had to be
gathered: the literature (linseed and other crops), models (the
STICS model for other crops and linseed models already exist-
ing) and the experimental database. The information on linseed
is scarce in the literature. However, some parameters for crop
modeling are available [9, 19, 20, 24], and some experiment
reports provide measurements which can be used [7, 8, 21]. 

The database results from 13 experiments (Tab. II) con-
ducted in northern France on a silt loam (luvisol orthique, FAO
classification: 0.15 g g–1 clay, 0.81 g g–1 silt and 0.04 g g–1

sand) in 1999 and 2002. The database was divided into two
parts in order to keep data not used for calibration to validate
the model. In 1999, in experiments 1 to 8, fungi had little effect
on the plants. The STICS model does not account for the effect
of fungus. Hence, it is important to calibrate this model without
such diseases. These experiments (numbers 1 to 8), all con-
ducted in the same year and in the same location, were chosen
to calibrate the model. In experiments 1 to 6 spring linseed was
studied, while winter linseed was sown in experiments 7 and
8. The results were pooled to calibrate the parameters which do
not depend on variety. The calibration of the parameters which
depend on variety was only done for spring linseed. Hence, the
result is a STICS model only calibrated for spring linseed. For
the calibration of seed set and seed filling, only measurements
on the NIAGARA variety at sowing dates 1 and 2 were used
because: 1. lodging, which is not simulated by STICS, was
observed on the BAÏKAL variety during seed filling. It resulted
in a decreased seed number and seed weight, and 2. the seed
set of the third sowing was very poor. It is well known that late
sowings result in low yields. For this reason, in northern France
linseed is sown by the end of March. For the calibration of seed
set, results from the literature [7, 8, 21] were added to the meas-
urements of experiments 1 to 4.

Experiments 9 and 10 conducted in ‘Domaine de Brunehaut’
(Estrées-Mons, 50°N latitude, 3°E longitude), and experiments
11, 12 and 13, respectively conducted in Berlancourt (50°N lat-
itude, 4°E longitude ), Long (50°N latitude, 2°E longitude) and
Sacy-le-Petit (49°N latitude, 3°E longitude) were used to val-
idate the model. In Berlancourt and Long, N-fertilizer effi-
ciency was poor, and the plants were N-stressed even with
150 kg N ha–1. The nitrogen-use efficiency was calculated for
each of these two experiments, using the differences between
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plant nitrogen content simulated by STICS and measurements.
Then, new simulations were done with the calculated N-ferti-
lizer efficiency as an input variable. The results were used for
comparisons with measurements. In ‘Domaine de Brunehaut’,
Septoria linicola developed. It resulted in an early leaf senes-
cence, which affected seed weight but not seed number. Lodg-
ing was also observed for BAÏKAL in some treatments, while
NIAGARA was not affected. It resulted in a decreased seed
number and seed weight. In Long, Berlancourt and Sacy-le-
Petit, there was no accurate evaluation of fungus development.
Hence, greater simulated seed numbers and seed yields than the
measurements were expected for all these 5 experiments. 

2.2.2. Parameters in the literature or from other models

The equations of crop models are derived from the analysis
of relationships between the variables of agricultural systems.
Hence, the parameters can be found in the literature using these
equations to describe experimental results. The adaptation of
the CROPGRO model to faba bean [1] and to velvet bean [16],
and the methodology of adapting STICS to new crops [15]
included the use of parameters from the literature. Other models
can also provide the values of parameters because most equa-
tions are similar to those of STICS. There was an attempt to
use the parameters from the literature to calibrate STICS for lin-
seed. However, it was done carefully because these parameters
are often not exactly the same as those used in STICS. There
are three reasons for such differences: 1. the exact meaning of

the parameter can be different (for instance, STICS uses the
maximum radiation-use efficiency and not the actual radiation-
use efficiency usually found in the literature), 2. the range of
environmental conditions can be extremely different, and 3. the
varieties of interest may be different.

2.2.3. Determination of parameters by analogy to other 
crops

Some parameters can be determined by analogy to other
crops which are similar. Analogy or contrast to other legumes
were used to adapt CROPGRO [1, 16]. However, Ghiloufi [15]
failed to find analogies in the STICS crop model between
groups of species for leaf growth, root growth and the nitrogen
dilution curve. The requirements for similarities are greater for
parameters which have a great effect on the outputs of interest
than for parameters which have little effect. The effect of a
given parameter depends on the environmental conditions
which prevail for the utilization. In the present work, the STICS
model was adapted for northern France. Hence, there were good
possibilities of determining by analogy the parameters used to
simulate the effects of high temperature and of water stress. A
sensitivity analysis provides information on the effect of
parameters [26]. Even if the analysis was made for corn and
wheat, it studied most of the same parameters, and it pointed
out the most influential parameters, such as those of leaf area
and root setting, of conversion efficiency, and the importance
of maximum soil water availability (field capacity) greater for

Table II. Crop management in the experiments.

