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Abstract: The main goal of this investigation was to evaluate the potential of the WOFOST model
for estimating leaf area index (LAI), actual evapotranspiration (ETa), soil moisture content (SM),
above-ground biomass levels (TAGP) and grain yield (TWSO) of winter wheat in the semi-arid region
of Tensift Al Haouz, Marrakech (central Morocco). An application for the estimation of the Yield Gap
is also provided. The model was firstly calibrated based on three fields data during the 2002–2003 and
2003–2004 growing seasons, by using the WOFOST implementation in the Python Crop simulation
Environment (PCSE) to optimize the different parameters that provide the minimum difference
between the measured and simulated LAI, TAGP, TWSO, SM and ETa. Then, the model validation
was performed based on the data from five other wheat fields. The results obtained showed a
good performance of the WOFOST model for the estimation of LAI during both growing seasons
on all validation fields. The average R2, RSME and NRMSE were 91.4%, 0.57 m2/m2, and 41.4%,
respectively. The simulated ETa dynamics also showed a good agreement with the observations by
eddy covariance systems. Values of 60% and 72% for R2, 0.8 mm and 0.7 mm for RMSE, 54% and 31%
for NRMSE are found for the two validation fields, respectively. The model’s ability to predict soil
moisture content was also found to be satisfactory; the two validation fields gave R2 values equal
to 48% and 49%, RMSE values equal to 0.03 cm3/cm3 and 0.05 cm3/cm3, NRMSE values equal to
11% and 19%. The calibrated model had a medium performance with respect to the simulation of
TWSO (R2 = 42%, RSME = 512 kg/ha, NRMSE = 19%) and TAGP (R2 = 34% and RSME = 936 kg/ha,
NRMSE = 16%). After accurate calibration and validation of the WOFOST model, it was used for
analyzing the gap yield since this model is able to estimate the potential yield. The WOFOST model
allowed a good simulation of the potential yield (7.75 t/ha) which is close to the optimum value of
6.270 t/ha in the region. Yield gap analysis reveals a difference of 5.35 t/ha on average between the
observed yields and the potential yields calculated by WOFOST. Such difference is ascribable to many
factors such as the crop cycle management, agricultural practices such as water and fertilization
supply levels, etc. The various simulations (irrigation scenarios) showed that early sowing is more
adequate than late sowing in saving water and obtaining adequate grain yield. Based on various
simulations, it has been shown that the early sowing (mid to late December) is more adequate than
late sowing with a total amount of water supply of about 430 mm and 322 kg (140 kg of N, 80 kg of P
and 102 kg of K) of fertilization to achieve the potential yield. Consequently, the WOFOST model can
be considered as a suitable tool for quantitative monitoring of winter wheat growth in the arid and
semi-arid regions.
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1. Introduction

Agricultural systems are in constant evolution all over the world. This is due to the
consequences of globalization, human actions on the environment and climate, changes
in market expectations, new agrotechnology, etc. [1]. While plants naturally try to adapt
to all these changes, humans also try to help them by adapting agricultural practices to
new conditions. Thus, scientists have directed significant efforts to assess plant adaptation
through the development of models that predict crop. In this regard, several crop growth
models have been developed and have progressed significantly since 1980 [2,3].

Crop models are computer programs that simulate the actual behavior of crops, their
growth and development. In addition to predicting final yield, they also provide quantita-
tive information about major crop cycle processes [4]. Traditionally, field experiments have
provided insight into many of the plant production functions through statistical analyses.
However, they do not take into account the underlying biological or physical principles
involved. A qualitative understanding of the variables and their interaction in cropping
systems has, therefore, been made possible through regression and correlation analyses [4].

However, the quantitative information inferred can only be applicable in similar areas.
In addition, climate variability requires a 10-year period to develop a fairly robust statistical
relationship. More than 40% of total variation is generally associated with experimental
errors [5]. Currently, thanks to technological progress and the birth of powerful and
intelligent machines, we are able to move from the qualitative to the quantitative. Thus, soil,
climate and plant systems can be combined to more accurately predict crop yields [6]. In a
consistent quantitative approach, crop growth models bring together current knowledge
from several fields (plant physiology, agrometeorology, agronomy and soil science).

The WOFOST model that is originally developed by Wageningen University in the
Netherlands has had at least 10 different implementations of the same concept [7]. It is
a dynamic and mechanistic system that simulates daily crop growth based on agro- and
pedoclimatic data. It has been used extensively, notably in the MARS crop yield forecasting
system in Europe but also in many other locations and for quite varied purposes. For
example, in China, it has been used to simulate and predict the yield of perennial jujube.
The incorporation of tree age has significantly improved the performance of the model [8].
Its performance has also been successfully tested to analyze the effect of yield variability
between cropping seasons, on different soil types and in the context of climate change [9–11].
Over the years, some research progresses have contributed to the improvement of the
WOFOST model. In Italy, a study led to the establishment of the WOFOST-GTC model
which is a model derived from WOFOST. They reduced the complexity of WOFOST by
reducing the number of parameters from 97 to 35. Despite this reduction, WOFOST-GTC
was found to be accurate. The derived model was used for a good simulation of the
oil content and composition of COLZA seed [12]. In 2019, WOFOST was also used to
simulate multi-species plant communities in mowed grasslands. It was combined with the
CropSyst and CoSMO model to reduce biases in the estimation of harvested aboveground
biomass and to have a dynamic simulation of the relative presence of species [13]. In
China, in order to effectively assess heavy metal stress levels in rice, a study developed
an improved assimilation method to incorporate the remotely detected LAI by a PSO
assimilation algorithm. The improved WOFOST model was able to continuously monitor
heavy metal stress levels [14].

In Morocco, WOFOST and many other models applicable in semi-arid to arid areas
have been used. The use of a yield prediction system really started in 2000 thanks to
the “Drought Program” launched by the World Bank and the Moroccan government.
The objective was to identify farmers who were members of the insurance scheme and
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eligible for compensation. Therefore, long data sets were needed, yet their availability
was still a major constraint at the time [15]. Since then, with a concomitant effort by
national institutions, the Crop Growth Monitoring System (CGMS) model for Morocco
has been developed. The forecasts made by this model use meteorological, satellite and
statistical data and are based on two methods: similarity analysis and multiple regression
equation models [16]. In addition, the effect of climate stress is felt more in recent years
on Moroccan agriculture, especially on its cereal sector. Thus, in order to address the
problem of water availability, yield decline, probable food insecurity at the national level
and to reduce the yield gap, many crops growth models have been tested, calibrated
and validated. Their application has proven useful and beneficial. For example, a study
evaluated the AquaCrop model for yield prediction of soft wheat in Meknes province. It
compared the performance of this model with the CGMS-Morocco and concluded that the
latter was less accurate than the AquaCrop model. Also, Séverine Demerre successfully
evaluated the AquaCrop model for soft wheat yield prediction in Meknes province. She
compared the effectiveness of this model with CGMS-Morocco and concluded the latter
was less accurate than the AquaCrop [16]. Similarly, Aquacrop was found to be quite
efficient for estimating evapotranspiration, soil moisture, grain yield of durum wheat in
Tensift AL Haouz region [17]. An application for irrigation water management was well
deduced and the discrepancy between potential and observed yields in the region was also
highlighted [17]. On the other hand, a study in the semi-arid region of Morocco opted for a
multi-model approach (WOFOST and CropSyst) and were able to improve the estimation
of yield for different wheat varieties. However, in their calibration approach they did not
take into account the temporal evolution of leaf area, nor that of soil moisture, even less
evapotranspiration [18].

