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Abstract
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   Worldwide, winter wheat (Triticum aestivum L.) is one of the major staple foods and its production is strongly affected by nitrogen 
(N) fertilization levels and cultivar choice. The adoption of crop simulation models may be used to determine the optimal crop N re-
quirements under a variety of soil conditions in a less time-consuming and cost-effective manner. In this study, a dynamic mechanis-
tic model CERES (Crop Environment Resource Synthesis)-Wheat was validated for forecasting growth and yield of two winter wheat 
cultivars under different nitrogen fertilization levels subjected to semi-arid climate conditions for optimizing N management tool. 
Field experiment was carried out in 2020-2021 growing season at the Agronomic Research Farm, University of Agriculture (Faisala-
bad, Pakistan). Two winter wheat cultivars (Gandam1-17 and Anaj-17) were sown at the seed rate of 125 kg ha-1 and subjected to 
five N fertilization rates (0, 50, 100, 150 and 200 kg ha-1). A Randomized Complete Block design with three replications was adopted. 
The CERES-Wheat model was calibrated by using crop, soil, genotype, and weather data against best performing nitrogen level. The 
results showed that Gandam1-17 combined with 150 kg N ha-1 performed the highest output in yield and yield-related attributes. The 
yield gap between simulated and observed values was well calibrated. The evaluation of R2 between observed and simulated values 
for selected variables, grain yield has a very strong adjustment and exhibits a high R2 (>0.90), a low RMSE of 0.81, and Wilmot's 
index of agreement (d-index) (0.99). Grain yield modeling results revealed that CERES-Wheat responded effectively to N application 
rates as recorded in the field. The model performed best in forecasting grain yield when Gandam1-17 was used instead of Anaj-17. 
While the model indicated that Anaj-17 cultivar is more appropriate in predicting biomass of wheat showing better agreement with 
the observed values (MAPE = 1.9, RMSE = 19.44, d-index = 0.994). Based on the results of this study, the DSSAT-CERES-Wheat could 
help farmers of the semi-arid environment to calculate the optimum nitrogen doses using different cultivars for maximum economic 
return from wheat.
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Introduction

Winter wheat (Triticum aestivum L.) could be cultivated from a 
variety of climates, soil types and economic conditions, and sup-
ply primary food requirement for one-third of humanity. Although 
different wheat varieties have distinctive growing characteristics, 
winter wheat production per hectare can be linked to several is-
sues, especially ineffective crop management and climate change 
[2]. The average wheat yield is also significantly impacted by vari-
ables such as a shortage of irrigation water and inputs, high input 
prices, damage from pests, unequal fertilizer use and difficulty 
marketing [1]. The initial step that must take to boost grain yields 
is to select the ideal cultivar and then plant it in the optimal envi-
ronment [3].

Among nutrients required for the growth and development 
of plant cells, nitrogen (N) is of special importance [4]. Nitrogen 
comprises up to 7% of the total dry matter of higher plants and is 
a constituent of many fundamental cell components such as nu-
cleic acids, amino acids, and hence enzymes and photosynthetic 
pigments [5]. As nitrogen is an essential macronutrient for wheat 
growth and yield, fertilizer management is generally the most ef-
fective way to increase grain yield in winter wheat production [5].

A clean and healthy environment can be maintained by using 
N in the most possible efficient manner [6]. The N fertilization to 
improve grain and flour quality might depend upon the edapho-
climatic conditions of the given area [7,8]. There are multiple ele-
ments, i.e., agronomic, environmental, climatic and edaphic, that 
eventually result in lower production; judicious application of 
fertilizer being a crucial requirement effects wheat outcome and 
ultimately influences food security [9,10]. However, particular 
agro-ecosystem conditions, such as alkaline soils, calcareous in 
nature and low in organic matter contents,  required additional N 
availability to achieve maximum grain yield [12]. Worldwide, win-
ter wheat is planted on 53% of the entire harvestable land, which 
needs improved N management in order to maximize productiv-
ity [13]. Therefore, proper nitrogen fertilizer management should 
seek to meet plant N requirements, improve crop yield, and reduce 
environmental risk [14]. Excessive nitrogen fertilizer use has re-
sulted in serious environmental issues, higher fertilizer loss, and 
decreased agricultural returns [15]. In many areas of the world, 

farmers commonly tend to apply nitrogen fertilizer at pre-planting 
due to the convenience of such an application and its priming ef-
fect on wheat seedling growth [16]. However, the nitrogen require-
ments of wheat have been shown to vary among growth stages 
[16]. The timely application of N at the correct rate is essential to 
a crop’s success [17,18]. The yield has increased while using the 
optimum amount of N during the booting stage. The crop’s need for 
N varied depending on its growth stage and the soil and climate in 
which it was growing [19].

In agriculture, decision making and planning entail executing 
multiple model-based decision support systems in response to 
changing climate scenarios and management activities [20]. Mech-
anistic models are quite useful in determining the optimal crop 
development and yield management options [21]. A crop model 
is a quantitative scheme used for prediction of crop growth, de-
velopment and production at given set of genetic coefficients and 
environmental conditions [22]. Crop simulation models take into 
account the complex interactions between weather, soil properties, 
and management factors that affect crop performance [21]. Only 
when the models have been adequately calibrated for the specific 
set of conditions can they be used to examining the impact of varied 
environmental and management conditions on crop yield.

The DSSAT (Decision support system for Agrotechnology 
transfer) and several other models have been used marvelously 
to simulate production of crops, their adaptation and sustainable 
production and enhanced risk management [23]. CERES (Crop 
Environment REsource Synthesis)-Wheat is a process-based, 
management-oriented model that can simulate the crop growth, 
development and yield taking into account the effects of weather, 
genetics, soil (water, carbon and nitrogen), planting, irrigation and 
nitrogen fertilizer management [21].