Experiment number 
and location

Sowing 
date

Seed 
number m–2

Irrigation Fertilizers (kg ha–1) Growth 
regulator

Fungicide Weed 
control

Insecticide

Nitrogen Others

Exp. 1 in Dom. 
Brunehaut

03/15/99 300 or 700 None 100

Phosphorus, 
Potassium and 

Zinc were 
applied in 

order to avoid 
stress

One 
application

One 
application at 

the 
beginning of 

flowering 
and one 

application at 
the end of 
flowering 

Application 
of 

herbicides, 
and hand 

hoeing when 
necessary

Application 
when insects 

were 
observed

Exp. 2 in Dom. 
Brunehaut

03/15/99
300, 700 or 

1100
To avoid 

stress
100

Exp. 3 in Dom. 
Brunehaut

03/29/99 300 or 700 None 0 or 100

Exp. 4 in Dom. 
Brunehaut

03/29/99
300, 700 or 

1100
To avoid 

stress
0 or 100

Exp. 5 in Dom. 
Brunehaut

04/19/99 300 or 700 None 100
None

Exp. 6 in Dom. 
Brunehaut

04/19/99
300, 700 or 

1100
To avoid 

stress
100

Exp. 7 in Dom. 
Brunehaut

09/02/98 150 or 600
To avoid 

stress 0, 40, 80 or 
160

Phosphorus 
and Potassium 

but no Zinc

Two 
applications

Exp. 8 in Dom. 
Brunehaut

09/15/98 150 or 600
To avoid 

stress
One 

application
Exp. 9 in Dom. 
Brunehaut

03/05/02 100, 200, 
400, 600 or 

800

None
120

Phosphorus, 
Potassium and 

Zinc were 
applied in 

order to avoid 
stress

One 
applicationExp. 10 in Dom. 

Brunehaut
03/05/02

To avoid 
stress

Exp. 11 in 
Berlancourt

03/15/99

None

0, 30, 60, 90, 
120 or 150 at 

planting, or 45 
at planting plus 
45 one month 

later

None 
One 

application at 
the 

beginning of 
flowering

Exp. 12 in Long 03/23/99
Exp. 13 in 
Sacy-le-Petit 03/17/99

One 
application
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wheat than for corn, while the summer crop (corn) is more sen-
sitive to root growth parameters.

2.2.4. Determination of parameters from experimental 
data by measuring or calculating them

Some parameters can be measured in experiments (for
instance, the maximum seed weight) or can be calculated
because all the variables of the equation are measured and there
is an analytic solution for the parameters. In the adaptation of
CROPGRO [1, 16] and in the methodology for adapting STICS
to new crops [15], there was no such analytic determination of
parameters. In the present work we tried to find analytic solu-
tions as much as possible, because it easily provides the param-
eters with the lowest difference between simulations and meas-
urements. In STICS, four equations which had to be calibrated
for linseed were linear functions (or were linear after a LOG
transformation): the nitrogen dilution curves, the light extinc-
tion curve, and the calculation of seed number and of the harvest
index. Hence, the parameters were determined analytically.
The temperature sums between stages of development were
also calculated, except for AMF (maximum acceleration in the
growth of leaf area) because this stage of development cannot
be observed. 

2.2.5. Determination of parameters from experimental 
data by testing a range of values

The parameters not determined by the methods described
previously were determined by testing a range of values and by
choosing the values which minimized J, the difference between
simulations and measurements (

). All these remaining parameters were not
determined at the same time, but in groups. In order to avoid
too long an iterative procedure, the simulated values which
were compared with the measurements only involved equa-
tions to be calibrated and equations already calibrated. We tried
three tricks to do so: 1. using a data set which did not need the
calculations of all the equations (for instance, a data set without
stresses), 2. following an order which took into account the rela-
tionships between the modules (Fig. 1), and 3. using measure-
ments to fix the values of some variables. If several parameters
are determined at the same time, the number of combinations
of values is great and the test of all combinations is difficult.
Moreover, if several parameters are determined at the same
time, some of the values may be not consistent with their phys-
ical or biological meaning. An optimization algorithm may be
used in order not to test all the combinations. However, it does
not prevent values not consistent with their meanings.

The sensitivity analysis of STICS [26] showed that for a
given parameter, some outputs were not very sensitive to its
variations. Hence, they should not be used to calibrate this
parameter by testing a range of values. The outputs used to cal-
ibrate the parameters were chosen from among the most sen-
sitive. The accuracy of the measurements of the outputs may
also be of great importance for calibration [26]. Hence, meas-
urements were made with caution in order to obtain accurate
values. 

The parameters of leaf expansion were determined at the
same time as the AMF stage of development. This procedure
was a mix of finding an analytical solution and testing a range

of values. Although an analytic solution exists for the param-
eters of leaf growth, it could not be found in the literature. A
specific calculation had to be done (see Appendix 2).

2.2.6. The checking of consistency between the 
parameters and their physical or biological 
meaning

Calibration may provide values not consistent with the
meaning of the parameters. This may result in bad simulations
under other environmental conditions. Thus, the consistency of
parameters with their meaning was checked. For this purpose,
the parameters from other crops, from other linseed models and
from the literature may be helpful to determine the ranges of
possible values. 

