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Abstract — Crop simulation models are frequently used to evaluate the impacts of water resources (soil, weather and irrigation) on crop
production and the environment. This study illustrates the possibilities offered by STICS 4.0 in water-limited environments. Numerical
experiments were carried out on winter wheat in order to evaluate drought escape and crop rationing in 3 climatic environments: Avignon,
Meknes (Morocco) and Toulouse. The Passioura [33] framework which disaggregates grain yield of cereals into 3 terms: water transpired,
transpiration efficiency and the harvest index, was used to analyze the simulation results. Interactions between cultivar earliness and water
supply were shown for yield: early-maturing genotypes yielded more in semi-arid conditions because of terminal stress; where intermittent
stress was observed (as in Toulouse), no stable ranking was observed between cultivars differing by the date of anthesis. The contribution of
soil evaporation to total water use was reduced by rapid canopy closure (fast-growing cultivar and high plant density). On the other hand, water
stress during grain filling was more frequent with excessive plant density. Crop management systems resulting from different combinations of
cultivar earliness, plant density and supplemental irrigation were simulated: a drought-escaping strategy (early genotype) and crop rationing
(low plant density) were suggested under rainfed (semi-arid) conditions. With irrigation or under wetter conditions, yield should be improved
by maximizing early canopy closure (high density) and lengthening the growing season period (late genotype). This simulation exercise

contributed to the qualitative evaluation of the STICS model for water-limited agriculture.

crop management / water-limited environment / scenario analysis / wheat / irrigation

1. INTRODUCTION

Two main strategies of crop adaptation to drought-stressed
environments have been described in the literature [28]:
(1) drought escape, whereby the crop completes its life before
the onset of “terminal drought”, and (ii) drought tolerance,
where the crop continues to grow and function at reduced water
contents. These concepts are generally used to discuss geno-
typic adaptation to water deficit [29]. Additional strategies are
offered by crop management: (iii) drought alleviation or mod-
eration, by the means of supplemental irrigation [21], and
(iv) an optimal crop water-use pattern (or drought avoidance),
by reducing soil evaporation and increasing the contribution of
transpiration during the grain-filling period [35, 38]. The
expression “vegetative rationing” was suggested to describe a
strategy based on the early reduction of crop water uptake in
order to save water for the most susceptible growth stages
(anthesis and grain filling) [20]. In the areas and cropping sys-
tems where yield is chronically limited by water availability
(shallow soils, low precipitation, high evaporative demand and
limited irrigation), the farmer has to apply the best combination

* Corresponding author: debaeke @toulouse.inra.fr

of genotypic and management strategies to reduce the impacts
of water deficit while not affecting yield potential excessively
during the wettest years [17, 18, 23].

Dynamic crop simulation models are relevant tools for eval-
uating cultural practices under water-limited conditions as tra-
ditional field trials cannot explore the full range of crop-soil-
weather- management interactions [37]. In the last 15 years, on
the basis of ecophysiological studies, numerous soil-plant mod-
els (either crop-specific or generic) have been developed to
simulate soil water dynamics and the response of major crops
to water use: APSIM [30], CropSyst [40], EPIC-Phase [15] and
STICS [11] being among the most recent ones. Using historical
or computer-generated weather information as inputs, these
mechanistic models, more or less complex, have been used
extensively to determine the probability of yield response to
various combinations of crop management, including the
amount of soil water at sowing, sowing date, cultivar phenol-
ogy, plant population and supplemental irrigation and to define
at the field or farm level the optimal irrigation schedules or
combinations of techniques in various water-limited environ-
ments [1, 3, 14, 16, 17, 19, 23, 31, 32, 34-36, 39].
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Table I. Main climatic characteristics of the 3 locations used for scenario analysis; CV = coefficient of variation.

. Radiation Temperature
P/ET.¢ Rainfall (mm) MJ-m™) ©C)
Locations Years Annual Annual October-March November-June  May-June November-June
(winter) (wheat growing  (anthesis + (wheat growing season)
season) grain filling)
Meknes n=37 0.36 550 414 491 52 3636 14.2
1960-1996 (0.2-0.7) CV =30%
Avignon n=33 0.69 697 365 430 103 3138 11.0
1969-2001 (0.3-1.1) CV =24%
Toulouse n=31 0.81 707 339 498 145 2740 10.4
1971-2001 (0.4-1.3) CV =19%

The STICS model was described in 2 major papers [11, 13].
Like other models, STICS describes at a daily time-step the
growth and development of a range of crops according to water
and nitrogen availability. The model can integrate edaphic, cli-
matic and crop management information to aid in identifying
optimum cultural practices over time and space. The seven
main modules are concerned with water availability: plant
development, shoot growth, root growth, yield components,
water balance, N balance, and soil and crop temperature. Water
stress affects the leaf area index (LAI), shoot and root growth,
assimilate partitioning (harvest index) and grain protein. The
impact of water stress on crop phenology is simulated by using
the crop temperature computed by means of a simplified energy
balance, which is an original aspect of STICS. Manipulating
LAI has a direct influence on soil and plant evaporation and on
plant transpiration processes [10]. Soil moisture governs N
transfer and transformations (e.g. humus mineralization). The
STICS model was validated for wheat and maize in a range of
climatic and cultural environments [ 12]. Soil water content was
simulated accurately and wheat grain yield was represented
with a error of 15%. The model's robustness confirms its use
for exploring wheat behavior in water-limited environments.