The ability to simulate optimal N requirements for wheat yield 
by CERES-Wheat has been evaluated in a wide range of environ-
ments across the world. Though performance evaluation under 
different N management conditions has been reported [24] but it 
was not evaluated under various N and wheat cultivars in semi-arid 
conditions like those prevalent in agro-ecological region of Faisala-
bad (Pakistan).
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The present research was conducted with the objectives: (i) 
evaluating wheat cultivars for N rates using CERES-wheat Model 
and (ii) yield gap analysis through modeling approach.

Materials and Methods
Study location, experimental design, and treatments

To evaluate the performance of CERES-Wheat crop simulation 
model under various N rates and wheat cultivars, research was 
laid out at a research farm of agronomy department at the Univer-
sity of Agriculture, Faisalabad (UAF, Pakistan) (31.42° N latitude 
-73.07° E longitude) during November 2020 to April 2021. The ex-
periment was conducted in a factorial approach with three replica-
tions, where one factor was the two wheat cultivars (Gandam1-17 
and Anaj-17) which were assigned to the main plot and the other 
was different nitrogen (N) levels (N0= control, N1= 50 kg ha-1, N2= 
100 kg ha-1, N3= 150 kg ha-1 and N4= 200 kg ha-1) which were al-
located to the subplots, all these were arranged under Randomized 
Complete Block Design (RCBD). Each plot size was 5.0 m × 1.76 
m having 8 rows per plot with 22 cm row to row spacing. Before 
twelve days of sowing, plots were filled with water which is locally 
known as a round of 100 mm then waited until the appropriate 
field capacity was achieved. After achieving appropriate moisture 
condition for sowing purpose (wattar condition), two ploughings 
and two cultivations were performed, followed by using planker 
to develop suitable plots. Single-row hand drill was used for sow-
ing the seeds of two wheat cultivars (Gandam1-17 and Anaj-17) 
on November 15th, 2020. According to recommendations, 125 kg 
ha-1 of seed was placed at recommended R×R distance (22 cm). At 
the time of seed bed preparation, one portion of Nitrogen (after its 
division in three parts) was applied along with phosphorus at the 
rate of 90 kg P2O5 ha-1, the remainder N used with first and second 
irrigations of 75 mm. The first irrigation was applied on the 25th 
day of sowing, followed by two 3-acre inch irrigations at the boot-
ing and milking stages, respectively. All the plant protection mea-
sures were implemented.
 
Weather and soil physico-chemical data

Respective weather parameters were collected at a meteoro-
logical observatory near the experimental site at UAF. The weather 
data included temperature (°C), sunlight hours (h) and rainfall 
(mm), Weatherman in DSSAT used the sunshine hours to deter-
mine the radiation coming from sun in MJ m-2 day-1. A thermometer 
digital in its functioning was used to record the daily day and night 
temperatures throughout the duration of treatment.

The climate of the area can be considered as semiarid, with very 
hot and humid summers and dry cool winters. The highest temper-
ature (36.3oC), lowest temperature (5.8oC), average maximum tem-
perature (26.8) and average minimum temperature was recorded 
in October, 2021 and January 2022 respectively, (Figure 1a). Like-
wise, the highest pan evaporation (5.96 mm) and highest evapo-
transpiration (4.13 mm) was recorded in April 2022, whereas the 
lowest pan evaporation (0.98 mm) and lowest evapotranspiration 
(0.70 mm) was recorded in Dec-2021 and Jan-2022 respectively 
(Figure 1b). Moreover, the maximum sunshine hours (9.54) were 
recorded in Oct-2021 and minimum sunshine hours (5.20) was 
recorded in Jan-2022, (Figure 1b). Weather data regarding rainfall 
pattern during the growing season indicated that highest rainfall 
(51.1 mm) and relative humidity (83.9%) was recorded during Jan-
2022 whereas, no rainfall occurred during the month of Oct-2021 
and Feb-2022, however, lowest relative humidity (54.6%) was 
recorded during April-2022, (Figure 1c). To characterize the soil, 
samples from the upper horizon (0-20 cm) were collected in each 
plot before starting the experiment using a soil auger. The sam-
ples were air-dried, crushed to pass through a 2 mm sieve, mixed 
to make a composite sample, labeled, and stored in plastic bags. 
Standard laboratory methods were used for physical and chemi-
cal characterization [25]. The soil texture of the experimental field 
was classified as sandy clay loam, according to the USDA-NRCS 
classification (sand 40.70 %; silt 37.30 %; clay 22 %), alkaline in 
reaction (pH 7.7), calcium carbonate content (5.5%), low in organic 
matter content (1.2 %) with an electrical conductivity of 1.5 dS m-1. 
Furthermore, the soil registered a low concentration of extractable 
phosphorous 5.46 mg kg−1, a total N of 0.06 g kg-1, and exchangeable 
potassium (AB-DTPA) of 129 (mg kg-1).

Crop characteristics
Managerial data comprises plant spacing, planting depth, seed 

application method, cultivar used, quantity, method, and time of 
irrigation, type of fertilizer used, and its amount and time of ap-
plication. Physiological characteristics such as planting date, emer-
gence, crown root initiation, tillering, jointing, milking, physiologi-
cal maturity, and harvesting must also be observed under various 
treatments. Taking into account the critical input variables for suc-
cessful model execution, plant height, plants m-2, leaf area index, 
number of grains per spike, 1000 grain weight (g) were assessed.