2.3. The mathematical criteria to validate the model

The criteria calculated to validate the model were parameters
of the linear regression between simulations and measure-
ments, the root mean square error (RMSE) and the mean devi-
ation (MD): see Brisson et al. [3] for details. The intercept and
the slope of the linear regression indicate a bias if the values
differ from 0 and 1, respectively. The coefficient of regression
provides an estimation of the reliability of the model. The
RMSE indicates the error of prediction of the model by giving
more weight to high errors. A low value of RMSE, expressed
in %, means a good prediction ability of the model. The MD
gives an estimation of the bias of the model. A low value,
expressed in %, indicates little bias.

3. RESULTS

All parameters specific to linseed were determined, using
the method and the order of determination summarized in
Table III. 

3.1. Calibration

Linseed parameters available in the literature [9, 19, 20, 24]
were examined. It was not possible to use directly the values
reported in these articles. The varieties were different, which
prevented us from using the parameters to simulate phenology
or leaf area. Moreover, most of the parameters of the literature
were not exactly the same as in STICS. For instance, in the lit-
erature the radiation-use efficiency was calculated in the con-
ditions of the experiments, while STICS needs the maximum
value of this parameter. 

Parameters used to simulate the effect of high temperatures
(TDMAX and TCMAX) were determined by analogy
(Tab. III), because in northern France the weather is cool and
thus their effect is slight. The values for wheat, a species
adapted to a temperate climate like linseed, were used. Like-
wise, the thresholds for water stress (PSISTO and PSITURG)
were set to the values of wheat. The parameter for root growth
when soil water is below the wilting point (PROPPFZ) was set
to 0 (no growth below the wilting point), because in STICS this
is the value used for all annual crops cultivated in France.

J Measurementj –(
j 1=

j n=

∑=
Simulated valuej)

2
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More than half of the parameters were experimental meas-
urements or were determined analytically (Tab. III). The deter-
mination of the AMF stage along with the parameters for leaf
expansion is detailed below, because a specific calculation was
done (see Appendix 2). The test of a range of STLEVAMF val-
ues, which is the sum of temperatures between emergence and
the AMF stage, is presented in Figure 2. The criterion J(C*(d,
Tc), Tc) was calculated (see Eq. (10): d is plant density and Tc
is STLEVAMF) for different values of STLEVAMF. The
whole range of possible values was tested: from 25 degree-days
(the AMF stage almost at emergence) to 375 degree-days (the
AMF stage almost at the stage when leaf area is maximum). The
parameter was set to 175 degree-days, which was the value that
minimized this criterion. Then, the values of C*(d), for Tc that
minimized J(C*(d, Tc), Tc), were used to determine ADENS
and DLAIMAX. The coefficients of the linear regression
(Fig. 3) between the logarithm of C*(d) and the logarithm of
d, the plant density, were calculated: α = 0.324 and β = –6.47.
Then, the parameters were calculated: ADENS = –0.676 (see
Eq. (13)) and DLAIMAX = 0.00026 (see Eq. (15)).

The remaining parameters were determined by testing a
range of values, and by selecting those which minimized the
difference between simulations and measurements. In order to
compare measurements with calculated values which only
involved the equation to be calibrated and equations already
calibrated, a data set which did not need the calculations of all
the equations of the model was chosen. Data without water or
nitrogen stresses were used for calibration. Moreover, modules
were calibrated following an order imposed by the relationship
between the modules of STICS (Fig. 1). Hence, the develop-
ment was calibrated first, followed by the growth in biomass,
evapotranspiration, root growth and nitrogen uptake. The
measurements which were compared with the simulated vari-
ables to calculate J were: the date of the beginning of flowering
(to calibrate the base temperature for development), the plant
biomass (to calibrate the growth in biomass), evapotranspira-
tion (to calibrate evapotranspiration), soil moisture (to calibrate
root growth) and plant nitrogen content (to calibrate nitrogen
uptake). Evapotranspiration could be calibrated before root
growth, because it only needed the calculations of water bal-
ance overall and not the details for each soil layer. The third
trick to avoid multiple iterations, the use of measurements to
fix the values of some variables, appeared to be unnecessary.

The two parameters to simulate the growth in biomass
(EBMAX and TCOPT) had to be determined at the same time,
while all other parameters could be determined alone. Thus,
there was no need for an optimization algorithm, because all
combinations of values could be tested. For the determination
of the minimum temperature for development (TDMIN) and of
the maximum radiation-use efficiency (EBMAX), the litera-
ture was used to choose the range of values to be tested. For
instance, in the vegetative phase, the radiation-use efficiency
of linseed (between 2.35 and 2.95 g MJ–1) [9, 20] was used to
choose the minimum value to be tested and the maximum radi-
ation-use efficiency of wheat (4.25 g MJ–1) [2] was used to
choose the maximum value to be tested.