In the situations where water is the main limiting factor, Pas-
sioura [33] proposed that grain yield (GY) of cereals could be
analyzed in terms of three factors that are largely independent:

GY = Water transpired (T) x Transpiration efficiency (TE) x
Harvest index (HI). @))]

Transpiration (T) can be decomposed as follows (Es = soil
evaporation):
T=(T+Es)/(1+Es/T). 2
Therefore increasing GY will be attained through increasing
(1) total water use (ET =Es + T), (2) plant transpiration relative
to soil evaporation (T/Es), (3) transpiration efficiency (TE =
DM/T, DM for shoot biomass), and (4) the harvest index (HI =
GY/DM). This generic framework is adequate for comparing
different cereal management strategies. Each of the terms of
equations (1) and (2) are output variables of the STICS model.

To increase total water use (Es + T), two options are gener-
ally recommended: (i) maximizing the soil-stored water at

planting (fallow management, choice of the previous crop, pre-
sowing irrigation, etc.) [1, 17, 18], and (ii) filling the natural
water deficit by supplemental irrigation at the most responsive
periods in order to optimize the use of the other inputs (long-
season cultivar, nitrogen and high crop density) [21]. A rapid
canopy closure through high plant density, use of a genotype
with high initial vigor and increased fertilization is a manage-
ment goal that is often recommended to reduce the contribution
of soil evaporation to total evapotranspiration (ET) [27, 38]. As
transpiration efficiency is higher during periods of low vapor
pressure deficit, as in the cool winter months, early sowings or
the choice of early-growing cultivars which tolerate low tem-
peratures generally result in higher values of TE [18]. The har-
vest index is increased when sufficient water is kept for the
grain-filling period [33] which implies an adequate manage-
ment of water losses during the vegetative period.

Using STICS 4.0 [9] and 30-yr historical weather informa-
tion, a scenario analysis exercise was conducted to evaluate
various strategies of crop management adaptation to water def-
icit such as soil water at sowing, plant density, cultivar maturity
group and supplemental irrigation on wheat and sorghum yields
over 30 growing seasons for three water-limited environments.

2. MATERIALS AND METHODS

2.1. Weather data

Historical weather records (> 30 yrs) were collected in 3
southern regions differing by total rainfall, its monthly distri-
bution and the aridity index, which is the ratio of mean annual
rainfall (P) to mean annual reference evapotranspiration (ET )
(Tab. I) : (i) Meknes (Morocco) is a Mediterranean semi-arid
(humid) climate with a P/ET s ratio of 0.36 and 75% of annual
rainfall concentrated in winter; (ii) Avignon (SE France) is
Mediterranean sub-humid (P/ET ;= 0.69); (iii) Toulouse (SW
France) is sub-humid to humid (P/ET .s=0.81) exposed to oce-
anic influences. Solar radiation, air temperature and evapo-
transpiration are the highest in Meknes.

2.2. Soil data

We assumed a moderately deep soil (1.2 m) with available
soil water (ASW) of 165 mm (i.e 1.4 mm/cm). The value of Qo
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Table II. Thermal duration of the development phases of STICS for 3 synthetic wheat cultivars differing only by development characteristics:

sum of crop temperature expressed in degree days (base 0 °C).

Maturity group

Phases Early (E) Medium (M) Late (L)
LEV-AMF 275 237 200
AMF-LAX 270 294 420
LAX-DRP 105 175 230
DRP-MAT 760 760 760
LEV-MAT 1410 1466 1610

LEV: emergence; AMF: end of juvenile phase (beginning of stem elongation for wheat);
LAX: maximum leaf area index (booting for wheat); DRP: beginning of grain filling (anthesis for wheat);

MAT: physiological maturity.

was fixed at 0 within the range of experimental values (0—22 mm)
determined by Brisson and Perrier [8]. With such an assump-
tion, soil evaporation was always limited by climatic and soil
factors. At crop sowing, the soil was refilled at 50% of ASW
in standard conditions but 4 additional rates were tested at
wheat and sorghum sowing: 10, 25, 75 and 100% (field capac-
ity). The initial mineral nitrogen content was 50 kg/ha and the
organic N content was 0.12%.

2.3. Crop management

Winter wheat was sown on 15 November and two fixed
applications of N fertilizer were carried out on 1st February
(50 kg/ha) and 15 March (100 kg/ha). Wheat was kept rainfed
or sprinkler irrigation was brought to the wheat using fixed
amounts of 40 mm/ha applied as soon as the turgor stress index
(turfac) fell below 0.70 (automatic irrigation procedure).
Standard plant density (d2) was 250 plants/m2 and extremes of
150 (d1) and 450 (d3) plants per m? were evaluated.

Rainfed grain sorghum was planted on 20 March at a density
of 30 plants/m2 and received 110 kg/ha of nitrogen at sowing
time.

2.4. Cultivars

The range of earliness (time to anthesis) commonly used in
France (E, M and L) for bread wheat [25] was evaluated under
the 3 climatic series. The thermal durations of the vegetative
phases were expressed in crop temperature which is about 12%
more than air temperature [11]. By activating the crop temper-
ature option, wheat maturity was accelerated by water stress as
commonly observed. The parameters characterizing crop
development are presented in Table II for the 3 synthetic wheat
cultivars.