The use of crop models has been clearly helpful in reducing field investigation time,
sampling losses, improving field performance and reducing yield gaps. Moreover, they are
increasingly used in the fight against food insecurity.

The yield gap is the difference between the yield allowed by soil and climate conditions
without any biotic or abiotic limitations and the actual yield achieved by farmers [19].
Wheat, whether rainfed or irrigated, is one of the crops with a still very high yield gap to
date; a gap of about 50% on average is estimated between global production and water-
limited potential production [20]. This gap can vary significantly from one locality to
another. In the Mediterranean, for example, a gap of 41% and 29% is recorded in Morocco
for rainfed and irrigated wheat, respectively [21], while in Spain a gap of 49% to 66%
is observed for rainfed wheat [22]. In addition, yield gap analysis and the importance
of finding the main reasons that limit actual yields has been widely studied around the
world [21,23–25] and increasingly in Africa [26]. Many agronomic causes are often behind
these deficits [27], and they can be lack of nitrogen fertilizer [25,27,28], limited number
of spikes per hectare [29], inappropriate sowing date [25,28], soil fertility level [25], biotic
stresses [30], water stress [22], low seeding rate, summer fallow, and tillage [31], etc.
Other research has incorporated the concept of gross margin gap to demonstrate the value
of achieving potential yield [21]. Simple and less expensive methods have also been
introduced to help developing countries analyze and reduce their yield gap [32]. The
WOFOST model used successfully in Europe to analyze the yield gap in autumn-sown
wheat [33]. Concerning the evaluation of the yield gap by the WOFOST model in Morocco,
only the World Atlas of Yield Gaps project provides an overview [20]. In this work, we
provide new assessments of the strengths and limitations of this model in the analysis
of the yield gap of wheat in the semi-arid area of Marrakech by taking fully advantage
of large amount of ground truth to assess the performance the different components of
the models.

In this same vein, the objective of this work is first to calibrate the WOFOST model
over flooding irrigation wheat fields using ground observations obtained over three fields
(F1, F2, F3), and to validate it over five different other wheat fields (F4 to F8). The targeted
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variables were soil moisture (SM), evapotranspiration (ETa), leaf area index (LAI), total
biomass (TAGP), and grain yield (TWSO).

2. Materials and Methods
2.1. Description of Study Area

The experimental site is located in central Morocco, in the R3 irrigated area located
about 40 km east of the city of Marrakech (Figure 1). The climate in this area is semi-arid
Mediterranean with a very high atmospheric demand of about 1600 mm/year [34,35].
While the annual precipitation level, generally recorded between November and the end of
April, is in the range 190 to 250 mm/year [34–36].
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Since 1999, the Office Régional de Mise en Valeur Agricole du Haouz (ORMVAH) has
been managing this almost flat area covering 2800 ha. The colluvial materials of the High
Atlas range have served to develop the deep soil of this area, which is of the xerosol type.
The texture is fine, clay to silty-clay (47% clay, 33% silt and 20% sand) [34]. The soil being
homogeneous, its hydraulic characteristics are almost identical throughout the site. Values
of 0.32, 0.17 and 0.45 m3/m3 are noted for field capacity (SMFCF), permanent wilting point
(SMW), saturation point (SM0), respectively. The default value of hydraulic conductivity
(K0) for clayey loam soils was used (100 mm/day). No influence of the groundwater was
taken into account, the water table being at a depth of more than 50 m due to an intense
overexploitation. An annual decrease of about 0.5 to 1.5 m is noted [37].

Given the rather difficult soil and climate conditions of the R3 zone, the main crop
grown is Karim durum wheat as it is more suitable for the region.
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2.2. Field Description

Eight fields were used in this experiment. Figure 1 shows the spatial distribution
of these fields in the R3 zone. In the case of the latter, two of the fields (F1 and F4) were
cultivated during the 2002/2003 crop season, while the rest (F2, F3, F5, F6, F7 and F8) were
cultivated during the 2003/2004 crop seasons. They were all sown with the variety Karim
at different sowing dates, except for fields F5 and F2, which were sown on the same day,
i.e., 21 November 2004 (Table 1).

Table 1. Sowing date, sowing rate, plant density and amount of fertilizer.

Calibration Field Validation Field

F1 F2 F3 F4 F5 F6 F7 F8

Sowing date
11-

January-
03

21-
November-

03

20-
December-

03

17-
December-

02

21-
November-

03

15-
December-

03

19-
December-

03

24-
December-

03
Seeding rate

(kg/ha) 100 100 100 150 150 150 100 140

Plant density
(plants/m2) 225 225 225 337.3 337.3 337.3 225 315

Fertilization
(kg) NPK
(14-28-14)

100 - a - - 50 - 100 50

a Means no fertilization was applied.

They did not require any vernalization and were harvested at the end of May. The
pre-tillage was identical for all fields. Their water requirement was provided by gravity
irrigation when available. In 2002/2003, each irrigation event consisted of 30 mm per field.
In 2003/2004, this rate was 60 mm per field. Nutrient inputs were relatively low for fields
F5 and F8, which received 50 kg/ha of NPK fertilizer (14-28-14), while fields F1 and F7
received 100 kg/ha of the same fertilizer. For the remaining fields (F4, F2, F6 and F3), no
fertilization was applied. The recommendations for the region in terms of nutrient supply
for the wheat crop are 225 kg/ha of NPK for non-limiting soil fertility. With respect to this
value, no field was free of nutrient stress. This is because fertilization was dependent on
the economic capacity of the farmer. All the details concerning the technical itinerary of
these fields are recorded in Tables 1 and 2.

Table 2. Irrigation events.