The consistency of the parameters determined by calcula-
tions and by testing a range of values was examined. The max-
imum rate of the setting up of leaf area index (DLAIMAX) was
lower than that of wheat or maize, which is consistent with the
poor ability of linseed to cover the ground. Hence, farmers sow
linseed at a great plant density compared with that for wheat
and for maize. The extinction coefficient (EXTIN) was the
same as that for maize and greater than that for wheat. This is
the result of a greater leaf-to-stem angle which is more efficient
at intercepting solar radiation. The maximum radiation-use
efficiencies (EFCROIJUV, EFCROIVEG or EFCROIRE-
PRO) were low. This was also found for the radiation-use effi-
ciency by previous authors [9, 20]. The maximum radiation-use
efficiency was the same at any stage of development, while it
should have been lower during seed filling because of the
energy cost for oil synthesis [13, 22]. This was the result of the
underestimation of leaf area by the model at the end of the
period of growth in the leaf area index (LAI; Fig. 4a). Hence,
the calibration of the maximum radiation-use efficiency
resulted in an overestimation during seed filling to compensate
the low simulated LAI values. A lower maximum radiation-use
efficiency during the juvenile phase compared with the vege-
tative phase was also expected. However, this expectation arose
from observations of radiation-use efficiency, and not the max-
imum value, which could result from a reduction of efficiency
due to low temperature at the beginning of crop development.
The optimum temperature of growth (TCOPT) for linseed was
close to the value for wheat (15 °C) which is a species adapted
to a temperate climate like linseed. The maximum crop coef-
ficient for water requirement (KMAX) was greater for linseed

Figure 1. Relationships between the modules of the STICS model when data without nitrogen or water stress are used.
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Table III. The value of parameters with the order and the method of determination.

PARAMETER ORDER METHOD OF DETERMINATION VALUES FOR 
BAÏKAL

VALUES FOR 
NIAGARA

DEVELOPMENT

TDMIN (°C) 3.1 Test of a range of values 6 6

TDMAX (°C) 1 Analogy to other crops 28 28

STLEVDRP (degree-days) 3.2 Calculation 550 496

STDRPMAT (degree-days) 3.2 Calculation 400 400

STLEVAMF (degree-days) 4 Test of a range of values 175 150

STAMFLAX (degree-days) 4 Test of a range of values 225 250

STLAXSEN (degree-days) 3.2 Calculation 385 385

STSENLAN (degree-days) 3.2 Calculation 115 115

SHOOT GROWTH

ADENS 4 Calculation – 0.68 – 0.42

BDENS (plants m–2) 4 Measurement 14 21

DLAIMAX (m2 leaves m–2 soil degree-day–1) 4 Calculation 0.00026 0.000088

SBV (cm2 g–1) 4 Choice of a value which results in no effect of SBV 950 950

EXTIN 2 Calculation 0.7 0.7

EFCROIJUV (g MJ–1) 5 Test of a range of values 3.1 3.1

EFCROIVEG (g MJ–1) 5 Test of a range of values 3.1 3.1

EFCROIREPRO (g MJ–1) 5 Test of a range of values 3.1 3.1

TCMIN (°C) 3.1 The same value as TDMIN 5 5

TCOPT (°C) 5 Test of a range of values 16 16

TCMAX (°C) 1 Analogy to other crops 40 40

WATER BALANCE

KMAX 6 Test of a range of values 1.8 1.8

PSISTO 1 Analogy to other crops 15 15

PSITURG 1 Analogy to other crops 4 4

ROOT GROWTH

PROPPFZ 1 Analogy to other crops 0 0

ZPRLIM (cm) 2 Measurement 150 150

CROIRAC (cm degree-day–1) 7 Test of a range of values 0.19 0.19

ZPENTE (cm) 8 Test of a range of values 60 60

NITROGEN BALANCE

ADIL (g N g dry matter–1) 2 Calculation 4.66 4.66

BDIL 2 Calculation 0.5 0.5

INNMIN 2 Measurement 0.3 0.3

MASECNMAX (t ha–1) 2 Measurement 1.5 1.5

ADILMAX (g N g dry matter–1) 2 Calculation 7.22 7.22

BDILMAX 2 Calculation 0.5 0.5

VMAX2 (µmol cm–1 h–1) 9 Test of a range of values 0.06 0.06

YIELD COMPONENTS

NBJGRAIN (days) 1 Measurementa 20 20

CGRAIN (grains g dry matter–1 day) 2 Calculation 1961 1961

CGRAINV0 (grains m–2) 2 Calculation 12390 12390

PGRAINMAXI (g) 2 Measurement 0.0069 0.0086

IRMAX 2 Measurement 0.5 0.5

VITICARB (g of grain g plant–1 day–1) 2 Calculation 0.014 0.014
a The number of days to compute the number of grains (NBJGRAIN) was not really measured. It was set to 20 days, which was the average duration of flowe-
ring, because in the data set available there were biomass measurements at the beginning and at the end of flowering and because there was a good correlation
between seed number and the growth in biomass between these two stages of development.
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than for wheat and maize. This is consistent with the high water
requirements of linseed reported by Plonka and Anselme [23].
The depth where the root density is half of the surface root den-
sity (ZPENTE) was almost twice deeper for wheat and maize
than for linseed. This is consistent with the well-known poor
ability of linseed roots to explore the soil. 