Under rainfed conditions, physiological maturity occurred
on 24 June (Toulouse), 17 June (Avignon) and 2 June (Meknes)
on average. The length of the sowing-maturity period ranged
from 202 to 238 days under rainfed conditions: in Toulouse, the
growing season lasted 7 days more than in Avignon and 21 days
more than in Meknes. The length of the emergence-anthesis
period (LEV-DRP) ranged from 147 (25 April) to 185 days
(2 June) according to location and cultivar earliness (Fig. 1a).
In Meknes, irrigation resulted in a lengthening and a reduction
of the variability of the period duration.
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Figure 1. Duration of pre- and post-anthesis phases for 3 cultivars
(early, medium, late) and 4 water environments (rainfed: Avignon,
Meknes, Toulouse; irrigated: Meknes) - Bars indicate the upper value
of standard deviation. (a) days from emergence to anthesis; (b) days
from anthesis to physiological maturity.

With supplemental irrigation, maturity was delayed by 1
(Avignon, Toulouse) and 3 days (Meknes). The length of the
grain-filling period (DRP-MAT) ranged from 36 to 43 days in
rainfed conditions according to soil water deficit and air tem-
perature (Fig. 1b). Itlasted 4-5 days more with the early-matur-
ing cultivar than with the late one. In Avignon, the duration of
the DRP-MAT was the shortest. The variability was at its max-
imum in Meknes under rainfed conditions.

In this study, a late-maturing sorghum genotype was con-
sidered (1800 degree-days in base 6 °C from emergence to
maturity). Grain maturity occurred on 7 September (Toulouse)
and 9 August (Meknes) under rainfed conditions which resulted
in a crop length duration (LEV-MAT) of 250 and 221 days,
respectively.

The standard crop parameters suggested for wheat and sor-
ghum [9] were kept unchanged in this simulation study.
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Table III. Description of scenarios under simulation.

. Initial soil water . L . 2
Climate (% ASW) Crop Cultivar Irrigation Plant density (plants/m~)
Cultivar earliness Avignon (A), Meknes 50 ‘Wheat Early (E), Medium Rainfed vs. 250
Section 3.2 (M) Toulouse (T) (M) Late (L) Automatic
Supplemental irrigation AM, T 50 Wheat E,M,L Rainfed vs. 250
Section 3.3 Automatic
Soil water at planting M, T 10, 25, 50, 75, 100 Wheat M Rainfed 250
Section 3.4 M, T 10, 25,50, 75,100  Sorghum 1800 @ Rainfed 30
Rapid canopy closure M, T 50 Wheat E,L Rainfed 150, 250, 450
Sections 3.5-3.6
Crop management M 50 Wheat E,L Rainfed vs. 150, 250, 450
system Automatic
Section 3.7
(a) Length of the growing season: degree-days (base 6 °C, air temperature) from emergence (LEV) to maturity (MAT).
Table IV. Correlations between wheat grain yield (GY) and the com- F 100 -
ponents of crop productivity in water-limited environments according 3 0 | 2
to the Passioura framework [33] (3 climatic environments X 3 cultivars, g
rainfed conditions). Es + T, water use; Es/T, soil evaporation/transpi- g 6 e—Early
ration; TE, transpiration efficiency; HI, harvest index. Correlations are g 40 —+—Medium
significant at P < 0.001 (n = 294). % 0 | —o-Late
E
Es+T Es/T TE HI 3 ———
0 3 6 9 12
r +0.489 -0.655 +0.447 +0.917 Grain Yield (t/ha)
. . < 100
2.5. Scenario analysis b4
8 80
The different crop management strategies which were ana- 2 e —e—Early
lyzed are presented in Table III. Their consequences on grain % —4—Medium
yield, yield components and water use were compared using the = 40 —o-Late
framework of Passioura [33], on the basis of cumulative fre- g 2
quency distribution (CFD) and means. The lower risk option 3 :
of two alternatives (in terms of agronomy) was determined on 0 3. 6 9 12
the basis of the relative position of their CFD curves [3,23, 32, 39]. Grain Yield (t/ha)
I 100
=
2 80 1 ¢
3. RESULTS g
g 60
& —e—Early
® 40 A .
3.1. Variability of grain yield and water availability ,_‘E N T edum
. . E
Wheat grain yield (GY) ranged from O to 11 t/ha according 3 : ; ;
0 3 6 9 12

to natural water resources. The ET/ETo ratio which expresses
the level of water satisfaction ranged from 0.5 to 1. The average
value over 30-35 yrs was 0.71, 0.83 and 0.90 for Meknes, Avi-
gnon and Toulouse, respectively. It accounted for 43% of the
GY variability under rainfed management.

3.2. Escaping water stress under rainfed conditions
by the choice of wheat cultivar

In the 2 Mediterranean environnements (Avignon, Meknes),
it clearly appears that late cultivars have major disadvantages
as compared with the early and medium types (Fig. 2a, b). In
Toulouse, the success of early genotypes was extremely
dependent upon water availability and temperature regime during
grain filling (Fig. 2c). In half the years, a late-maturing cultivar

Grain Yield (t/ha)

Figure 2. Cumulative distribution function for grain yield of 3 rainfed
wheat cultivars differing by earliness at anthesis: (a) Avignon; (b)
Meknes; (c) Toulouse.

was the best choice; the early cultivar was the less risky option
1 year out of 4. Sowing a medium type is the best choice in such
a fluctuating situation.