Growth and development parameters
After 30 days of sowing, destructive sampling of plots was start-

ed by cutting at ground level and from 30 cm row area with 15 days’ 
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Figure 1: Study area weather variables of the wheat growing season Oct-2021 to Apr-2022 (a). Maximum, average, and minimum tem-
perature (oC). (b). Monthly average of pan evaporation, evapotranspiration, sunshine (hours), (c) Rainfall (mm) and humidity (%).
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interval. In all plots, fresh weight of plants harvested was mea-
sured, then were segregated different parts of harvested plants 
and further divided them in sub samples. After that dry weight of 
sub samples was determined after oven dry until constant weight. 
Leaf area meter was used to determine the leaf area of 5g sub sam-
ple. All data are reported for meter square area (by unity rule) to 
determine the total dry weight.

Leaf area index
LAI is the ratio of leaf area to land area and it is associated to the 

solar radiation that can be captured by plants
------- (1)

Crop growth rate
Increase in biomass of a crop at a given time from selected land 

area.
-------- (2)

Leaf area duration
The long-term series of data found from the leaf Area Index, 

where the area of land occupied in relation to upper plant canopy 
is recorded against time.

--------(3)

Net assimilation rate
The increment in leaf’s dry weight with the passage of time

---------- (4)

Morphological and yield parameters
At maturity, an area of 2.5 m2 was selected from all units of each 

replication for manual harvesting and threshing in order to deter-
mine the final grain yield. Plants should not be harvested from side 
borders. Grain and straw yield were used in combination to deter-
mine the final biomass. From all plots we selected 10 wheat plants, 
then took the mean of each sample to estimate these parameters. 
Data on plant height (cm) were recorded by measuring plant height 
from bottom to tip of ear, with the help of meter rod. Then from all 
plots we calculated mean height of ten plants. For Number of pro-
ductive tillers (m-2) a ring of 1 m2 was placed in each experimental 
unit at the time of harvest. Then the productive and non-productive 
tillers were counted. The productive tillers were then determined 
by subtracting the productive tillers from total number of tillers. 
For calculating the grains per spike again the same selected plants 
were used. Then the average of ten plants were calculated. Thou-
sand grains weight (g) data were recorded using an electronic 
balance by counting a thousand grains from each plot at random. 
The biological yield was measured by harvesting four central rows 
in each plot. The harvested crop was sun-dried and weight with 
spring balance. Using equation 6, the yield was equivalent to (t ha-

1) [26], and grain yield and harvest index for each treatment were 
calculated using equations 7 and 8, respectively [27].

Model description
In this study, we deployed CERES-Wheat cropping system mod-

el embedded under DSSAT software version 4.7 for simulation of 
wheat performance under different cultivation practices induced 
by varying cultivars and nutrient (specifically in terms of nitro-
gen). DSSAT is a dynamic mechanistic model and integrates nu-
merous factors that affect growth and development and predicts 
wheat growth and development on a daily basis.

Input parameters
DSSAT model v.4.7 primarily operated on the 3 databases: soil, 

climate and crop management practices. Physical and chemical 

parameters of soil samples at the experimental location were in-
cluded to the soil file as inputs. Daily records of minimum and max-
imum temperature and precipitation and relative humidity were 
used to generate the weather file (file T) used in the simulation. 
Data on solar radiation was generated in the DSSAT weatherman 
shell from daily minimum and maximum temperature. The “genetic 
coefficients” inputs are coefficients related to photoperiod sensitiv-
ity, duration of grain filling, conversion of mass to grain number, 
grain filling rates, vernalization requirements, stem size, and cold 
hardiness [28]. Management input information includes crop vari-
ety, plant density, planting depth, date of planting, N fertilization, P 
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fertilization, and irrigation carried out during field experimenta-
tion were used to create the experimental file (file X) of the DSSAT 
shell. The soil parameters required for the model were estimated 
at sowing of the crop and used to generate the soil file (file A).

Output parameters
The CERES wheat model was therefore calibrated by comparing 

observed and predicted total dry matter and grain yield under op-
timal condition (150 N kg ha-1), and wheat cultivars and adjusting 
the genetic coefficients until a close agreement was found.

The origin of CERES-Wheat model belongs to Joe Ritchie and 
some other scientists of 1970s [29]. Radiation use efficiency used 
to model the growth. Both temperature and day length potentially 
affect the development. We can distinguish the penology of win-
ter wheat, spring wheat and facultative wheat by their response 
to verbalizing temperatures. Ritchie et al. [30] recommended a 
unique way to simulate growth, development and yield. So far, the 
prime focus of developmental work on CERES-Wheat model is the 
simulation of all CERES-Wheat parameters [31].

Statistical analysis
The mean value and standard error from the obtained data were 

calculated and examined using Microsoft Excel 2010, US. Analysis 
of variance (ANOVA) were executed with Co-Stat Window version 
6.3 to find significant differences between treatments. The mean 
value and standard error were calculated with standardized tech-
niques, also least significant difference (LSD) test was performed 
at (± 0.05) and is shown in letters (AE).

Model calibration and evaluation
Before any model can be used confidently, appropriate valida-

tion or evaluation of the magnitude of errors that may occur as 
a result of their usage should be done. The experimental data at 
Faisalabad during Rabi season, 2020-21 were used to evaluate the 
model by comparing with simulation results. For model calibra-
tion and evaluation, it is indispensable to determine the genetic 
coefficients of the two wheat cultivars (Gandam1-17 and Anaj-17) 
under study. Seven wheat genetic coefficients were considered, 
which were derived sequentially, starting with the coefficients 
mainly relating with phenological development (P1V, P1D, P5, 
PHINT) and progressing to the coefficients primarily dealing with 
growth factors (G1, G2, G3) [28,32]. Model validation is a compari-
son between simulated and observed data. Beyond comparisons, 
some statistical measures are available to examine the relation-
ship between simulated and observed values, including the cor-

relation coefficient (r) and its square, coefficient of determination 
(R2), linear regression parameters (intercept and slope) were as-
sessed. To address the degree of dispersion and degree of asso-
ciation between observed and simulated data, root mean square 
error (RMSE), coefficient of determination (R2), mean absolute 
percentage error (MAPE) and index of agreement (d-index) were 
used. Value of d_index as 1 represents good fitting of model while 
the value of d-index closes to 0 indicates bad model fitting between 
simulated and observed data.

where, Oi refers to observed value; n is No. of observed values; 
Pi refers to predicted value; Ō is the mean of the observed values.