Calibration Field Validation Field

F1 * F2 F3 F4 * F5 F6 F7 F8

1st irrigation 01-February-
03

16-January-
04

16-January-
04

28-January-
03

20-January-
04

20-January-
04

18-January-
04

26-January-
04

2nd
irrigation

21-February-
03

17-February-
04

16-February-
04

22-February-
03

23-February-
04

15-February-
04

24-February-
04

21-February-
04

3rd irrigation 14-March-03 28-March-04 26-March-04 10-April-03 01-April-04 17-March-04 21-April-04 27-March-04
4th irrigation 24-March-03
5th irrigation 07-April-03
6th irrigation 24-April-03

* Fields were periodically irrigated by applying 30 mm in each irrigation event. The remaining fields were irrigated with 60 mm during
each irrigation event.

2.3. Description of the Data

Conventional automatic sensors were mounted on a tower installed on a well-watered
clipped grass. These sensors located very close to the fields of interest recorded incoming
solar radiation (CNR1, Kipp & Zonen, Delft, The Netherlands), air temperature and vapor
pressure (HMP45C, Vaisala, Helsinki, Finland), wind speed (A100R anemometer, RM
Young Company, Traverse City, MI, USA) and precipitation (FSS500 automatic bucket
rain gauge, Campbell Inc., Logan, UT, USA) The daily reference evapotranspiration ETo
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(mm/day) was obtained according to the FAO-56 Penman–Monteith equation [38], by
calculating the daily mean values of the climatic data. A detailed analysis of the temporal
profile of ETo during the experimental period is provided by Er-Raki et al. [35,39].

For the measurement of actual evapotranspiration (ETa), an Eddy Co-variance (EC)
system was installed on each field (F1 & F4) during the 2002/2003 season. The ETa data are
thus acquired using high frequency measurements of three-dimensional (3D) fluctuations
of air speed, temperature and water vapour. The EC system consists of an open path
infrared gas analyzer (Li7500, Licor Inc., Lincoln, NE, USA) or a fast hygrometer (KH2O,
Campbell Scientific Inc., Logan, UT, USA) and a 3D sonic anemometer (CSAT3, Campbell
Scientific Ltd. Logan, UT, USA). More detailed descriptions of the EC measurements and
data processing are given in [34].

A split tube sampler was used to collect several soil samples at different depths:
(5-10-20-30-50 cm). The water contents for these different depths were deduced from the
difference between the fresh weight and the dry weight (dried in an oven at 105 ◦C for
about 72 h) of each sample. This was used to monitor soil moisture content during the
2002–2003 crop year (F4). A TDR (time-domain reflectometry) was also used. It was placed
in field F1 (during 2002–2003) and in field F7 (during 2003–2004). It was used to record soil
water content at a 30 min time step at depths of 5-10-20-30-45 cm. The initial soil moisture
content was set at 0.245 cm3/cm3 because soil moisture was not measured at the beginning
of the crop year. This value, which is equal to half of the total available water, was chosen
because farmers in the area plant wheat after a major rain event, when soil moisture has
become conducive to tillage and germination.

Canopy cover (CC) data are obtained using photographs of the hemispheric canopy
using a Nikon Coolpix 950 camera with a FC-E8 fisheye lens converter, field of view 183◦.
We refer to the work of [34,40,41] for more details on this technique and the software
processing used to derive CC. Leaf area index (LAI) values were then calculated using the
following formula [14]:

LAI =
1
K

Log
(

1
1 − CC

)
(1)

where K is the light extinction coefficient. For a random direction of the radiation and for a
homogeneous distribution of the plant cover, a value of K = 0.5 is widely used.

The final grain yield of all fields is measured towards the end of May. The protocol
adopted to make these final yield measurements is as follows: five quadrats (0.25 m2,
i.e., 0.5 m × 0.5 m) were randomly selected in each field, and used to sample plants for
grain yield (TWSO) and total biomass (TAGP) measurements.

In the second crop year (2003–2004), measurements similar to those described above
were made on one field (F7). For the remaining fields (F4, F5, F6, F8), only CC, TWSO and
TAGP measurements were taken.

In addition to the measurements listed above, observations were conducted to record
phenological times: Emergence (coleoptile breaks through the soil surface), Time from
sowing to maximum CC, Time from sowing to the beginning of senescence, and Maturity
dates (caryopsis is hard and difficult to cut in half with the fingernail) were observed in
order to calibrate the phenological parameters and to validate the simulated performance
for the phenological development time. Flowering (appearance of anthers) itself was not
observed, it was deduced approximately using the above observations.

These phenological observations were only made on calibration field F1. On the other
two calibration fields (F2 and F3), these phenological times were called manually.

2.4. Crop Growth Model

The WOFOST (WOrld FOod STudies) crop model is a dynamic and mechanistic model
that allows the quantitative analysis of the daily production and growth of annual field
crops. Its physical principle is based on the main basic physiological processes of the crop:
CO2 assimilation, light interception, growth and maintenance respiration, phenological



Agronomy 2021, 11, 2480 7 of 23

development, transpiration losses, and assimilate distribution in different organs. Specific
descriptions and mathematical details can be referenced to existing studies [7,42].

WOFOST also takes into account the effects of weather and soil conditions through
the soil, climate and ASTRO modules. The assimilation of carbohydrates which constitute
the backbone of the plant is simulated through the ASTRO and climate modules. These
modules also allow WOFOST to determine the intensity of light intercepted by the plant
for its photosynthesis. These assimilations are strongly influenced by solar radiation,
temperature variation, precipitation level and crop characteristics during a day. WOFOST
applies the ratio of actual transpiration to potential transpiration of the crop as a factor
in reducing the gross assimilation rate. A portion of the assimilates formed is used for
maintenance respiration and growth respiration. Maintenance respiration is the energy
expended to maintain plant organ respiration while growth respiration is the net loss of
carbohydrates due to the conversion of carbohydrate to structural plant material, such
as cellulose and protein (dry matter). Maintenance respiration is estimated on the basis
of the dry weight of individual organs and their chemical composition, modified by
ambient temperature.

The remaining net assimilate quantity is distributed among the organs (roots, stems,
leaves and storage organs) according to the phenological development stage taken into
account by the DVS (Development Stage) parameter. For example, from DVS equal to 1
(flowering), all the assimilates are directed to the storage organs.

The Soil module allows to follow the soil moisture content and to draw up the daily
water balance. In WOFOST, four soil water balance sub-models are distinguished according
to the implementation. For more details, the reader can refer to [42].

WOFOST allows for the separate calculation of soil evaporation and plant transpira-
tion to simulate the actual evapotranspiration (ETa). ETa is deduced from the potential
evapotranspiration (ETP) which is itself calculated by referring to the Penman–Monteith
formula. Since the potential evapotranspiration of some crops may be higher than that
calculated by the Penman–Monteith formula, WOFOST multiplies the Penman evapo-
transpiration by a crop-dependent correction factor called CFET to obtain the maximum
evapotranspiration ETm [43]. Then, ETa is obtained by correcting ETm by water stress
factors caused by either waterlogging (Ros factor) or depletion (Rws factor).