Accordingly to the Passioura framework, GY clearly increased
with harvest index and Es/T in rainfed conditions (Tab. IV).
Although significant, the correlations between GY and water
use and GY and TE were lower than with HI and Es/T.
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Table V. Grain yield and water use components of 3 wheat cultivars under rainfed (Rfd) and irrigated (Irr) management. Standard deviation for

GY indicated between brackets.

GY DM

ET TE Water Stress

Weather Cultivar E3HON  (t/ha) (t/ha) HI (mm) Es/T (ke/mm)  Grain Filling 1010
(mm) Rfd Irr Rfd  Irr Rfd Irr Rfd Irr Rfd Irr Rfd Irr Rfd Rfd  Irr
Avignon Early 86 649 7.69 153 184 0423 0419 336 405 045 036 649 610 071 088 099
(1.79) (1.69)
Medium 127 663 800 157 197 0422 0407 347 439 044 033 640 590 061 085 099
(176) (1.72)
Late 180 548 747 165 218 0332 0343 354 501 047 029 626 555 046 077 098
2.41) (2.15)
Meknes Early 178 497 797 144 205 0346 03890 377 532 046 030 525 495 049 077 099
(2.46) (1.59)
Medium 250 469 853 145 218 0324 0392 379 576 047 028 529 482 039 073 098
237) (1.25)
Late 342 332 871 144 242 0230 0360 378 666 051 024 542 453 027 064 098
(1.90) (1.81)
Toulouse Early 46 7.9 7.56 172 185 0417 0408 372 403 043 038 659 639 085 094 099
(1.35) (1.07)
Medium 62 731 779 177 195 0413 0399 383 429 041 036 647 619 077 091 099
(1.64) (1.22)
Late 120  7.15 840 183 214 0391 0392 401 483 041 032 634 589 061 085 099

(2.28) (2.13)

Late cultivars resulted in more water use (ET) and higher
total biomass (DM) in Avignon and Toulouse but in Meknes
no difference was observed with the duration of the growing
season as available water was more limited as indicated by ET/
ETo which ranged from 0.64 to 0.77 in semiarid conditions
(Tab. V). TE was highest for the early cultivar in Toulouse and
Avignon but for the late cultivar in Meknes. The Es/T ratio was
the lowest for the early cultivar in Meknes while in Avignon
and Toulouse, more soil evaporation was observed with late-
maturing cultivars. HI was always lower for the late genotypes
in relation to a shorter grain-filling duration and a higher water-
stress index during that period (Tab. V).

In Meknes, the general low yield level resulted from a high
contribution of soil evaporation to ET (32%), a low transpira-
tion efficiency (53 kg/mm) and a low harvest index (0.30). ET
was higher than in Avignon because of more precipitation
(Tab. I).

3.3. Increasing available water: supplemental
irrigation for wheat

Using the same decision rule for each location and wheat cul-
tivar, the application of STICS over 30 years resulted in an
increase in supplemental irrigation volume with the aridity
index (76 mm in Toulouse, 131 mm in Avignon and 257 mm
in Meknes) and the length of the growing season (104 mm for
the early type, 146 mm for medium and 214 mm for late) (Tab. V).
The choice of an early-maturing cultivar resulted in lower plant
water requirements.

The yield gain with this decision rule was improved in the
same way (from 0.37 t/ha in Toulouse with an E type to 5.39 t/ha
in Meknes with a L type). The irrigation efficacy (GY irrigated

—GY rainfed /IRR) increased with the aridity index; it was max-
imum for the early cultivar in Avignon (14.0 kg/mm) and
Meknes (16.8 kg/mm) and for the late cultivar in Toulouse
(10.4 kg/mm).

With supplemental irrigation, the superiority of the late-
maturing cultivar over the early type was observed in 53%
(Avignon), 69% (Toulouse) and 71% (Meknes) of the weather
situations (Fig. 3a—c). When irrigation was fully available, the
longer growing season resulted in the best GY performance,
except in Avignon where the yield ranking under rainfed man-
agement did not change with irrigation.

With irrigation, ET increased by 8 to 76% (according to cul-
tivar and location) because of more available water throughout
the growing season. TE was always higher under rainfed con-
ditions. The Es/T ratio was reduced with irrigation because of
arapid canopy closure and alonger duration of active LAl when
water was available. HI was higher with irrigation in Meknes
and for the late-maturing cultivar, whereas under moderate
stress conditions (Avignon and Toulouse, E and M cultivars),
HI was always higher under rainfed conditions.

Plant N uptake increased with irrigation from 6 (E, Toulouse)
to 44 kg/ha (L, Meknes): this came from a substantial increase
in N mineralization with soil temperature when water was available
(from 100-110 kg/ha under rainfed conditions to 120-170 kg/ha
under irrigated conditions). More N leaching (up to 24 kg/ha)
occurred with automatic irrigation. In the conditions of this
simulation study, STICS did not identify significant differences
in nitrogen stress between irrigated and rainfed conditions.
Under irrigation, the highest yields were obtained in Meknes
as a result of more ET and a reduction of soil evaporation
because of a more rapid canopy closure. The increase in N
uptake resulted in more grain number/m? (+27%) with spring
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Figure 3. Cumulative distribution function for grain yield of 3 irriga-
ted wheat cultivars differing by earliness at anthesis: (a) Avignon;
(b) Meknes; (c) Toulouse.

irrigation. TE and HI remained lower in Meknes, as under
rainfed conditions, because of high evaporative demand and
high temperature.