Yield loss (yield GAP) was calculated as:

where, Ypre is the simulated yield through model under optimal 
condition (150 N kg ha-1), Yobs is the observed yield under different 
treatment combination.

Results
Growth parameters
Leaf area index (LAI)

As a measure of the amount of foliage in a given area, it is also 
a measure of the amount of area that is prone to transpiration. Ni-
trogen levels, as well as wheat cultivars, have a substantial impact 
on the LAI as well. In the early stages of growth, LAI was boosted 
by increasing nitrogen levels; it reached a peak at 80 days after 
planting and remained constant for the next 80 to 95 days before 
declining until maturity. Different wheat cultivars and nitrogen 
levels have a considerable impact on LAI (Figure 2). N3 (150 kg N 
ha-1) had the highest leaf area index, followed by N4 (200 kg N ha-1) 
(Figure 2).

Cultivars also affected significantly on LAI and the maximum 
value of LAI was measured on Gandam1-17 which was statistically 
at par in Anaj-17 (Figure 2). Anaj-17 has the lowest LAI due to ge-
netic composition and light penetration. However, the interaction 
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effect of nitrogen levels and wheat cultivars was found to be statis-
tically significant. (Table S1).

Figure 2: Effect of wheat nitrogen levels and cultivars on leaf area index. DAS stands for days after sowing.

Total dry matter production
The amount of biomass needed to supply various nutrients in 

the diet can be considerably affected by changes in dry matter. 
Table (S2) presents the results of an analysis of variance, which 
shows that different nitrogen levels and wheat cultivars varied 
significantly, although their interaction was not significant. In a 
comparison to the remaining nitrogen levels, the data in figure 3 
suggest that total dry matter (TDM) is at its highest under nitrogen 
level N3 (150 kg N ha-1). Wheat cultivars Gandam-17 and Anaj-17 
differed in biomass due to genetic variability, while Gandam-17 
had greater biomass.

Leaf area duration
Analysis of variance (Table 1) showed the highly significant 

difference for both wheat cultivars and nitrogen levels regarding 
leaf area duration (LAD). While interactive effect between wheat 
cultivars and nitrogen levels was found non-significant for LAD. 
Data indicated that maximum LAD (270.06 days) was recorded 

in Gandam1-17 whereas 150 kg N ha-1showed maximum LAD 
(277.26 Days) as compared to the remaining nitrogen levels (Table 
1). While shortest LAD (232.29 days) was recorded in 0 kg N ha-1.

Crop growth rate
Crop growth rate (CGR) is a measure of how much weight a crop 

gains per square foot over time. According to the analysis of vari-
ance both wheat cultivars and nitrogen levels had a substantial im-
pact on crop growth rate (Table 1). Despite the fact that the interac-
tion between wheat cultivars and nitrogen levels was determined 
to be non-significant in the early phases, CGR was low due to a lack 
of leaf expansion, then it reached its peak 75 days after sowing 
(DAS) and then began to decline. (Table 1) shows that Gandam1-17 
had the highest mean crop growth rate (9.84 g m-2 d-1), while Anaj-
17 had the lowest mean CGR (9.30 g m-2 d-1). Nitrogen application, 
150 kg N ha-1 demonstrated the highest CGR (11.18 mg/m2/day) 
that fell short of 200 kg N ha-1 (10.37 g m-2 d-1). For example, the 
lowest mean CGR (7.88 mg/m2/day/day) was reported under an 
application of 0 kg N ha-1. Due to the fact that most plants were 
healthy and strong, they may have been able to absorb water and 
light more effectively, which may have led to a greater CGR.
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Figure 3: Effect of wheat nitrogen levels and cultivars on dry matter production. DAS stands for days after sowing.

Net assimilation rate
Nitrogen levels had a substantial impact on the net assimilation 

rate (NAR), while wheat cultivars had a non-significant impact on 
the NAR (Table 1). Carbohydrates produced by a crop plant less 
respiration is what is known as the net assimilation rate (NAR). 
A non-significant effect on NAR was also seen in the interplay of 

wheat cultivars and nitrogen levels. Table 1 shows that Anaj-17 had 
the highest NAR (6.39 g m-2 d-1) compared to Gandam1-17 (6.16 g 
m-2 d-1). NAR at 150 kg N ha-1(6.61 g m-2 d-1) was the highest, with 
100 and 200 kg N ha-1 (6.57 g m-2 d-1 and 6.56 g m-2 d-1) being the 
next highest.

Treatments Leaf area duration Crop growth rate Net assimilation rate
Wheat Cultivars (C)

Gandam1-17 270.06 A 9.84 A 6.16 B
Anaj-17 238.11 B 9.30 B 6.39 A
LSD % 6.89 0.480 0.31

Significance ** * NS
Nitrogen Levels (N)

N0 = Control 232.29 E 7.88 E 5.24 E

N1 = 50 kg ha-1 240.74 D 8.75 D 6.38 D

N2 = 100 kg h-1 253.98 C 9.67 C 6.57 B
N3 = 150 kg ha-1 277.26 A 11.18 A 6.61 A
N4 = 200 kg ha-1 266.14 B 10.37 B 6.56 C

LSD % 10.90 0.759 0.48
Significance ** ** **

Interactions (C×N) NS NS NS
Mean 254.08 9.57 6.28
CV % 3.53 6.53 6.36

Table 1: Effect of wheat cultivars and nitrogen levels on Leaf area duration, Crop growth rate and Net assimilation rate.

