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Abstract The objectives of this study were to evaluate the performance of the cropping
system model (CSM)-CERES-Rice to simulate growth and development of an aromatic
rice variety under irrigated conditions in a semiarid environment of Pakistan and to
determine the impact of various plant densities and nitrogen (N) application rates on grain
yield and economic return. The crop simulation model was evaluated with experimental
data collected in experiments that were conducted in 2000 and 2001 in Faisalabad, Punjab,
Pakistan. The experimental design was a randomized complete block design with three
replications and included three plant densities (one seedling hill ™!, PD;; two seedlings
hill ™!, PD,; and three seedlings hill ™!, PD;) and five N fertilizer regimes (control, Ny;
50 kg ha™', Nso; 100 kg ha™", Njgo; 150 kg ha™', Nyso; and 200 kg ha™', Nagp). To
determine the most appropriate combination of plant density and N levels, four plant
densities from one seedling hill ™" to four seedlings hill ™' and 13 N levels ranging from 0
to 300 kg N ha™' (52 scenarios) were simulated for 35 years of historical daily weather
data under irrigated conditions. The evaluation of CSM-CERES-Rice showed that the
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model was able to simulate growth and yield of irrigated rice in the semiarid conditions, with
an average error of 11% between simulated and observed grain yield. The results of the
stimulation analysis result showed that two seedlings hill™' along with 200 kg N ha™"
(PD,N»g0) produced the highest yield as compared to all other scenarios. Furthermore, the
economic analysis through the mean gini dominance also showed the dominance of this
treatment (PD,N,oo) compared to the other treatment combinations. Thus, the management
scenario that consisted of two seedlings hill ' and 200 kg N ha™~"' was the best for high yield
and monitory return of irrigated rice in the semiarid environment. The mean monetary returns
ranged from 291 US $ ha™'to 1 460 US $ ha™' among the 52 production options that were
simulated. This approaching was demonstrated as effective way to optimize the density and N
management for high yield and monetary return. It will help the rice production.

Keywords Crop management - Crop modeling - Biomass - Decision support system for
agrotechnology transfer - Grain yield

Abbreviations

CSM Cropping system model
GDP Gross domestic product
RMSE Root mean square error
LAI Leaf area index

Introduction

Lowland rice (Oryza sativa L.) is the most predominant cropping system in Asia (Singh
et al. 1999b; Jing et al. 2009). Rice and wheat-based cropping system occupy 24 million ha
of cultivated land in Asia (GOP 2007). Pakistan grows sufficient high quality rice (Oryza
sativa L.) to meet domestic demand and for export. Rice is the second important food crop
after wheat (Triticum estivum L.) in Pakistan. In 2008, rice contributed 5.9% in value
added agriculture and 1.35% in gross domestic product (GDP) (GOP 2009). In spite of a
structural shift towards industrialization, the agricultural sector is still the largest sector of
the Pakistan’s economy having a 22% share in GDP. It also remained the dominant sector
with its ability to absorb 44% of the country’s labor force (GOP 2009). In 2008, rice was
cultivated on 2.963 M ha with an average yield of 2.35 t ha™" and for a total production of
6.952 M ton (GOP 2009). However, the yield of rice in Pakistan is low compared to other
countries, e.g., Iraq, 2.95; India, 3.37; Iran, 3.95; Bangladesh, 4.01; Chile, 6.13; Argentina,
6.25; China, 6.61; Japan, 6.78; Korea, 6.99; Turkey, 7.00; Peru, 7.36; USA, 7.68; Uruguay,
8.01; Egypt, 10.04; Oceania, 11.33; and Australia, 11.33 t ha™! (IRRI 2009; USDA 2009;
FAO 2009). The assurance of optimum plant densities and nitrogen (N) application rates
are two key management practices for crop production systems (Singh 1994; Godwin and
Singh 1998; Ritchie et al. 1998; Sarkar and Kar 2006). Excessive use of inorganic fer-
tilizers, especially N, may cause ground water pollution due to leaching, which in turn
could lead to eutrophication (Kropff et al. 1993; Ma et al. 2009; Maraseni et al. 2009). In
Pakistan, low N fertilization is the main cause for the low yield levels, and normally there
is no N leaching under the prevailing soil and weather conditions (Niaz et al. 2003; Tahir
and Rasheed 2008). So, marginally higher rates of N fertilizer could be applied, as rice and
wheat are relatively exhaustive feeders for macro elements, with annual nutrient (N, P,
and K) removals exceeding 500 kg ha™' for both rice and wheat in a 1 year rotation
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(Singh and Singh 2001; Singh et al. 2004; 2009). Therefore, using higher N rates for
increasing rice yield is still a promising management recommendation in order to increase
profits for the low income farmers, to improve food security and to expand exports.