3.4. Increasing available water:
effect of soil water content (SWC) at crop sowing

3.4.1. Winter wheat (rainfed)

The initial level of soil water recharge at wheat sowing in
fall had no influence on grain yield in Toulouse. Only in 1989,
where a severe drought occurred, a significant reduction (—14%)
was observed when soil water was only refilled at 10% in early

November. Leaving the soil at the soil water holding capacity
at wheat sowing resulted in more N leaching (18 kg/ha vs 9 kg/ha)
with negative impacts on grain number/m~.

The effect was more obvious in Meknes: average yield was
reduced by 10% on average when leaving the soil at 10% of
available soil water (ASW) at wheat sowing. In 7 years out of
35, the yield reduction was less than 10%. Yield reduction
resulted from lower ET, higher Es/T and lower HI (Tabl. VI).
Transpiration efficiency and the ET/ETo ratio did not differ
with initial SWC. A reduction of LAI by 9% was responsible
for this adjustment to the natural water resource. This resulted
in a lower value of water stress during grain filling (turfac =
0.43 vs 0.38 for SWC at field capacity) and a lower water drain-
age amount in those situations limited by initial soil water.

3.4.2. Sorghum (rainfed)

The impact of soil water content (SWC) on 1st March was
higher for spring-sown crops. Grain yield was reduced by 3%
in Toulouse but by 25% in Meknes when SWC fell from field
capacity to 10% of available soil water (Tab. VII). The reduc-
tions were 2, 6, and 17% for 75%, 50% and 25% of ASW,
respectively. The risk of not detecting yield differences with the
level of initial SWC was about 30% in Meknes (Fig. 4). For
these specific soil depth and hydraulic properties, the critical
level of SWC for planting sorghum without significant yield
penalties was close to 50% of ASW in early spring. Yield reduc-
tion with lower SWC resulted from lower ET and higher Es/T.
This ratio increased up to 0.90 in Meknes. This resulted from
a slower canopy closure with low initial SWC, especially under
semi-arid conditions. In Meknes, maximal LAI was drastically
reduced in such conditions: —27% of LAI at field capacity.
Unlike wheat, the harvest index increased for sorghum with
water deficit. As in wheat, the reduction of LAI with water def-
icit resulted in similar values of ET/ETo with initial soil water
within each climatic context and a reduction of drainage.

3.5. Reducing water loss by evaporation through rapid
canopy closure

Increasing wheat plant density from 150 to 450 plants/m2
had limited impact on yield in Toulouse while a depressive
effect was observed in Meknes, especially with late-maturing
cultivars (Tab. VIII). A slight increase in ET (4%) was observed
together with a reduction of Es/T (from 0.50 to 0.41). However,
TE was reduced by 6% and HI by 8%. Increasing plant density
had limited effects on the occurrence of water stress before

Table VI. Grain yield and water use components of a rainfed medium wheat cultivar for 2 levels of soil water content on 20 October (Meknes
conditions). FC = soil water content at field capacity (100% ASW). Standard deviation for GY indicated between brackets.

LAI Water Stress Drainage
GY (ha) DM (t/ha) HI ma ET (mm) Es/T TE (kg/mm) Grain Eillin ET/ETo (mm)
: 1 e 20/10-1/08
Meknes 432
10% ASW (2.37) 13.7 0.314 5.35 0.52 53.0 0.43 0.74 121
Meknes 4.80 14.5 0.330 5.84 0.44 53.1 0.38 0.73 254

FC (2.36)
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Table VII. Grain yield and water use components of a rainfed sorghum cultivar for 2 levels of soil water content on 1st March. Standard deviation

for GY indicated between brackets.

GY (t/ha) HI ILI:;{ ET (mm) EST  TE (ke/mm) gzt;r:ﬁfi; ET/ETo Dziilﬁ)g ‘

1/03-15/12
%f;;“j?sw 5:‘3‘?) 0.831 2.66 215 0.90 335 0.10 0.39 21
I;f)f;znjzw (g:iz) 0.815 3.27 243 0.60 34.6 0.10 0.42 46
glceknés (g:gg) 0.791 3.64 260 0.51 33.9 0.10 0.41 105
Tg;.}":;ew (?:(5)3) 0.629 3.95 354 0.60 44.0 0.40 0.69 58
E‘é“l"“se (?:i‘;) 0.567 422 377 0.49 432 0.37 0.70 175

Table VIII. Grain yield and water use components of rainfed wheat for 3 plant densities (150, 250, 450 plants/mz). Standard deviation for GY

indicated between brackets.