2.5. Calibration

As is known, the sensitivity analysis is needed before the model calibration, which can
identify the most sensitive crop parameters. However, in this work, we strictly followed
the guideline given by Boogaard and Allard [43] when they provided detailed procedures
for calibrating the different parameters of the WOFOST model as well as the data needed
to achieve a good calibration.

Therefore, the WOFOST model was calibrated on fields F1, F2 and F3, then validated
on fields F4 to F8. The calibration and validation were done on a mixture of fields from
two seasons to cover different conditions. That is to say, of the two fields cultivated during
the 2002–2003 season, one was placed among the group of calibration fields (it is the field
F1) and the other among the validation fields (it is the field F4). Additionally, of the five
fields grown in the 2003–2004 season, two were in the calibration group (F2 and F3), and
the rest were in the validation group (F5, to F8).

The WOFOST model has two types of parameters, tabular parameters and scalar
parameters. The first type is those that change their value according to the growth stage of
the plant, the second type keep an identical value during the whole crop cycle, Table 3 [7].

However, all these parameters are listed in four types of files that constitute the inputs
of the model: crop file, climate file, soil information file and crop management file. In
general, in the literature, the climatic parameters are provided by the weather stations of the
study area. The soil parameters were identical on all 8 fields because of the homogeneity
of the soil. The crop management parameters do not require calibration because they
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are entered directly by the user. Thus, only the crop parameters were considered in the
calibration process for the water-limited growth simulation.

Table 3. Different processes described in WOFOST and the number of associated parameters [7].

Process Scalar Tabular Total

Phenological development 13 2 15
Leaf growth, senescence and assimilation 9 3 12

Root formation 4 2 6
Respiration 5 1 6

Transpiration 5 0 5
Storage organ formation 2 1 3

Stem formation 2 2 4

First, the length of the growing period (between wheat emergence and the date of
maturity or harvest) and the different phenological stages were calibrated based on the
sums of the cumulative effective temperatures [43]. WOFOST simulates emergence using
the parameters TBASEM (lower temperature threshold for emergence), TSUMEM (sum of
temperatures from sowing to emergence) and TEFFMX (maximum effective temperature
for emergence). For the Karim wheat variety grown in the Moroccan climate, the values of 5
and 33 ◦C are more suitable for TBASEM and TEFFMX, respectively. In our study, however,
the value of TEFFMX was reduced to 32 ◦C because this is the maximum limit considered
by WOFOST. The TSUMEM were different between the three calibration fields since they
have different sowing dates. The sum of the temperatures from emergence to flowering
(TSUM1), from flowering to maturity (TSUM2), was calibrated using the phenological
observations (mainly LAI) described in Section 2.3.

As phenology and length of growth period are closely dependent on temperature, the
parameter DTSMTB (daily temperature sum increase) was then calibrated based on the
calculated mean effective temperature.

In a second step, the CO2 assimilation parameters were calibrated. The diffuse visible
light extinction coefficient (KDIFTB) was set to 0.50 throughout the plant cycle, and the
single leaf light use efficiency (EFFTB) was set to 0.45 [17]. The maximum CO2 assimilation
rate (AMAXTB) was corrected using observations of total biomass and grain yield and LAI.
The assimilation rate reduction factor as a function of mean temperature (TMPFTB) and as
a function of minimum temperature (TMNFTB) were left at their default values.

In the third step, the initial and canopy parameters were adapted. The parameters
TDWI (initial total dry weight) and SPAN (leaf life at 35 ◦C) were not observed in the field,
so they were optimized using LAI observations and the SUBPLEX optimization algorithm
implemented in the NLOPT optimization library. The use of this algorithm is generally
well adapted to the optimization of noisy functions of high dimension. In our case, it
minimizes the absolute difference between the measured values and those estimated by
WOFOST. The leaf area index at emergence (LAIEM) and the maximum relative increase in
LAI (RGRLAI) kept their default values for the winter wheat crop. On the other hand, the
specific leaf area according to the development stage (SLATB) was calibrated on the basis
of the measured values of LAI and TAGP.

In a fourth step, we adjusted the assimilate conversion efficiencies in different organs
(root: CVR, stem: CVS, leaves: CVL and finally storage: CVO), the dry matter distribution
parameters in these different organs (root: FRTB, stem: FSTB, leaves: FLTB and storage
organs: FOTB) and their different conversion rates (root: RMR, stem: RMS, leaves: RML
and storage organs: RMO) through field observations on total biomass, grain yield and LAI.
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Finally, the parameters related to water use were calibrated using soil moisture and
evapotranspiration data collected in the field. Thus, CFET (correction factor for respiration
rate), and DEPNR (correction factor for water stress sensitivity) were adjusted, see Table 4.
Initial rooting depth (IRD) and maximum rooting depth (MRD) were recorded in the field
and their respective values were 10 and 55 cm. The maximum daily rooting increase (MRI)
kept its default value (1.2 cm/day). Table 4 summarizing the values of the main calibrated
crop parameters with their acceptable range [44] can be found here.

Table 4. Main soil parameters for the R3 zone.

Parameters Units Values

SMW (soil moisture content at wilting point) (cm3/cm3) 0.170
SMFCF (soil moisture content at field capacity) (cm3/cm3) 0.320

SM0 (soil moisture content at saturation) (cm3/cm3) 0.450
K0 (hydraulic conductivity of saturated soil) (cm day−1) 10
SOPE (maximum percolation rate root zone) (cm day−1) 10
KSUB (maximum percolation rate subsoil) (cm day−1) 10
RDMSOL (rooting depth allowed by soil) (cm) 100

Concerning the soil parameters, their values were identical for all fields (Table 4) as
the soil is homogenous over the whole study area [34,35].

The parameters SOPE, KSUB and RDMSOL also depend on the soil type. The
values considered here are the default values for fine textured soils provided in the
WOFOST database.

2.6. Model of Evaluation

In order to evaluate the performance of WOFOST in predicting total biomass, grain
yield level, leaf area index, daily soil moisture change and evapotranspiration of Karim
wheat crop in TENSIFT region, we selected the following statistical parameters:

R2 = 1 − ∑n
i=1(yi − ỹi )

2

∑n
i=1(yi − yi )

2 (2)

RMSE =

√
∑n

i=1(yi − ỹi )
2

n
(3)

NRMSE =

√
∑n

i=1(yi−ỹi )
2

n
yi

× 100 (4)

where yi represents the measured value, ỹi represents the simulated value, yi is the average
value of the measured values, and n is the number of samples.