Data presented as means of three replicates with standard errors, means sharing same letter(s) within each parameter are statistically 
non-significant according to LSD Tukey test at P < 0.05.
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Plant height
As a result of genetics and environmental factors, plant height 

is determined by the species under study as well as its height at 
the time of observation. Wheat cultivars and nitrogen levels were 
shown to have a substantial impact on plant height (Table 2). 
Wheat cultivars’ interactions with nitrogen levels were determined 
to be insignificant. Gandam1-17 has a taller teller plant (102.81 
cm) than Anaj-17 (98.05 cm). With a 150 kg N ha-1 application, the 
maximum plant height was measured (111.48 cm), while the mini-
mum (86.20 cm) was measured with a 0 kg N ha-1 application at 
par with the 200 kg N ha-1 application at (107.04 cm). In order for 
crop plants to easily absorb nutrients, proper moisture supply was 
necessary for maximum plant height.

When nitrogen was administered at a rate of 140 kg ha-1, plants 
grew taller. Differences in the varieties’ genetic make-up were 
blamed for the height discrepancy.

Treatments Plant height (cm)
Wheat Cultivars (C)

Gandam1-17 102.81 A
Anaj-17 98.05 B
LSD % 4.93

Significance *
Nitrogen Levels (N)

N0 = Control 86.20 E

N1 = 50 kg ha-1 93.70 D

N2 = 100 kg h-1 103.73 C
N3 = 150 kg ha-1 111.48 A

N4 = 200 kg ha-1 107.04 B
LSD % 7.79

Significance **
Interactions (C×N) NS

Mean 100.43
CV % 6.39

Table 2: Effect of wheat cultivars and nitrogen levels on wheat 
plant height.

Data presented as means of three replicates with standard errors, 
means sharing same letter (s) within each parameter are statisti-

cally non-significant according to LSD Tukey test at P < 0.05.

Yield and related trails
Number of total tillers and productive tillers

Wheat cultivars had no effect on the number of total tillers, 
while nitrogen levels considerably influenced the number of total 
tillers (Table 3). Wheat cultivars’ interactions with nitrogen levels 
were similarly determined to be insignificant. Gandam1-17 had the 
most total tillers (301 m-2), whereas Anaj 17 had the fewest (297 
m-2) total tillers. There were a greater number of total tillers in the 
200 kg N ha-1(338 m-2) plot compared to the 0 kg N ha-1 plot (259 
m-2) (Table 3).

An important aspect of a plant’s strategy is its height. To com-
pete for light, a species’ lifespan, seed mass and time to maturity all 
have a strong correlation with this trait. For example, cultivars and 
nitrogen levels were found to have a considerable impact on the 
number of productive tillers in Table (4.8). Wheat cultivars’ inter-
action with nitrogen levels was determined to be non-significant. 
Gandam1-17 had the highest number of productive tillers (288 
m2), while Anaj-17 had the lowest number of productive tillers 
(274 m2). 150 kg N ha-1(315 m2) had the most productive tillers, 
while 0 kg N ha-1 had the least amount of productive tillers (244 
m2) (Table 3).

Number of grains per spike
As long as the crop had access to enough inputs (nutrients and 

water), it was able to produce more grains per spike. All wheat cul-
tivars and nitrogen levels had a substantial impact on the number 
of grains per spike (Table 3). Wheat cultivars and nitrogen levels 
had no effect on grain yield per spike, according to this study. It was 
noted that Gandam1-17 had the most grains per spike (51) com-
pared to Anaj-17, which had the fewest (49) (Table 3). The high-
est number of grains per spike (55.33) was found in treatment 150 
kg N ha-1(56) when compared to the rest of the fertilization treat-
ments (Table 3).

1000-grain weight
For the evaluation of variety breeding, thousand grain weight 

is a critical metric. Grain yield and milling quality are directly as-
sociated, but it also has an impact on seedling vigour and growth, 
which indirectly affects the yield, which is an essential yield con-
tributing element. Analysis of the data showed that wheat cultivars 
and nitrogen levels have a considerable impact on the weight of a 
thousand grains (Table 3). However, the interaction Wheat culti-
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vars and nitrogen levels (C×N) were found non-significant (Table 
3). Gandam1-17, has a higher thousand grain weight (36.11 g) 
than Anaj-17 (34.02 g). Only 150 kg N ha-1 (42.63 g) had the high-
est number of thousand-grain weights, while 0 kg N ha-1 had the 
lowest (24.30 g) (Table 3).

Grain yield
Grain yield in wheat and other cereals is the most essential 

characteristic since it is the final result of several contributing and 
interrelated factors. If you have a high plant density and a high til-
ler count and a high number of spikes per plant, you’ll have a high 
grain yield. Wheat cultivars and nitrogen levels were found to have 
a substantial impact on gain yield, according to the analysis of vari-
ance table (Table 3). Grain yield was unaffected by the interplay 
between wheat cultivars and nitrogen levels. Anaj-17 had the low-
est grain yield (3.15 ton ha-1) whereas Gandam1-17 had the high-
est (3.38 ton ha-1). In comparison to the other nitrogen treatments, 
150 kg N ha-1 had the highest seed output (4.02 ton ha-1). While the 
bare minimum grain production of 0 kg N ha-1 has been recorded 
(2.50 ton ha-1) (Table 3).