Cultivar T3 Gy (yha) DM (ha)  HI  ET(mm)  EST  TE (ke/mm) VAT swess Waterstress  p
density vegetative grain filling

Toulouse Early 150 7.09 16.8 0.422 359 0.48 69.2 1 0.89 0.96
(1.20)

250 7.19 172 0.417 372 0.43 65.9 0.99 0.85 0.94
(1.35)

450 7.20 17.6 0.408 382 038 63.3 0.99 0.81 0.92
(1.46)

Late 150 7.13 17.9 0398 394 045 65.2 0.99 0.64 0.87
(2.20)

250 7.15 183 0391 401 0.41 63.4 0.99 0.60 0.85
(2.28)

450 7.15 187 0.383 408 036 61.6 0.99 058 0.83
(2.32)

Meknes Early 150 5.3 14.1 0370 370 0.50 54.9 0.96 055 0.82
(2.28)

250 497 14.4 0.346 377 0.46 525 0.94 0.49 0.77
(2.46)

450 474 14.7 0323 383 0.41 50.2 0.93 0.44 0.72
(2.66)

Late 150 3.59 14.1 0255 373 056 56.0 0.92 030 0.69
(1.81)

250 332 14.4 0.230 378 051 542 0.90 027 0.64
(1.90)

450 3.12 14.8 0211 383 0.47 525 0.89 0.26 0.60
2.07)

flowering but it was responsible for major differences between
stand densities during grain filling; more water stress occurred
during the post-floral period with increasing plant density
under rainfed conditions.

In Toulouse, the lowest Es/T ratio (0.36) was observed for
the late cultivar with 450 plants/m2 while in Meknes the early
cultivar at high density (0.41) was the most efficient at reducing
the contribution of Es to total ET.

A simulation during the whole growing season for a specific
environment (Meknes, 1973) illustrated that total evaporation
was greater on early cultivars and low densities (because of
poor soil covering): 125 mm (early cultivar, 150 plants/mz) V8.
105 mm (late cultivar, 450 plants/mz). On the other hand, the
Es/T ratio was lower when considering only the winter months
for the early-growing genotype as compared with the late gen-
otype (Fig. 5).
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Figure 5. Contribution of soil evaporation to total ET for the winter
period (October—March) and total growing season in relation to crop
management (Meknes, 1973) 2 cultivars (Early, Late), 2 plant den-
sities (150, 450 plants/m ).

3.6. Increasing available water for grain filling through
crop rationing

Reducing crop demand in the vegetative period to save water
for anthesis and grain filling is a management goal often men-
tioned in water-limited environments.

Using the results observed in Toulouse (1972-2001) with a
late-maturing cultivar, we observed that it could be recom-
mended to increase the T post-anthesis / T growing season ratio
to 25% to maximize the harvest index and consequently grain
yield (Fig. 6). This could result from lower plant density, or a
favorable rainfall distribution pattern or rooting extraction pat-
tern [29].

We tested if decreasing Es/T by rapid canopy closure was
compatible or not with the objective of saving water for grain
filling instead of promoting high grain number. According to
Figure 7, these two objectives did not appear to be adverse. Situ-
ations where soil evaporation was significant relatively to plant
transpiration resulted in a greater water-stress index and alower
HI. However, distinct relations were obtained according to crop
rationing resultmg from plant density (150 vs. 450 plants/m ).
Although increasing plant density was more efficient at reduc-
ing Es/T, it increased the water-stress index during grain filling
under rainfed conditions (Tab. VIII).

3.7. Combining different strategies in a crop
management system: cultivar earliness,
plant density and supplemental irrigation

Evidence of interactions beween water availability, plant
density and duration of the growing season was demonstrated

y‘= -0.0006x° + 0.034x - 0.027
R? = 0.555
0 - T T T T )
0 10 20 30 40 50
T post-anthesis : T total (%)

Harvest Index
o
w

Figure 6. Relationship between harvest index and the fraction of
water transpired after anthesis: Toulouse, rainfed conditions, late-
maturing cultivar (1972-2001).
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Figure 7. Relation between ET: ETo (water satisfaction ratio) and Es:
T for 2 cultivars (early, late), 2 plant densities (150, 450 pl/m ) and
2 climates (Meknes, Toulouse) — rainfed conditions.

by the use of crop simulation. The exercise was applied only
to the Meknes conditions (Fig. 8a—c).

Where low densities and early genotypes were the optimal
scheme in rainfed systems, adverse effects were observed in
fully irrigated systems.

The reduction of Es/T was maximal for irrigated, high den-
sities and late genotypes while early genotypes were more effi-
cient in rainfed systems. This effect was nevertheless not
sufficient in itself to explain the yield variation: the ET/ETo
ratio illustrates the positive effect of crop rationing and escap-
ing strategies for water economy and yield stability in rainfed
systems. The reduction of LAl in early cultivars and low den-
sity was a way to decrease significantly the level of plant water
stress.

Under irrigated conditions, duration of the growing period
and light interception were the limiting factors: late genotypes
and high densities resulted in the highest yields.

4. DISCUSSION

4.1. Qualitative validation of the effects of crop
management on yield and water use
in water-limited environments

Although no direct comparisons were attempted with field
observations, this simulation exercise contributed to a qualita-
tive evaluation of the STICS model. The performance of the
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Figure 8. Effects of wheat phenology, plant density and irrigation on
(a) grain yield (GY), (b) Es: T ratio and (c) water satisfaction ratio
(ET: ETo) under semi-arid conditions (Meknes).

model in representing consistently interactions between water
availability (soil, rain and irrigation), crop phenology and the
plant water-use pattern was illustrated through the different
case studies.