3.2. Comparison between simulations 
and measurements used to calibrate the model

Simulations by STICS were compared with measurements
in the three main experiments used for calibration (2, 4 and 6),
for the main variables in linseed production: leaf area, plant bio-
mass, water consumption, plant nitrogen content, seed number

Figure 2. Criterion J for different values of the parameter
STLEVAMF in BAÏKAL, ranging from 0 to 400 degree-days.

Figure 3. Linear relationship between the logarithm of C*(d) and the
logarithm of the number of plants per square meter (d) to calculate
the parameters of leaf growth for BAÏKAL. The slope of the linear
regression is 0.324, the intercept is –6.47 and the coefficient of
determination is 0.27.

Figure 4. Comparison between calculations by STICS and measurements used for calibration: (a) leaf area index (values for BAÏKAL, slope =
0.74, intercept = 0.09, coefficient of determination = 0.95); (b) biomass in tons ha–1 (spring and winter linseed, slope = 0.91, intercept = –0.18,
coefficient of determination = 0.95); (c) water consumption by the crops in mm between two dates of soil moisture observations (spring and
winter linseed, slope = 0.63, intercept = 23.43, coefficient of determination = 0.71); (d) total plant nitrogen content in kg ha–1 (spring and winter
linseed, slope = 1.10, intercept = –4.84, coefficient of determination = 0.94).
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and seed yield. The comparison with the experiments without
irrigation (1, 3 and 5) is not shown because no water stress
occurred. Thus, the results were similar to those in irrigated
experiments (2, 4 and 6). Figure 4a presents the results for leaf
area index. There was a close relationship between calculations
and measurements. However, the slope of the regression is only
0.74. This means that STICS underestimated leaf area. The high
values of LAI measurements were the most underestimated.
The calculations of biomass by STICS and the measurements
were in good agreement (Fig. 4b). There was only a slight
underestimation of biomass by the model. More discrepancies
between calculations and measurements were found for water
consumption (Fig. 4c): the coefficient of determination was
only 0.71. Moreover, the slope and the intercept were far from
1 and 0, respectively. However, a high value for the intercept
compensated a low value for the slope. Overall, there was little
bias of the model for water consumption. The sum of the cal-
culated values was only 8% less than the sum of the measure-
ments. Plant nitrogen content was well calculated by STICS
(Fig. 4d). There was only a slight overestimation by the model.
The calibration of seed set and seed filling was only done with
the measurements on NIAGARA sown at dates 1 and 2 (see
Materials and Methods). Hence, the simulations of seed
number and seed yield were only compared with the measure-
ments for these treatments (Tab. IV). No regression was done
between calculated and measured values, because the ranges of
measured seed numbers and seed yields were not large enough.
Seed numbers and seed yields were slightly underestimated by
STICS, by about 10%.

3.3. Validation of the model by comparing simulations 
and measurements not used to calibrate the model

The emergence module was not calibrated for linseed. In
simulations to validate the model, the date of emergence was
an input variable. Simulations by STICS were compared with
measurements in experiments 9 to 13, which were not used for
calibration. 

The main variables in linseed production were compared,
except water consumption because of lack of measurements:
leaf area, plant biomass, plant nitrogen content, seed number
and seed yield. The values of the statistical criteria to validate
the model are reported in Table V. The calculated leaf area indi-
ces were correlated to the measurements, but the values were
lower (Fig. 5a). The underestimation by STICS was similar to
that observed with the experiments used for calibration (see the
slopes and the intercepts). The mean deviation, of about –18%,
indicates that the underestimation was not too great, while the
RMSE was almost 50%, suggesting a large scattering. The dis-
crepancies between calculations and measurements at low
plant densities were different from the rest of the data set. When
leaf area index was low, until flowering, there was a great over-
estimation by the model. Then, leaf area was underestimated.
The STICS model simulated pretty well the plant biomass
(Fig. 5b). The slope and the intercept of the regression were dif-
ferent from 1 and 0, respectively, but it was mainly due to an
overestimation by the model at low plant densities in experi-
ment 10. The good agreement between calculations and meas-
urements for most data resulted in a mean deviation close to

Table IV. Comparison between seed numbers and seed yields calculated by STICS and measurements on spring linseed used for calibration. 

Experiment number 
and location

Variety Seed density m–2 Measurements Calculations by the model

Seed number m–2 Seed yield
(t ha–1)

Seed number m–2 Seed yield
(t ha–1)

Experiment 2 in 
‘Domaine de 
Brunehaut‘

NIAGARA 300 44130 3.76 36045 3.10

700 41743 3.57 40339 3.47

1100 52505 4.26 41969 3.61

Experiment 4 in 
‘Domaine de 
Brunehaut’

NIAGARA 300 43905 3.69 38705 3.33

700 47657 3.99 43797 3.77

1100 49710 3.99 46073 3.96

Mean value 46608 3.88 41155 3.54

Table V. The values of the statistical criteria to validate the model.