The coefficient of determination (R2) provides an indication of the quality of the linear
regression between the field observations and the model estimates. It varies between 0 and
1; the better the quality of the model, the closer R2 will be to 1. The root mean square error
(RMSE) indicates the average distance between the values predicted by the model and the
measured values. The closer RMSE is to 0, the closer the simulations are to the observations.
NRMSE expresses the quality of the model accuracy. NRMSE ≤ 10% indicates extremely
high precision, 10% < NRMSE ≤ 20% indicates high precision, 20% < NRMSE ≤ 30%
indicates medium precision, and NRMSE > 30% indicates low precision.

3. Results and Analysis

In this section, the results of the calibration and the validation of the WOFOST model
by exploiting the data collected during two successive cropping seasons (2002/2003 and
2003/2004) are presented. The calibration and validation fields were selected to cover the
different conditions observed during the two growing seasons (2002/2003 and 2003/2004).
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The calibration of the WOFOST model was carried out using data collected on fields F1
(2002–2003), F2 and F3 grown in 2003–2004. We then assessed the performance of the model
on five fields, one cultivated in 2002–2003 (field F4), and the others cultivated in 2003–2004
(fields F5 to F8).

3.1. Model of Calibration
3.1.1. Performance of the Calibration in the Estimation of LAI, TAGP and TWSO

The temporal evolution of the leaf area of a crop strongly influences the production
of the total above-ground biomass and thus the expected yield level. Thus, a prediction
as accurate as possible of the LAI parameter by the model will also lead to a fairly good
simulation of the TAGP and TWSO parameters. We have calibrated WOFOST to optimize
its prediction of these parameters (Figure 2). The statistical evaluation of this calibration
shows that WOFOST has been well calibrated. Average R2 values equal to 97.3%, 99% and
99% were found for LAI, TAGP and TWSO, respectively. A very small deviation was also
observed between the estimated and measured values (RMSE of 0.20 m2/m2, 513 kg/ha
and 60 kg/ha for LAI, TAGP and TWSO, respectively). All NRMSE values were below
20%, showing a high accuracy of the model when calibrating LAI, TWSO and TAGP.
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3.1.2. Performance of the Calibration in the Estimation of SM and ETa

The amount of water available in the soil for the plant and soil to satisfy the atmo-
spheric demand by evapotranspiration is also crucial in the simulation done by a crop
model. The time series of SM and ETa based on the soil parameters of R3 zone and the crop
parameters calibrated on field F1 are expressed in Figure 3. It is concluded that WOFOST
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was well calibrated with respect to SM and ETa, the R2 were 76% and 83%, respectively, for
SM and Eta and the RMSE were 0.05 cm3/cm3 and 0.7 mm, respectively, for SM and Eta.
Medium model precision was found in the Eta calibration (NRMSE = 21%) while the SM
calibration showed high precision (NRMSE = 19%).

Agronomy 2021, 11, x FOR PEER REVIEW 11 of 24 
 

 

SM and Eta. Medium model precision was found in the Eta calibration (NRMSE = 21%) 
while the SM calibration showed high precision (NRMSE = 19%). 

The analysis of Figure 3a shows a systematic underestimation of evapotranspiration 
by WOFOST. This is due to the fact that the correction factor for potential evapotranspi-
ration (CFET) used by the model is low. It is generally equal to 1. However, for semi-arid 
to arid areas, it is advised to use the value of 1.2 (maximum limit allowed by WOFOST). 
This is the value that was used in our simulation, but it must be noted that it is still low 
given the high atmospheric demand in the Tensift region. 

The simulations as well as the measurements of SM respond well to water supply 
(irrigation and rainfall). The WOFOST model tends to overestimate the estimate of soil 
moisture at the beginning of the simulation, as can be seen in Figure 3b and even during 
the validation on fields F4 and F7. 

We often find under- and over-estimation in the prediction made by WOFOST. It 
should be noted that WOFOST does not handle the calculation of the water balance in the 
soil. This task is reserved to the different soil models implemented in WOFOST [44]. The 
link between WOFOST and these soil water balance models is that WOFOST provides the 
crop rooting depth and transpiration rate to the soil model, while the soil model provides 
the soil moisture content (or matrix suction) to WOFOST. Therefore, the soil model estab-
lishes the water balance based on these two pieces of information provided by WOFOST. 
That is, if WOFOST underestimates evapotranspiration, the water balance calculation will 
automatically be overestimated and vice versa. This would explain the trend observed in 
Figure 3b. 

Figure 3. Simulated versus Measured ETa (a) and SM (b) based on calibrated soil and crop param-
eters in Field F1. 

3.2. Validation of Model 

(a) 

(b) 

Figure 3. Simulated versus Measured ETa (a) and SM (b) based on calibrated soil and crop parameters in Field F1.

The analysis of Figure 3a shows a systematic underestimation of evapotranspiration by
WOFOST. This is due to the fact that the correction factor for potential evapotranspiration
(CFET) used by the model is low. It is generally equal to 1. However, for semi-arid to arid
areas, it is advised to use the value of 1.2 (maximum limit allowed by WOFOST). This is
the value that was used in our simulation, but it must be noted that it is still low given the
high atmospheric demand in the Tensift region.

The simulations as well as the measurements of SM respond well to water supply
(irrigation and rainfall). The WOFOST model tends to overestimate the estimate of soil
moisture at the beginning of the simulation, as can be seen in Figure 3b and even during
the validation on fields F4 and F7.
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We often find under- and over-estimation in the prediction made by WOFOST. It
should be noted that WOFOST does not handle the calculation of the water balance in
the soil. This task is reserved to the different soil models implemented in WOFOST [44].
The link between WOFOST and these soil water balance models is that WOFOST provides
the crop rooting depth and transpiration rate to the soil model, while the soil model
provides the soil moisture content (or matrix suction) to WOFOST. Therefore, the soil
model establishes the water balance based on these two pieces of information provided
by WOFOST. That is, if WOFOST underestimates evapotranspiration, the water balance
calculation will automatically be overestimated and vice versa. This would explain the
trend observed in Figure 3b.

3.2. Validation of Model

After the calibration of the WOFOST model, model validation was performed using
the dataset collected over five other wheat fields: F4 (grown during 2002/2003 season),
and fields F5 to F8 (grown during 2003/2004 season). Thus, the performance of WOFOST
in predicting TAGP, TWSO, LAI, SM and Eta is discussed in this section.