Biological yield
In addition to grain production, farmers are concerned with 

strew and so biological yield is an essential consideration in crop 
appraisal. A plant system’s entire dry matter accumulation is 
known as its crop biological yield. Wheat cultivars and nitrogen 

Treatments Total tillers Productive tillers Grains per spike 1000 grain weight Grain yield Biological yield Harvest index
Wheat Cultivars (C)

Gandam1-17 301 A 288.2 A 51.47 A 36.11 A 3.38 A 10.89 A 30.95 A
Anaj-17 297 B 274 B 49.07 B 34.02 B 3.15 B 10.30 B 30.46 B
LSD % 15 C 14.57 2.42 1.85 0.19 0.51 1.45

Significance NS * * * * * NS
Nitrogen Levels (N)

N0 = Control 259 E 244 E 40.67 E 24.30 E 2.50 E 8.71 E 28.77 E

N1 = 50 kg ha-1 286 D 268 D 51.67 C 32.80 D 2.94 D 9.46 D 31.08 C

N2 = 100 kg h-1 305 C 281.5 C 53.00 B 36.30 C 3.16 C 10.85 C 29.18 D
N3 = 150 kg ha-1 308 B 315 A 56.83 A 42.63 A 4.02 A 12.54 A 31.97 B
N4 = 200 kg ha-1 338 A 297 B 49.17 D 39.30 B 3.71 B 11.41 B 32.52 A

LSD % 24.02 23.04 3.83 2.93 0.30 0.80 2.29
Significance * ** ** ** ** ** **

Interactions (C×N) NS NS NS NS NS NS NS
Mean 299 281.1 50.27 35.07 3.27 10.59 30.71
CV % 6.61 6.75 6.28 6.89 7.64 6.23 6.15

Table 3: Effect of wheat cultivars and nitrogen levels on yield and its related parameters.

Data presented as means of three replicates with standard errors, means sharing same letter(s) within each parameter are statistically 
non-significant according to LSD Tukey test at P < 0.05.

levels were found to have a substantial impact on biological yield 
in the analysis of variance (Table 3). Wheat cultivars and nitrogen 
levels were shown to have no effect on biological yield when com-
bined. Gandam1-17 had the highest biological yield (10.89 ton ha-

1), while Anaj-17 had the lowest grain yield (10.30 ton ha-1). Seed 
yield was highest at 150 kg N ha-1, compared to other treatments, 
with a maximum of 12.54 ton ha-1. While the bare minimum grain 
production of 0 kg N ha-1 has been recorded (8.71 kg N ha-1) (Table 
3).

Harvest index
Grain yield to total dry matter ratio is the harvest index. Cul-

tivars’ ability to efficiently transfer assimilates to the economic 
portion of a crop was measured by the harvest index. It serves as 
a gauge of productivity for each type of crop. HI was found to be 
strongly influenced by nitrogen levels (Table 3). While the main 
effect of cultivars and the interaction between nitrogen had no 
impact on harvest index. Data showed that Gandam1-17 had the 
highest harvest index of 30.95%, whereas Anja-17 had the lowest 
30.46%. The harvest index was 32.52% higher when 200 kg N ha-1 
was applied than when the remaining nitrogen levels were applied. 
The bare-bones yield was recorded as 0 kg N ha-1 as the bare-bones 
harvest index (28.77%). The more the nitrogen content, the greater 
the rate of growth and development; nevertheless, nitrogen con-
centrations above a particular point can be hazardous to plants and 
diminish their yield.
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Model calibration
CERES-Wheat model necessitates the use of soil and weather 

management data. Cultivar coefficients must also be re-adjusted 
to meet the simulated and actual crop factors. For the modelling 
of growth and yield, the model requires seven cultivar coefficients. 
For accurate data modelling, the cultivars Gandam1-17 and Anja-
17 must have the correct genetic coefficients. The calibrated genet-
ic coefficients as derived by GENCALC for CERES-Wheat are given 
in (Table 4). Calibration of the model was successful in terms of 
growth and yield simulations. Data acquired during the growing 
season was used to calibrate the model against treatment (N level 
at 150 kg ha-1) that produced the best results in terms of growth 
and yield.

Validation of model
The validation results of CERES-Wheat are described under the 

following subheadings

Cultivars Pmean Omean n a B MAPE RMSE d-index R²
Gandam1-17 998.08 980.48 5 0.985 36.18 2.1 20.07 0.994 0.997

Anaj-17 1062.18 1041.26 5 0.974 43.1 1.9 19.44 0.994 0.996
Combined 1030.1 1010.9 10 0.984 35.33 2.0 20.78 0.99 0.997

Table 5: Statistical indices derived for evaluating the performance of CERES-Wheat in predicting biomass yield of different wheat culti-
vars.

Pmean: mean of predicted value, Omean: mean of observed value, n: number of observations, a and b: intercept and slope of the line, MAPE: 
mean absolute percentage error, RMSE: root mean square error, d-index: index of agreement, R2: coefficient of determination.

Biomass
Prediction of biomass by CERES-Wheat was satisfactory with 

significant R2 (>0.90) and d-index values (around 1) for the two 
cultivars (Table 5). The simulated values for total biomass for Gan-
dam1-17 was 12.995 and for Anaj-17 was 12.099 t ha-1. CERES-
Wheat biomass simulation results also showed that it responded 
well to N application rates as measured in the field experiment. 
Model predictions of biomass also followed a similar trend as grain 
yield discussed below. Deviations of predicted biomass from ob-
served for Gandam1-17 were 2.43, 2.22, 1.86, 0.79 and 2.80% for 
the N0, N50, N100, N150 and N200 treatments, respectively (Ta-
ble 6). In general, biomass predictions by the model were in bet-
ter agreement with the observed values in Anaj-17 (MAPE = 1.9, 
RMSE = 19.44, d-index = 0.994). Absolute deviations of predicted 
from observed biomass for this cultivar were 1.29, 3.81, 1.45, 1.09 
and 1.47%, respectively, for the respective N treatments (Table 5). 
A RMSE of 20.78 and MAPE of 2.0 was observed in the biomass 
predictions of the model across different N treatments and wheat 
cultivars (Table 5).