Genotypic variation in growth duration is the most obvious
means of matching seasonal transpiration with the water supply
and thus maximizing water transpired [29]. For a range of
annual crops, simulation studies were often carried out to deter-
mine the optimal growth position and duration (cultivar phe-
nology or sowing date) considering the seasonal rainfall
distribution and amount [1, 19, 31, 32, 36, 37]. We confirmed
in this study that early anthesis gave higher yields and greater
stability than later anthesis when rain did not occur in May and
June (as in Meknes). As early flowering enabled a cultivar to
escape drought during the critical reproductive stages, the har-
vest index was then improved. In contrast, in Toulouse, an
early-maturing cultivar did not result each year in the highest
yield. In conditions of intermittent stress (ex. Toulouse), water
deficit can occur at any time and with varying intensities
between emergence and maturity, while in conditions of termi-
nal stress (ex. Meknes), where crops are grown on soil water
mainly stored during winter, a progressive and systematic soil
moisture depletion was observed in spring. Short season vari-
eties are beneficial when rainfall is reasonably predictable (as
in Meknes) but in unpredictable environments, potentially tran-
spirable water may be left in the soil at maturity in better years

and yield may be sacrificed. Several examples are given by
Ludlow and Muchow [29] where yields of early-maturing cul-
tivars were higher only when yields were reduced by at least
40% by low water supply. In Israel, Blum [6] demonstrated the
interaction between water availability and optimal growth
duration for wheat: under conditions of water deficit (GY <
3 tha™l), the correlation between yield and days to heading of
12 cultivars was negative while under well-watered conditions
(GY >6tha™'), late-flowering cultivars had a yield advantage;
under mild stress, mean yield was not related to growth dura-
tion. In contrast, later flowering may be beneficial where
drought occurs early in the growing season or where grain mat-
uration is delayed until after the return of rain (summer storms).
Depending on the rainfall pattern, early- or late-maturing wheat
genotypes succeeded differently, which was properly repre-
sented by the STICS model. In semi-arid conditions, shortening
the growing period is generally to be preferred (escaping strat-
egy) while in sub-humid and humid conditions, the reduction
of potential production is more detrimental than the risk of
severe yield limitation by water stress.

In Toulouse and Meknes, wheat was only slightly affected
by SWC at crop sowing. In the simulated environments, crops
sown in late fall (or winter) receive rainfall which is variable
but often sufficient to cover water needs until anthesis, with
fluctuations resulting from the degree of recharge during the
previous winter [22]. But for spring-sown crops, the initial soil
moisture may be more critical for grain yield (Fig. 4). In Aus-
tralia, for instance, the level of soil-stored water is a decision
indicator for the choice of fallow vs. sorghum planting [32]. In
Meknes, sorghum yield always increased with initial soil water
content but more drainage was observed when the initial profile
was at field capacity. Maximizing SWC at planting may some-
times be detrimental to yield. In the study of Aboudrare et al.
[2]in Meknes, where a range of SWC at sunflower planting was
compared, it appeared that if leaf area index at the early bud
stages and cumulative ET increased with SWC, grain yield and
water-use efficiency were not maximal for the highest SWC.
Sunflower did not succeed in using water sparingly throughout
the season: transpiration during grain filling was limited when
excessive LAI resulted from high initial water. Crop rationing
resulting from a moderate initial SWC was an objective for sun-
flower management on soil-stored water.

Under Mediterranean conditions, it is apparent that 30-60%
of the seasonal ET may be lost as evaporation from the soil sur-
face [27]. In our simulations, with varying locations, plant den-
sities and cultivars, the Es/ET ratio ranged from 19 to 43%
under rainfed management (17-38% for irrigated wheat).
Under the assumption of Qo = 0, the average value of soil evap-
oration was 110 mm without irrigation (Es/T =30%) ; with val-
ues up to Qo = 15, more Es occurred (225 mm) and the Es/T
ratio reached 50%. As this gives more significance to soil evap-
oration’s contribution to the water balance, we may expect ear-
lier and more severe water deficit when increasing Qo.
However, the general conclusions on the crop management
effects should not be seriously contested when changing the
evaporation contribution to seasonal ET.

Rapid canopy closure is a major management objective and
a factor of yield improvement in short growing environments
as is in the case in hot and dry conditions. Plant characteristics
such as early vigor and crop morphology, and management
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practices such as early sowing, increased fertilizer input, plant-
ing density and reduced row width, which increase early
growth, have been shown to decrease Es/T [17, 18, 20, 38]. In
rainfed conditions, it increases TE in periods of low water def-
icit and it decreases the ratio Es/T because of fast soil covering.
From the STICS simulations, it was concluded that early gen-
otypes, high plant density and initial water availability con-
curred in a reduction of the contribution of Es to ET, especially
during the first part of the season when wheat has low LAI and
the soil surface is frequently wetted by rainfall. TE is generally
reported as higher during periods of low vapor pressure deficit
(VPD) as in the cool winter months [18, 29]: both in irrigated
and rainfed wheat, early cultivars resulted in higher values of
TE except in Meknes (rainfed) where TE was higher for the late
cultivar.