Criteria Leaf area index Total plant biomass Total plant nitrogen content Seed number Seed yield

Slope of the regression 0.65 0.73 1.06 0.52 0.82

Intercept of the 
regression

0.17 0.75 11 20842 1.12

R2 of the regression 0.87 0.80 0.66 0.73 0.70

RMSE 0.460 0.625 28.7 5945 0.745

RMSE in % 46.7 20.2 37.2 17.0 29.9

MD – 0.178 – 0.074 15.6 4053 0.670

MD in % – 18.0 – 2.4 20.1 11.6 26.9
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zero and a RMSE not greater than 20%. There was a close rela-
tionship between the plant nitrogen contents simulated by
STICS and the measurements (Fig. 5c), except at low plant den-
sities. For these treatments, the calculated values were two-fold
greater than the measured ones. These results affected the math-
ematical criteria. The correlation between the calculated seed
numbers and the measurements was good, but STICS overes-
timated this variable for the low values (Fig. 5d). Hence, the
slope of the regression was low and the intercept well above
zero, but the RMSE and the MD were not too far from zero.
The treatments which gave these low seed numbers were:
100 seeds m–2 in Niagara in experiments 9 and 10, no N ferti-
lizer and 30 kg N ha–1 in experiments 11 and 12. The agreement
with the measurements was better for the other treatments. The
simulated seed yields were greater than the measured values in

any treatment (Fig. 5e). However, in each experiment the effect
of increasing plant number (experiments 9 and 10) or N avail-
ability (experiments 11 to 13) on seed yield was well simulated.
It resulted in a slope and in a coefficient of determination not
too far from 1, while the intercept was well above 0 and the
mean deviation was greater than 25%.

4. DISCUSSION AND CONCLUSION

An original procedure was developed to adapt STICS to lin-
seed. This procedure included the methods used to adapt a
model to a new crop in previous works [1, 14–16]. However,
it also included as much as possible the finding of analytic solu-
tions for parameter determination, while in the other works the

Figure 5. Comparison between calculations by STICS and measurements on spring linseed not used for calibration: (a) leaf area index; (b) total
plant biomass in tons ha–1; (c) total plant nitrogen content in kg ha–1; (d) number of seeds m–2; (e) seed yield in tons ha–1. The measurements
were made in experiments 9 to 13 (E9 to E13).
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calibration by analogy to other crops and the testing of a range
of values prevailed. Moreover, in the procedure developed for
linseed, a hierarchy was proposed between these different ways
of calibration. This hierarchy was based on two objectives: 1.
to use as much as possible the information on other crops, and
2. to obtain values of parameters that minimize the difference
between simulation and observations. Hence, the determina-
tion of parameters by analogy was predominant, followed by
the determination by measuring or calculating parameters and
the testing of a range of values. These methods of calibration
were preceded by an attempt to use the linseed parameters from
the literature. It failed, mainly because these parameters were
not exactly the same as in the STICS model. However, this
information was used to determine the range of values to be
tested or to check the consistency of the values of parameters
with their meanings.

In the application of this procedure, the specific features of
the crop and the environmental conditions were crucial. It
determined the possibility of calibrating the model by analogy.
For this reason, the STICS model adapted for linseed is relevant
to the environmental conditions of interest (northern France).
This means that a specific validation would be necessary before
using this linseed model in another area. The results may indi-
cate the need for the adaptation of some processes. For instance,
a specific determination for linseed, rather than analogy to other
crops, of the maximum temperatures for growth and for devel-
opment could be necessary to use this model in warmer climates
than in northern France. This procedure for adapting STICS to
linseed could be used for other crops, or for the use of this lin-
seed model for other environmental conditions. Depending on
the features of the crop and on the environmental conditions,
the balance between the different methods of calibration may
be different from the work presented in this article.

The results of the application of the procedure for adapting
STICS to linseed was satisfactory. There was a good agreement
between simulations and measurements used to calibrate the
model. This means that the STICS model and the procedure of
adaptation were relevant for representing the data set. The pre-
dictive ability of the model was tested by comparing simula-
tions with measurements not used to calibrate the model. This
was also done with the STICS model for wheat and maize [3].
The values of the statistical criteria for linseed (Tab. V), wheat
and maize [3] were similar. Such a comparison is a rough esti-
mate, because the discrepancies between simulations and
measurements depend on the environmental conditions of the
experiments. However, much better mathematical criteria of
validation for wheat and maize than for linseed would have
indicated a poor relevance of the adaptation to this crop. Much
discrepancy between simulations and measurements could be
attributed to bad simulations at very low plant densities and to
the lack of simulation of the effects of fungus and lodging by
STICS. The difficulty of simulating very low plant densities
probably resulted from the choice of the option of simulating
the canopy as homogeneous. This hypothesis is not relevant at
low plant densities. Because of similar values of statistical cri-
teria between linseed, wheat and maize, and because most of
the discrepancies probably resulted from the inability of STICS
to simulate some processes, it is concluded that the adaptation
was successful. However, this does not mean that this model

could be used without further improvement for crop manage-
ment.