3.2.1. Performance of the Validation in the Estimation of LAI, TAGP and TWSO

The dynamics of LAI growth simulated by the model on the validation fields showed
good agreement with the values measured in the field, as the average and minimum R2

were 91.4% and 79%, respectively (Figure 4). This figure shows this comparison on all the
validation fields in relation to the temporal evolution of the simulated versus observed
LAI. This figure also shows a mean and maximum RMSE of 0.57 m2/m2 and 0.66 m2/m2,
respectively. The NRMSE values show medium accuracy on fields F4 (NRMSE = 27%)
and F5 (NRMSE = 26%), while low accuracy was found on fields F6 (NRMSE = 53%),
F7 (NRMSE = 59%) and F8 (NRMSE = 42%). We can also notice a slight shift in the LAI
simulation on the F6 field, this is certainly due to the fact that this field required many
more degree days compared to the average observed during this experiment. That is to
say that this field was practically the only one to reach the maximum value of LAI at the
beginning of April while the others reached it around mid-March.

Furthermore, the simulation on fields F4 and F5 underestimates the maximum LAI
values, while these values are underestimated on field F7. This can be explained by the large
difference between the values of the SLATB (specific leaf area as a function of development
stage) parameter observed on each field. This parameter could vary from 0.0014 to 0.0035
while the average value for wheat is normally 0.00212. Therefore, the calibration of this
parameter on the three calibrations fields can underestimate the LAI estimates on fields F4
and F5 and give an overestimate on field F7.

In contrast, the analysis of simulated and measured TAGP and TWSO (Figure 5)
reveals a relatively moderate ability of the model to estimate this output. The R2 were 42%
and 34% for TWSO and TAGP, respectively. This is also reflected in the moderately good
RMSE, which were 512 kg/ha for TWSO and 936 kg/ha for TAGP. However, NRMSE values
indicate high accuracy for prediction of TWSO (NRMSE = 19%) and TAGP (NRMSE = 16%).

3.2.2. Soil Moisture (SM) and Actual Evapotranspiration (ETa)

The monitoring of soil water balance and ETa losses estimated by WOFOST was also
compared to data collected on fields F4 and F7 where measurements are available. In
general, the model was well validated (Figure 6).
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Figure 5. Comparison between the grain yields (a) and total aboveground biomass (b) simulated by the WOFOST model
and those measured on the five validation fields during the 2002/2003 and 2003/2004 growing seasons. The vertical bars
correspond to the standard deviations of TWSO and TAGP measurements observed on each field.

Concerning the prediction for evapotranspiration, the coefficient of determination
values was 60% and 72% for the F7 and F4 fields, respectively, and the RMSE values
were 0.8 mm and 0.7 mm for the F7 and F4 fields, respectively. NRMSE values show low
model accuracy (NRMSE > 30% for both fields). On the other hand, one can notice an
overestimation on the F7 field (Figure 6a). This is explained by the fact that the model
overestimates the leaf area index (see Figure 4d). The F4 field shows a good agreement with
the field measurements except for some significant deviations observed around 20 and 25
April, then towards the end of the season that can be attributed to a bias of the model.

Regarding the validation of the SM, the discrepancy between the measured and
estimated SM is 0.03 cm3/cm3 and 0.05 cm3/cm3 for fields F7 and F4, respectively. The
R2 values were relatively medium: 48% and 49%, respectively, for F7 and F4. The NRMSE
values indicate a high accuracy of the model, they were 11% and 19%, respectively, for F7
and F4. We often notice under- or over-estimates. This can be explained by the fact that
the soil model implemented in WOFOST estimates soil moisture based on the information
provided by WOFOST (root depth and plant transpiration). Thus, the periods where we
notice underestimates of soil moisture coincide with those where WOFOST overestimates
the evapotranspiration rate (vice versa).
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4. Estimation of the Yield Gap

As the WOFOST model can be estimate the potential yield of the region, it is of interest
to investigate how well as this crop model can be used as a potential tool to calculate the
yield gap. Let us remember that the yield gap is estimated as the difference between the
average simulated potential yield (crop production without water stress) and the on-farm
actual yield. This potential yield is the yield level that the weather conditions allow it
to reach. Therefore, it depends only on the climate components. That is to say that all
fields cultivated in the same region with the same climate will normally give the same
potential yield.

Figure 7 shows the potential and the actual yields as well as the yield gap for each
field considered in this study. It is clear that there is a big difference between both yields
and such difference varied from one field to another. According to this figure, it can be
concluded that the average potential yield for the area is 7.75/ha. Yield gap analysis reveals
a difference of 5.35 t/ha on average between the observed yields and the potential yields
calculated by WOFOST.
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Figure 7. The yield gap estimated by WOFOST for the 8 study fields in the R3 area.

In order to further analyze the observed difference between the measured yields and
the potential yields calculated by WOFOST, the authors of [45] pointed out the follow-
ing reasons:

• The choice of the variety of wheat crop in this study was optimal because the Karim
variety has good vigor, good grain quality, and acceptable resistance to major diseases;

• The pre-tillage operations were probably also optimal;
• However, fertilizer inputs were considerably limited. The best fertilized fields received

only 100 kg of NPK fertilizer (14-28-14), while the recommendations are 150 kg of
nitrogen, 85 kg of P2O5, and 110 kg of K2O for a grain yield of 50 qx/ha [45];

• The optimal seeding rate range (120–200 kg/ha) was respected on some fields (F4, F5,
F6 and F8) but not on others (F1, F2, F3 and F7). It is certainly for this reason that in
2002–2003, field F4 had a higher yield compared to F1 field; and during 2003–2004,
fields F5, F6 and F8 had a higher yield than the others, with the exception of field F7
(compensated by a fertilization of 100 kg of NPK fertilizer);
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• The recommended crop water requirement is 380–520 mm [36]. Fields considered in
the study received 180 mm (Field F1 to F8 except F4) or 90 mm (Field F4) of irrigation;
therefore, in addition to the rain, Field F1 received a total of 346 mm, Fields F4 received
a total of 307 mm, Field F2 and F5 received a total of 354, Field F3, F6, F7 and F8
received 277 mm. We can thus say that all the fields did not endure a great water stress.

• Finally, the large differences between actual and observed yield levels can also be
explained by less optimal management of plant maintenance during growth (weed,
insect and disease management probably not adequate).

In order to further investigated the factors provided below, we have run a series of
simulations in order to see the effect of water and fertilization supplies. For this purpose,
we selected three fields according to the sowing date and the level of fertilization applied:
F1 (late sowing on 11 January with 100 kg of NPK), F5 (early sowing on 21 November with
50 kg of NPK) and F6 (normal sowing on December 15 with no fertilization).