Modifying the plant population can have large beneficial
effects on the reduction of Es/T. However, when water is short,
low plant populations are generally recommended and prac-
tised in order to maximize the available water per plant, in spite
of an increase in Es/T. For instance, Anderson [4] showed that
the optimal density for triticale varied from 80 to 190 plants/m2
for grain yields ranging from 2.1 to 6.9 t ha™! depending upon
the season’s rainfall. In situations with terminal drought, exces-
sive LAI and grain number could result in a risk of rapid soil
water depletion and a high water-stress level at the most sen-
sitive crop stages [24]. The STICS simulations clearly indicated
that increasing plant density decreased Es/T but an increased
water-stress index during grain filling with detrimental conse-
quences on the harvest index [26, 33].

Passioura [33] concluded that the grain yield of wheat grow-
ing on a fixed and limiting supply of water can be substantially
increased by forcing the plants to save water for post-anthesis
growth. In his experiment, HI increased with the fraction of
water transpired after anthesis. We confirmed this relation with
STICS in the climatic context of Toulouse (Fig. 6). However,
the ratio of water used before and after anthesis in each envi-
ronment relates to the severity of water stress in the post-anthe-
sis period and Loss and Siddique [27] reported values ranging
from 15 to 35% for different regions of Australia.

4.2. Limitations of the simulation exercise

Many simplifications and rough assumptions were accepted
in this study both on biological and decisional points of view.
Simulated yields were probably overestimated (especially with
irrigation). Increasing water, nitrogen and plant density in the
wheat crop often increase the risks of disease attacks and plant
lodging, which are only partly controlled with chemicals and
which were ignored by the model. The effect of early drought
on crop emergence and establishment was incompletely
described by STICS. If the delay in emergence date was simulated,
seedling losses and uneven emergence were not considered. In
addition, in dry seedbeds, successive flushes of seedlings are
observed in relation to seed placement and rainfall events. The
way the model simulates a reduction of plant density is an over-
simplification of the emergence process. As in other simulations
studies [39], low plant densities appeared as good technical
alternatives, although they are probably risky for the farmer in
those regions where rainfall is low and erratic. Increasing seed

density is a strategy to secure a minimum seedling number
while reaching full ground cover earlier in the season.

High yields were observed for long growing seasons and
warm environments, as in Meknes. This should be attributed
to the exponential increase in the rate of mineralization from
the humus with soil temperature combined with optimal water
regime in the 0-35 cm of soil. Frequent re-watering of the shal-
low layers occurred in Meknes conditions when the automatic
irrigation procedure was triggered. More generally, the amount
of N mineralization should be evaluated under hot conditions
and frequent watering of the mineralization layer.

In this scenario analysis, the 3 environments differed only
by climatic conditions (radiation, temperature and precipita-
tion: amount and distribution). The initial values of water and
nitrogen in the soil did not change from one year to the next:
the effect of the cropping system was ignored although impor-
tant variations are expected in soil water recharge under rainfed
conditions as related to previous crops and actual climatic
sequences [3, 22]. Aboudrare et al. [1] simulated wheat-sunflower
to account for the variation in initial soil water for sunflower.
In the same way, it is well known that the initial nitrogen profile
and total available mineral nitrogen may change significantly
with the nature and the management of the previous crop.

This simulation exercise was a simplification of the way
technical operations are decided by a farmer. Here, we used fixed
values of the sowing date and dates of N fertilization whatever
the weather conditions. In water-limited areas, the sowing date
depends strictly on fall rainfall. Fertilizer is often buried at sow-
ing to limit the risk of inefficacy of nitrogen top dressings. In
spring, the nitrogen amount and timing are governed by rainfall
and temperature. A simple decision rule was used to trigger
automatic irrigation in relation to the plant water-stress index,
which is not an indicator accessible to the farmer. Bergez et al.
[5] developed a model where irrigation scheduling was based
on the activation of decision rules (if [value of indicator]... then
[action]) in order to realistically represent the decision process
of the farmer. Very few models have included a rule-based
management module. It is now a challenge for modelers to rep-
resent the indicators used by the farmers to decide on applica-
tions in order to produce sound and transferable decision rules
for any given water limitation scenario.

Important aspects of crop management acting on crop water
use and WUE were not evaluated in this study [17, 18]. Appli-
cations of N fertilizer, improved soil tillage and better weed
control may increase water transpired as well. Application of
mulches could reduce evaporation from the soil surface. Fur-
ther studies with STICS could evaluate the impacts of N ferti-
lization and mulching on water balance as the effects of these
techniques are already included in the model.

Scope for improving TE is limited although genotypic dif-
ferences exist. Current crop models need to be improved to rep-
resent explicitly genotypic differences with some realism [7,
41]. From now on, several cultivar traits which may improve
GY in water-limited environments [29, 41] could be evaluated
with the STICS model (e.g. rooting depth and density, early
vigor, assimilate remobilization, threshold for stomatal closure,
etc.) in order to identify ideotypes for specific soil-weather-
management conditions.
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5. CONCLUSIONS

The year-to-year variation in total rainfall and its monthly
distribution characterizing low rainfall areas generate a wide
diversity of scenarios which justified the use of a model instead
of experimental determination. This study proved the ability of
the STICS model to represent realistically complex interactions
between soil, plant, weather and management. The simulation
exercise, carried out with the WinStics software, emphasized
the need of user-friendly simulation environments as soon as
the exploration of wide ranges of soil, weather and management
options are required. This is actually a condition to disseminate
crop simulation models among agricultural advisers and man-
agers of natural resources.
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