The results of the calibration and the validation of STICS
give information about the possibility of using this model. It
was calibrated for cool and humid climates and at a latitude
where no photoperiod effect on crop development was
detected. The model was then validated with five experiments
not used for calibration. This was not enough. Further valida-
tion is needed in order to know better the possible utilizations
of the STICS model for linseed. The results of the adaptation
of STICS suggest that the simulations of the model are reliable
in a range of conditions which are the ones that prevail for this
crop: a cool and humid climate, sowing in March or early April,
and plant density above 100 m–2. However, some processes
which are very important for linseed are not simulated by
STICS: the loss of seeds during emergence, fungus diseases and
lodging. Poor efficiency of nitrogen fertilizer is also a major
problem of linseed crops. It can result from problems of root
growth, of nitrogen immobilization by micro-organisms or
nitrogen loss by leaching, volatilization or denitrification. The
linseed STICS model was not able to account for this poor effi-
ciency of nitrogen fertilizer. It may have arisen from the lack
of simulation of denitrification by STICS 4.0, and from the dif-
ficulty of simulating problems of root growth due to soil struc-
ture with this model (it can only be taken into account by a
reduction of the root maximum depth). This greatly reduces the
possible utilizations of the linseed STICS model. However, the
present work must be seen as a first step towards using a model
to improve linseed crop management.

When further validated, the linseed STICS model will be
used to help to diagnose yield-limiting factors. This informa-
tion is needed to find new ways to improve crop management.
The model will give information about the occurrence of cli-
matic limiting factors and nitrogen stress when there is no prob-
lem of fertilizer-use efficiency. Moreover, the difference
between simulated and measured yield will be attributed to the
problems not simulated (poor efficiency of nitrogen fertilizer,
diseases or lodging) if they are observed in the fields. A crop
model is also needed to investigate a range of crop management
such as plant density. However, this will not be relevant as long
as the main limiting factors are not taken into account. The pri-
ority is to improve the simulation of poor nitrogen-fertilizer
efficiency and to simulate the effects of fungus diseases and
lodging. The new version of STICS provides a better simulation
of the loss of nitrogen. It should help to take into account poor
nitrogen-fertilizer efficiency. However, this version does not
simulate fungus diseases or lodging. As far as we know, other
crop models do not account for these problems either. In the
future, this should be a priority in order to use crop models to
investigate crop management. There is also a need for the sim-
ulation of the loss of seeds during emergence. This will be done
by connecting STICS with the SIMPLE model [10] which sim-
ulates processes from sowing to emergence as affected by tem-
perature, moisture and soil structure. 
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APPENDIX 1. List of symbols

Symbol Meaning of the symbol Units

ADENS
ADIL
ADILMAX
AMF
BDENS
BDIL
BDILMAX
CGRAIN
CGRAINV0
CROIRAC
d
DELTAI
DENSITE
DLAIMAX
DRP
EBMAX

EFCROIJUV
EFCROIREPRO
EFCROIVEG
EXTIN
HI
INNMIN
IRMAX
J
KMAX
LAI
LAN
LAX
LEV
MASECNMAX
MAT
MD
NBJGRAIN
PGRAINMAXI
PROPPFZ
PSISTO
PSITURG
RMSE
SEN
SBV
STAMFLAX
STDRPMAT
STLAXSEN
STLEVDRP
STLEVAMF
STSENLAN
Tc
TCMAX
TCMIN
TCOPT
TAIR
TDMAX
TDMIN
UDEVAIR
ULAI
VITICARB
VMAX2
ZPENTE
ZPRLIM

parameter of compensation between stem number and plant density
parameter of the critical curve of nitrogen needs
parameter of the maximum curve of nitrogen needs
the day of maximum acceleration in the growth of LAI
maximum density above which there is competition between plants
parameter of the critical curve of nitrogen needs
parameter of the maximum curve of nitrogen needs
slope of the relationship between grain number and growth rate during the NBJGRAIN before stage DRP
number of grains produced when growth rate is zero
growth rate of the root front
plant density
daily increase in the leaf area index
plant density
maximum rate of the setting up of LAI
the first day of seed filling
maximum radiation-use efficiency = EFCROIJUV, EFCROIREPRO or EFCROIVEG, depending on 
the stage of development of the crop
maximum radiation-use efficiency during the juvenile phase
maximum radiation-use efficiency during the grain filling phase
maximum radiation-use efficiency during the vegetative phase
extinction coefficient of the photosynthetic active radiation in the canopy
Harvest index
minimum value of nitrogen stress index
maximum value of harvest index
The sum of the squares of differences between simulations and measurements
maximum crop coefficient for water requirements
leaf area index
the day when LAI = 0
the first day of maximum LAI
the day of seedling emergence
maximum plant biomass before the decrease in the critical curve of nitrogen needs
physiological maturity
The mean deviation of a simulated variable compared with the measurements
number of days to compute the number of grains
maximum weight of one grain (0% of water content)
root activity for soil water content below the wilting point
absolute value of the potential of stomatal closing
absolute value of the potential of the beginning of decrease in the cellular extension
The root mean square error of a simulated variable compared with measurements
the first day of decrease in LAI
leaf area to leaf biomass ratio
sum of development units between the stages AMF and LAX
sum of development units between the stages DRP and MAT
sum of development units between the stages LAX and SEN
sum of development units between the stages LEV and DRP
sum of development units between the stages LEV and AMF
sum of development units between the stages SEN and LAN
sum of development units between the stages LEV and AMF
maximum temperature of growth
minimum temperature of growth
optimum temperature of growth
daily average air temperature
maximum temperature for development
minimum temperature for development
effective temperature for the development, computed with TAIR
physiological time units for the calculation of leaf area index between the stages LEV and LAX
rate of increase in the harvest index
rate of rapid nitrogen absorption for the low affinity system
depth where the root density is half of the surface root density for the reference profile
maximum depth of the root profile for the reference profile