Nitrogen Levels
Cultivars

Anaj-17 Gandam1-17
N0 = Control 1.29 2.43

N1 = 50 kg ha-1 3.81 2.22
N2 = 100 kg ha-1 1.45 1.86
N3 = 150 kg ha-1 1.09 0.79

N4 = 2000 kg ha-1 1.47 2.80

Table 6: Absolute per cent deviation between observed and predicted crop biomass yield at different nitrogen levels and wheat 
cultivars.

Grain yield
CERES-Wheat predicted satisfactory grain yield for each of the 

two wheat cultivars, when evaluating R2 (degree of association) 
between observed and simulated values for selected variables (Ta-

ble 7), grain yield has a very strong adjustment and exhibits high 
R2 (>0.90), low RMSE of 0.81 and Wilmot’s index of agreement (d-
index) (0.99). The model predicted the final yield (product weight) 
which ranged between 2.36 to 4.17 t ha-1 and 2.44 to 4.21 t ha-1 
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for observed and simulated data, respectively. The mean simulat-
ed value of wheat cultivar Gandam1-17 was 3.25 and for Anaj-17 
was 3.44 t ha-1. Grain yield simulation results showed that CERES-
Wheat responded well to N application rates as measured in field 
experiment. In predicting grain yield, the performance of the 

model was best using Gandam1-17 compared to Anaj-17. Wilmot’s 
index of agreement (d-index) values were close to 1 (>0.99) indi-
cating good model fitting and the difference between observed and 
predicted grain yield is not consistent (Table 8).

Cultivars Pmean Omean n a B MAPE RMSE d-index R²

Gandam1-17 3.25 3.15 5 1.009 0.03 1.9 0.69 0.996 0.99
Anaj-17 3.44 3.38 5 0.995 0.104 2.9 0.91 0.993 0.99

Combined 3.34 3.27 10 0.998 0.083 2.4 0.81 0.995 0.99

Table 7: Statistical indices derived for evaluating the performance of CERES-Wheat in predicting grain yield of different wheat cultivars.

Pmean: mean of predicted value, Omean: mean of observed value, n: number of observations, a and b: intercept and slope of the line, MAPE: 
mean absolute percentage error, RMSE: root mean square error, d-index: index of agreement, R2: coefficient of determination.

Nitrogen Levels
Cultivars

Anaj-17 Gandam1-17
N0 = Control 3.37 1.29

N1 = 50 kg ha-1 3.08 1.65
N2 = 100 kg ha-1 3.52 3.06
N3 = 150 kg ha-1 1.93 0.95
N4 = 200 kg ha-1 2.43 2.33

Table 8: Absolute per cent deviation between observed and predicted grain yield.

Discussion
Nitrogen is a remarkable limiting factor for yield and yield 

components of wheat. Nitrogen is a key restricting component in 
plant growth and development, as proven by higher harvest yields 
following an increment in available N. Low nitrogen impacts the 
formation of biomass and the utilization of sun energy for plant 
efficiency [33]. Therefore, a deficiency of nitrogen significantly af-
fects wheat crop performance [34]. Inadequate N fertilizer man-
agement for winter wheat production in poor countries not only 
decreased the nitrogen usage efficiency and economic benefits 
received by farmers, but also raises the risk of non-point pollu-
tion [15,35]. As a result, optimum nitrogen management with high 
output, low pollution, and high use efficiency is crucial to address-
ing these challenges and ensuring the sustainable development of 
winter wheat production.

Crop simulation models may help in the evaluation of nitrogen 
fertilizer management, improving nitrogen use efficiency, and re-
ducing environmental contamination [36]. In this study, perfor-

mance of DSSAT-CERES-Wheat model was evaluated for different 
wheat cultivars under various nitrogen levels in semi-arid condi-
tions of Faisalabad.

In the field of agriculture crop simulation models have practical 
applications like optimization of input use, seasonal management, 
and spatial analysis. DSSAT model has been known to simulate 
wheat performance for a variety of nitrogen levels and different 
genotypes under diversified field conditions [37,38]. Similarly, 
DSSAT-CERES model has been used to simulate performance of dif-
ferent genotypes of maize [39,40], and various nitrogen levels for 
maize in semi-arid conditions of Faisalabad [41]. But the simula-
tion for a study combining genotypes and nitrogen levels for wheat 
under semi-arid irrigated ecosystems of Pakistan (Faisalabad) 
had not been conducted before. Therefore, the current study was 
planned.

First of all, CERES-Wheat model was calibrated. During calibra-
tion of model, treatment having 150 kg N ha-1 was used for the two 
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cultivars (Anaj-17 and Gandam1-17) as this level showed better 
results for yield and yield associated traits. The non-stress treat-
ment is normally used in model calibration as some of the genetic 
coefficients (for example G3) in CERES-Wheat model are based on 
non-stress plant growth. Similar results were reported by Mubeen., 
et al. [40]; they showed that an optimum treatment irrigation at 25 
mm potential soil moisture deficit (PSMD) for the two hybrids was 
used for model calibration as this treatment had no water stress. 
The calibration results showed that Absolute per cent deviation 
between observed and CERES-Wheat predicted crop biomass for 
this treatment was 1.09% and 0.79% for Anaj-17 and Gandam1-17, 
respectively. Similarly, the deviation for grain yield was 1.93% and 
0.95% for these cultivars. The performance of CERES-Wheat was 
satisfactory with significant R2 (>0.90) and d-index values (around 
1) for the two cultivars regarding biomass and grain yield (Tables 
5 and 7). These results are in line with Sarwar et al (2012) who 
reported that maximum grain yield and total dry matter were ob-
tained in wheat when 150 kg N ha-1 was applied. Hammad., et al. 
[42] also found that 150 kg N ha-1 was the best treatment regarding 
yield and total dry matter in wheat.