The WOFOST model allows the calculation of the water-limited production by choos-
ing the Wofost71_WLP_FD sub-model implemented in the WOFOST, thus allowing us to
simulate only the impact of irrigation on the crop production because the model considers
that fertilizer inputs are largely sufficient. The three selected fields had already received
a total water supply of 346 mm, 354 mm and 277 mm for F1, F5 and F6, respectively.
However, it turns out that all this water was not really useful for the plant. It was noted
that removing, for example, 90 mm of water from field F1 did not reduce the yield at
all. Similarly, a total of 130 mm and 80 mm of water were superfluous on F5 and F6,
respectively. This means that excessive watering had no impact on wheat yields in the area,
since fertilization limited the level of production anyway. For this reason, it was important
to first remove the excess water volumes in order to see the real impact of additional water
inputs under a condition where fertilization is not a limitation. Thus, Figure 8 shows the
results obtained from the 12 simulations performed with the WOFOST_WLP_FD module,
which allows us to calculate only the effect of water inputs on yield decoupled from the
effect of fertilization. At each simulation, we added 30 mm of water. That is, for field F1,
the first point corresponds to the yield obtained with a total water input of 256 mm, and
the second point corresponds to the yield obtained with a total input of 286 mm, and so
forth. It can be seen that from 430 mm of total water input, the increase in yield is no longer
significant. With this amount of water, the yield gap is considerably reduced, i.e., 0.885,
0.240 and 0.661 t/ha, respectively, for F1, F5 and F6.
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In addition, we also notice that field F6 consistently gives the highest yields despite
the fact that it initially received the lowest volume of water (197 mm). This confirms the
effect of the sowing date on the production of wheat grain yield.

On the other hand, we also note a significant effect of water supply on yield after
340 mm. This is because after 340 mm, the additional amount of 30 mm of water brings
us closer to the recommended range of total water required for wheat; this range is
380–520 mm [46].

Then, in an attempt to quantify the impact of fertilizer inputs on yield levels, we
varied the fertilization amounts as shown in Table 5. This is possible by using the WOFOST
sub-model called WOFOST_NPK, which calculates NPK-limited production without con-
sidering water stress. The zero level corresponds to the fertilization observed during the
experiment. Levels 1, 2, and 3 are supplied in relation to nitrogen (application of 20, 40
and 100 kg). The amount of phosphorus and potassium are then obtained by respecting
the recommended balance: 1-0.57-0.73 [45]. For example, for level 1, if 20 kg of nitrogen is
added, the quantities of P and K must be 11 and 15, respectively, in order to respect the
balance. Finally, level 4 corresponds to the quantities of fertilizer required to reach the
potential yield. The results of these simulations are shown in Figure 9. As expected, the
grain yield increased with the increase of fertilization supply for all fields, which justify
the large difference between the potential yield and the actual yield. It can be seen, for
example, that with an additional of 160 kg of N, 57 kg of P and 173 kg of K the yield of field
F6 increases until reaches the potential yield (8.7 t/ha). A balanced fertilizer application
with 124 and 136 kg N (on F1 and F5, respectively) also allowed these two fields to reach
their yield potential. It can be also noted that the increase from level 0 to level 1 does
not significantly affect the grain yield; however, from level 1 to level 4, the yield clearly
increased. The application of level 1 was intended to highlight the importance of a balanced
supply of nutrients in fertilization. Indeed, the amount of fertilizer in level 1 is not too
different from level 0, but a relative increase in yield is nevertheless noticed.

Table 5. Different levels of fertilization according to WOFOST model to be applied to assess the effect
on grain yield on three fields of study with different sowing dates: F1, F5 and F6.

F1 F5 F6

N P K N P K N P K

Level 0 14 28 14 7 14 7 0 0 0
Level 1 20 11 15 20 11 15 20 11 15
Level 2 60 34 44 60 34 44 60 34 44
Level 3 100 57 73 100 57 73 100 57 73
Level 4 124 57 111 136 57 124 160 57 173

The most significant yield increase in all three fields is observed when moving from
level 1 to level 2. That is, a balanced application of 20 kg of nitrogen is still very limiting,
whereas a balanced application of 60 kg of nitrogen is more beneficial for the plant.

However, when we go from level 3 to level 4, we notice that the yield increase is more
significant for F1 and F6 than for F5. This is certainly due to the fact that the F5 field had
the longest reproductive phase. Because they were harvested on the same day (May 27)
and they needed almost the same number of degree days to reach their flowering stage
(about 711–713 degree days), but field F5 was sown well before the other two. This gave it
much more time to form and fill its grains sufficiently. It is certainly for this reason that
with level 3 the yield almost reached the potential yield and that there was less effect with
the level 4 input.

Finally, we also note that regardless of the level of fertilization, field F6 shows the best
yields, thus confirming the advantage of sowing between December 15 and 31.
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With regard to these results, we can recommend an average total amount of irrigation
water of 430 mm and an average fertilizer input of 140 kg of N, 80 kg of P and 102 kg of K
(these values are the average of the level 4 fertilization of the three fields while respecting
the balance) to reach the average potential yield of the region which is 6.270 t/ha.

5. Discussion

Our results found that the WOFOST model often overestimates, underestimates or
slightly offsets the LAI estimate. This can be explained by a slight bias in the estimation of
the degree day (case of the offset) or by the wide range of the SLATB parameter observed
in the study area (case of overestimation or underestimation). This resulted in relatively
moderate values of the model accuracy (average NRMSE were 41.4%). However, these
results are in accordance with other studies used the WOFOST model for LAI simulation for
different crops such as: wheat [47], jujube [8] and corn [48]. For the seasonal ETa predictions,
an average difference of about 8 mm between estimated and e measured ETa has been
found. This value was 33–66 mm in the study using WOFOST on different soil types in
2004 [10]. On the other hand, the average difference between observed and estimated
daily evapotranspiration was 0.75 mm, and this is in agreement with [20]. Concerning
the soil moisture estimates, the overestimation by WOFOST is noticed at the beginning
of the cropping season, which is confirmed by other work [48]. The observed over or
under estimation is certainly due to a slight bias in the estimation made by the soil model
implemented in WOFOST [44]. However, it should be noted that these results are relatively
weak compared to the work conducted by Wu et al. (2021) [47] on winter wheat, where they
found a modeling efficiency greater than 80%. However, Eweys et al. (2017) worked on
maize in the eastern Netherlands and have a modeling efficiency EF <−4 with an associated
large error (RMSE > 45%) [48]. Additionally, Toumi et al. (2016) used Aquacrop model and
obtained a value of 42% and 0.022 cm3/cm3 for R2 and RMSE, respectively, [17].