no unit
g N g dry matter–1

g N g dry matter–1

days
plants m–2

no unit
no unit
grains g dry matter–1 day
grains m–2

cm degree-day–1

plants m–2

m2 leaves m–2 soil day–1

plants m–2

m2 leaves m–2 soil degree-day–1

days

t ha–1 MJ–1 m2

g MJ–1

g MJ–1

g MJ–1

no unit
no unit
no unit
no unit
the unit of the variable2

no unit
m2 leaves m–2 soil
days
days
days
t ha–1

days
the unit of the variable
days
g
no unit
bars
bars
the unit of the variable
days 
cm2 g–1

degree-days
degree-days
degree-days
degree-days
degree-days
degree-days
degree-days
°C
°C
°C
°C
°C
°C
°C
no unit
g of grain g plant–1 day–1

µmol cm–1 h–1

cm
cm
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APPENDIX 2. Calculation of the analytic solution 
for the parameters of leaf expansion

If no nitrogen or water stress occurs, the daily increase in leaf
area index (DELTAI) is calculated as follows:

   

× (1)

n: the number of the day;
TAIR(n): mean air temperature on day n;
DENSITE: plant density:
DLAIMAX: the parameter of the maximum rate of the setting
up of LAI;
TCMIN: the parameter of the minimum temperature for
growth;
ADENS: the parameter of the compensation between stem
number and plant density;
BDENS: the parameter of the maximum density above which
there is competition between plants.

From emergence (em) to the stage of development AMF, the
physiological time unit is calculated as follows:

. (2)

From AMF to the maximum LAI (stage of development LAX):

(3)

STLEVAMF: the parameter of the sum of temperature from
emergence to the stage of development AMF;
STAMFLAX: the parameter of the sum of temperature from the
stage of development AMF to LAX;

 is the sum of (TAIR(i) – TCMIN)
values which are above zero.

The growth in dry matter can limit the growth in leaf area,
using a leaf area to biomass ratio (parameter SBV). This feed-
back makes the determination of parameters difficult. How-
ever, the main uses of the SBV parameter are calculation of bio-
mass which is senescent from senescence in leaf area, and
calculation of the competition between organs in indeterminate
species. In linseed the calculation of the biomass which is
senescent is of little interest and this species is not simulated
as indeterminate. Thus, SBV was set to the very high value of
950 cm2 g–1, in order to avoid any feedback.

The minimum temperature for growth (TCMIN) was set to
the value of the minimum temperature for development
(TDMIN). The parameters ADENS, BDENS, DLAIMAX,
STAMFLAX and STLEVAMF were determined in two steps.
At the first step, the sum of temperature between emergence and
LAX (STLEVAMF + STAMFLAX) was determined from vis-
ual observations and climatic data. Then, the sum of tempera-
ture between emergence and AMF (STLEVAMF) was deter-
mined. At the second step, the parameters ADENS, BDENS
and DLAIMAX were calculated.

Determination of STLEVAMF = Tc

The leaf area index is calculated as the sum of DELTAI (see
Eq. (1)):

(4)

with (5)

d: plant density. 

Let us define   for
T(n)  Tc,

and   for  T(n) > Tc

where (n) is a vector of TAIR(s) with s ranging from emer-

gence to n, and T(n) is .

The criterion J to be minimized is:

. (6)

The minimum value of J is: 

(7)

where C*(d, Tc) is the value of C(d) that minimizes J(C(d), Tc)
for a given Tc.
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. (8)

The value that minimizes the criterion is:

.

(9)

(ii) Solving of 

The criterion to minimize is:

. (10)

Tc is independent of d, the plant density. Thus, the data of all
densities were pooled to find the minimum value of the
J criterion:

. (11)

A range of value of Tc were tested. The parameter STLEVAMF
was set to the value of Tc that minimized J.

Determination of the parameters ADENS, BDENS and 
DLAIMAX

The logarithm expression of equation (5) gives:

(12)

Hence, 

(13)

.

C*(d) values were calculated, for the value of Tc that minimized
equation (11), in order to determine the parameters of the linear
regression:  and . ADENS was then calculated.

In equation (5), it appears that the parameters DLAIMAX
and BDENS are correlated to each other:

. (14)

Hence, either DLAIMAX or BDENS must be chosen to
determine the value of the other. BDENS values were chosen
to take into account the meaning of this parameter : the maxi-
mum plant density above which there is a competition between
plants. It was set to 14 for BAÏKAL and 21 for NIAGARA,
which are the approximate number of plants above which there
is a competition for light. Then, DLAIMAX was calculated:

. (15)
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