After calibration, the DSSAT-CERES-Wheat was evaluated 
against all the treatments of nitrogen for the two cultivars sepa-
rately. Different growth variables including time course leaf area 
index (LAI) and total dry matter (TDM) production and subse-
quently derived leaf area duration (LAD), crop growth rate (CGR) 
and net assimilation rate (NAR) all have their role in healthy or 
otherwise growth of the wheat plants. Similarly, developmen-
tal variables of yield traits including days to anthesis, number of 
productive tillers, number of grains per spike, 1000-grain weight 
and days to maturity all contribute towards the economic yield i.e. 
grain yield. So, in our study, all these variables were taken into con-
sideration. Actually, the CERES-Wheat model uses all the growth 
and developmental stages as input in A and T files and simulates 
the grain yield based on all these inputs [43].

Leaf area index (LAI) is the main physiological determinant of 
the crop yield [44]. Regarding time course leaf area index, various 
nitrogen levels showed different growth pattern. Nitrogen level of 
150 kg ha-1 (N3) showed highest LAI followed by 200 kg ha-1 (N4) 
(Figure 2A). Similarly, highest time course TDM was produced by 
150 kg ha-1 (Fig. 3A). Among derived variables, maximum LAD (277 
days) was recorded for N3 and the lowest was found for N1 i.e. 0 
kg ha-1 (Table 1). Nitrogen application, 150 kg N ha-1 demonstrated 
the highest CGR (11.18 mg m-2 d-1) that fell short of 200 kg N ha-1 
(10.37 g m-2 d-1) (Table 1). Regarding NAR, highest NAR was found 

at 150 kg N ha-1 (6.61 g m-2 d-1), with 100 and 200 kg N ha-1 (6.57 
g m-2 d-1 and 6.56 g m-2 d-1) being the next highest (Table 1). En-
hanced photosynthetic capacity of leaves and improved plant nu-
trition may be responsible for an increase in net assimilation rate. 
In a study conducted by Sultana., et al. [45], the peak LAI was the 
highest at 220 kg N ha-1 and lowest value was recorded at control 
(0 kg N ha-1), and peak LAI was measured at booting stage. Many re-
searchers [45-47], concluded that increases in red reflectance were 
associated with the decrease in chlorophyll resulting from lower N 
supply; decrease in NIR reflectance mostly responded to decreases 
in LAI and green biomass.

Regarding wheat cultivars, maximum LAI was measured for 
Gandam1-17 at about 75 days after sowing (Figure 2) and maxi-
mum time course TDM was found in Gandam1-17 (Figure 3). Simi-
larly, maximum LAD (270 days), maximum CGR (9.84 g m-2 d-1) 
were recorded in Gandam1-17, but NAR was higher in Anaj-17 
(6.39 g m-2 d-1) (Table 1), this was due to difference of genetic vari-
ability of different cultivars [44].

When we talk about validation of DSSAT-CERES-Wheat model 
for yield associated traits, it was found that the prediction of bio-
mass was satisfactory with R2 value greater than 0.90 and d-index 
of about 1. Low values of RMSE (20.78) and MAPE (2.0) were ob-
served in the biomass predictions of the model across wheat culti-
vars when combined together (Table 5). Similarly, absolute percent 
deviation ranged from 1.09 to 3.81% for Anaj-17 and this range 
was 0.79 to 2.80% for Gandam1-17. Similar results were found by 
Nasim., et al. [48], who reported good simulation of total dry matter 
by CERES-Wheat for different cultivars.

Similarly, in grain yield prediction, the model results were sat-
isfactory. RMSE value of 0.81 and MAPE of 2.4 were observed in 
the grain yield predictions across the five N regimes and two wheat 
cultivars (Table 7). Timsina and Humphreys [49] have reviewed the 
performance of CERES-Wheat across several locations and report-
ed satisfactory predictions of grain yield. Relatively good agree-
ment between observed and simulated data for both grain yield 
using CERES-Wheat was reported by [21].

Degree of stress may be assessed in terms of yield losses. The 
higher the yield loss, the greater would be the stress and vice versa. 
The good simulation of the model may be evaluated based on this 
yield gap analysis which is calculated by taking difference between 
simulated yield under non-limiting conditions (taken as reference 
level) and observed yield under different treatment combinations 
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[38]. Departure of predictions from observed values were 1.29, 
1.65, 3.06, 0.95 and 2.33 % for the 0, 50, 100, 150, and 200 (cali-
bration) kg N ha-1 treatments, respectively, in Gandam1-17 (Table 
8). Grain yields in Anaj-17, were also well predicted by the model, 
the deviations of simulations from the observations in this cultivar 
were 3.37, 3.08, 3.52, 1.93 and 2.43% for the 0, 50, 100, 150, and 
200 treatments, respectively. Results showed that lower yield gap 
for both Gandam1-17 (0.95%) and Anaj-17 (1.93%) were obtained 
at nitrogen level (N3= 150 kg ha-1) indicating that the CERES-
Wheat model was able to simulate grain yield by best performing 
at this N regime.

Conclusions
Results concluded from study validate that different wheat 

cultivars and various nitrogen levels have a remarkable effect on 
crop growth and yield of the wheat crop. Gandam1-17 at 150 kg N 
ha-1 produced the highest grain yield due to high TDM production. 
While the remaining treatments had decreased the wheat yield 
and yield contributing components. So, 150 kg N ha-1in combina-
tion with Gandam1-17 was found to be best for getting maximum 
yield. The CERES-Wheat model was assessed by difference of ob-
served versus simulated growth and yield parameters. Mean per-
cent difference and percent error were used to analyze the model 
results. They showed the good results for model simulations. For 
leaf area index, crop biomass and grain yield model computer-
generated products were very good. This study can help farmers 
of the semi-arid environment to calculate the optimum different 
cultivars for maximum economic return from wheat.
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