The short data set per plot and the large variability between plots in terms of manage-
ment make the task of calibrating the model somewhat difficult, in addition to possible
biases related to the model itself. This may explain the relatively low values obtained
during the simulation of TWSO and TAGP. Our findings are corroborated by the work [47]
where they found somewhat similar values when simulating winter wheat grain yield
with WOFOST in China. Values of 48% and 801 kg were obtained for R2 and RMSE for
the TWSO parameter, respectively. However, they are better than the results obtained by
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Huang et al. (2016) who found a prediction efficiency of wheat grain yield equal to 14%
and an RMSE of 647 kg/ha [49].

A large gap between potential and actual yield were founded by WOFOST model.
The difference in sowing date and/or in tillage practices can be the cause [50]. The average
potential yield observed in our study area which is 6.270 t/ha [51] while the value found
by WOFOST were 7.75 t/ha. A study, based on the comparison of the potential simulated
by CropSyst model, yield data from experimental stations and nearby farmers’ fields, also
showed that irrigated wheat in Morocco has deviations ranging from 46 to 82% [51]. All
fields in our study are in this range except for field F3 which shows a variance of 84%.
This may be due to the fact that this field received no fertilization and has the highest
potential. Other studies have shown that the higher the potential of a field, the greater
the yield gap observed will also be [22,30]. The yield difference for wheat in Europe
estimated with WOFOST is about 2–4 t/ha [33]. Therefore, the gap observed in Morocco
is much higher, which makes some sense because on average the actual yields in Europe
are higher compared to Morocco due to differences in management practices dues to
farmers professionalism and economic capacity. The maximum simulated yield potential
is observed in fields F3, F6 and F8 which exceeded 8.7 t/ha. These fields were sown
on 20, 15 and 24 December 2004, respectively. Thus, the best sowing date in this region
can be said to be in the mid- to late December period. This is somewhat in accordance
with the recommended planting dates for irrigated durum wheat: mid-November to
mid-December [45].

The series of simulations carried out in order to highlight the effect of additional water
supply allowed to establish a threshold of 430 mm. This amount of water supply can be
recommended in the region and is in agreement with previous works [36]. This series of
simulations, therefore, confirmed the effect of water supply on the dominant factor of the
yield gap. Indeed, in the Mediterranean Ebro Valley, Spain, a study noted that in high
potential years, the main constraint to growth was lack of water [22]. Another study also
highlighted the importance of supplemental irrigation and efficient use of rainfall and
irrigation water in reducing wheat yield gaps in the Middle East and North Africa (MENA)
region [51].

Other studies have also confirmed the impact of sowing date choice on wheat yield
potential mentioned on field F6. A work in China found that the yield gap of wheat
reduced from 400 to 1200 kg/ha with adjustment of sowing date [25]. Studying small farms
(characteristics of Wheat farms in Morocco) of wheat in the North China Plain, another
work noticed that sowing date was the most limiting factor of spikes per hectare (spikes
per hectare were the most limiting factor of potential yield) [29]. Similarly, sowing date
clearly influences wheat yield potential significantly in Pakistan [28].

The present study showed a significant effect of additional fertilizer application on
the reduction of the yield gap in wheat. This has been confirmed by several studies. Yield
gaps in dryland wheat in Australia were closed in 25% of wheat crops with increased N
inputs [30]. A total of 22% of wheat crops were almost indifferent to this increase (due to
biotic stress). Remember that in our case, 100% of the fields closed their gap because the
simulation is done by WOFOST does not consider any biotic stress. Winter wheat in China
could record a yield gap variation between 700 and 2200 kg/ha with nitrogen fertilizer
addition [25]. A study in the North China Plain advised a basal N supply between 90 and
180 kg/ha to significantly reduce the yield gap of winter wheat [29]. A total of 40% loss
occurred in wheat yields in Australia due to nitrogen deficiency [31]. In Pakistan, a study
highlighted the importance of soil nutrient balance noting that despite high soil nitrogen,
wheat yields may be limited by the absence of other nutrients, particularly P and K [28].
With a balanced application of 60 kg, we observed the most significant yield increase in
all three fields. Abeledo et al. (2008) reported that with a N availability of 50 kg/ha, the
average achievable yield of wheat in Spain was 1.8 t/ha. This value increased to 2.8 t/ha at
higher N availability (100–250 kg/ha). They added that this increase was highly impacted
by rainfall [22].
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Regional recommendations are 150 kg N, 85 kg P2O5 and 110 kg K2O for a grain
yield of 5 t/ha [45] with a recommended water requirement of about 380–520 mm [36].
Considering the results obtained from the WOFOST simulations that tried to show the effect
of additional nutrient and water inputs, it is noted that this model led to recommendations
similar to those of the region. The latter can then be used to monitor the quantitative
production of winter wheat in arid to semi-arid areas.

6. Conclusions

The main goal of this research was to evaluate the potential of the WOFOST model
for estimating the leaf area index (LAI), the above-ground biomass levels (TAGP) and
grain yield (TWSO), the actual evapotranspiration (ETa) and soil moisture content (SM) of
winter wheat in the semi-arid region of Tensift Al Haouz, Marrakech (central Morocco).
The performance of the model simulations was based on field data collected over eight
fields during two consecutives growing seasons (2002/2003 and 2003/2004). The WOFOST
model simulations were also used for exploring the key drivers of wheat yield gap in the
study area.

Simulation results showed that the model adequately simulated LAI, ETa, SM, TAGP
and TWSO for both seasons. The average RMSE values between observed and measured
LAI, ETa, SM, TAGP and TWSO were 0.57 m2/m2, 0.75 mm, 0.04 cm3/cm3, 936 kg/ha
and 512 kg/ha, respectively. After calibration and validation of the WOFOST model for
winter wheat, we used this model to determine the main factors affecting the wheat yield
gap in different field of study. For this purpose, several scenarios based on different water
and different fertilizer supplies have been performed. The Yield Gap analysis revealed
an average potential yield for the region equal to 7.75 t/ha and a deviation of 5.35 t/ha
from the observed yields. This allowed us to deduce an optimal period of sowing date
(mid-December); with optimum water and fertilization supplies, it has been shown that
an amount of water supply for wheat in the region (430 mm), and 140 kg of N, 80 kg of P
and 102 kg of K as amount of fertilization, are needed to achieve the potential yield. Thus,
this work shows that food security in Morocco and Africa must be articulated around
three components: training of farmers (to optimize sowing dates, for example), judicious
irrigation and reasoned fertilization in order to reduce the yield gap.

In addition, this study proposes to consider new experiments allowing us to have
a longer series of observations in order to further minimize the possible biases of the
model and to extend its calibration on the whole Moroccan territory. Further studies can
be conducted in this region to see the impact of fertilizer inputs with respect to their use
efficiency. An approach to reducing yield gaps in the Tensift region while analyzing gross
margin gains would also be beneficial.
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