Crop simulation models and their associated decision support systems have been used
successfully in many countries around the world for a wide range of applications (Tsuji
et al. 1998; Hoogenboom et al. 2004). The crop simulation models can be very useful for
evaluating soil-plant-atmosphere relationships for single crops and crop rotations through
seasonal, sequential and spatial analysis. One of the main goals of a crop simulation model
is to estimate crop production, resource use and environmental impact as a function of
local weather and soil conditions and crop management (Hoogenboom 2000; Jones et al.
2003; Bannayan et al. 2003). The Decision Support System for Agrotechnology Transfer
(DSSAT; Tsuji et al. 1998; Hoogenboom et al. 2004) is a widely used decision support
system that includes the cropping system model (CSM)-CERES-Rice (Jintrawet 1995;
Ritchie et al. 1998; St’astna et al. 2002; Sarkar and Kar 2006). The CSM-CERES-Rice
model simulates rice crop growth and development from either planting or transplanting to
harvest maturity and is based on the physiological processes that describe the response of
rice to local soil and weather conditions. Potential growth is mainly dependent upon
photosynthetically active radiation (PAR), light interception and the light conversion
efficiency, while actual growth is a constraint of crop management, soil and weather
interactions. The input data required to run the DSSAT models include daily weather data,
i.e., maximum and minimum temperature, rainfall, and solar radiation; soil characteriza-
tion data (physical, chemical, and morphological properties for each layer); genetic
information through cultivar coefficients; and crop management information, such as
transplanting date, age of nursery transplanting seedlings, row and plant spacing, rates, and
dates and amount of fertilizer and irrigation application. Many scientists have evaluated the
rice model successfully and predicted phenology, growth, development, and yield
parameters for rice (Buresh et al. 1991; Singh et al. 1999a; Cheyglinted et al. 2001; Kumar
and Sharma 2004; Sarkar and Kar 2006). These models have also been applied towards
increasing resource use efficiency of cropping systems (Kropff et al. 2001; Timsina and
Connor 2001; Timsina and Humphreys 2006).

Most of the recent studies have used crop simulation models with single or multiple
factors, without considering the economic impact for producers (Buresh et al. 1991; Kropff
et al. 1994; Cheyglinted et al. 2001; St’astna et al. 2002; Kumar and Sharma 2004; Soler
et al. 2007a, b; Banterng et al. 2010). Limited scientific information is available regarding
the application of the CSM-CERES-Rice for the interaction of two factors for a rice crop
such as plant density and nitrogen rates for irrigated semiarid conditions. The overall goal of
this study was to integrate the crop simulation models with the targeted field experiments for
identifying optimum management practices for rice. The specific objectives included (1) the
evaluation of the performance of the CSM-CERES-Rice model for plant density and N
management for irrigated rice for a semiarid environment and (2) to determine the best
management options to increase rice productivity for local conditions in Pakistan.

Materials and methods
Description of experimental site

Field trials were conducted in 2000 and 2001 at the experimental farm of the Department
of Agronomy, University of Agriculture, Faisalabad (UAF), Punjab, Pakistan (36.25°N,
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73.09°E, and 184.4 m altitude). The experimental site is located in the rice-based cropping
zone in the semiarid area of Pakistan. The soil is a Lyallpur clay loam (aridisol-fine-silty,
mixed, hyperthermic Ustalfic, Haplarged in UDSA classification and Haplic Yermosols in
FAO classification). The soil samples that were taken at transplanting in 2000 had a pH of
7.8, an organic matter content of 0.73%, total N of 0.046%, available P of 6.15 ppm and
available K of 193 ppm. In 2001, these values were 7.9, 0.76%, 0.048%, 6.19 ppm and
195 ppm, respectively. The climate of the area is semi-arid with an average annual
maximum and minimum temperatures of 31.2 and 17.2°C, respectively, and annual rainfall
that ranges from 400 to 800 mm. However, during the rice cropping season (May—Octo-
ber), the average seasonal maximum and minimum temperatures are 37.1 and 24.3°C,
respectively. Overall, 75% of the total annual precipitation occurs during the rice season
(GOP 2009). The monthly average solar radiation during the rice season ranges from 20 to
24.5 MJ m~2 d~" versus an annual average of 14-16 MJ m~> d~'. The detailed weather
data for 2000 and 2001 are presented in Fig. 1.

Experimental procedures

An aromatic variety (Basmati-385) was grown during both years of the experiment. The
land for nursery and planting was done by partial wet method, i.e., soils were dry 50% of
the time and soils are wet 50% of the time when cultivated under standing water. The
experiment included the following treatment combinations: three plant densities, viz., one
seedling hill™?, (PD,), two seedlings hill ™! (PD,) and three seedlings hill ™! (PD;) and five
N fertilizer application rates, viz., No = control (Np), N; = 50 (N50), N, = 100 (Ny¢0),
N3 = 150 (Ny50) and Ny = 200 (Npo0) kg N ha~'. A randomized complete block design
(RCBD) was employed with three replications. There were eight rows plot ' and 12 hills
row ', The seed rate for nursery sowing was 20 g m™~2. Thirty-day-old seedlings were
transplanted on 4 July in 2000 and 3 July in 2001 manually in a puddle field in standing
water at 22.5 cm by 22.5 cm of hill and row spaces in both years. Each N treatment
consisted of two applications of urea. The first half of the N fertilizer was applied during
puddling before transplanting on 4 July in 2000 and 3 July in 2001. The second dose of
fertilizer was applied 22 days after transplanting (DAT) on 26 July in 2000 and 25 July in
2001. In addition, phosphorus and potassium (P,Os and K,0; 65 kg ha™" each) in the form
of single super phosphate (SSP) and potassium sulphate were also applied during puddling
prior to final cultivation. Zinc at a rate of 25 kg ha™" was applied at puddling before final
cultivation to avoid zinc deficiencies under standing water conditions. A total of 16 irri-
gations were applied at a rate of 100 mm each to all treatments at 7 day intervals. All other
agronomic practices such as weeding and plant protection measures were standard and
uniform for all the treatments. Additional details on crop management can be found in
Ahmad et al. (2008, 2009).

Plant sampling and measurements

Phenology and development were recorded during both the vegetative and reproductive
phases in both years. Anthesis was recorded when panicles were visible outside the leaf
sheath on 50% of the plants in each plot. Physiological maturity was determined by
regularly sampling grains from primary tillers. For growth analysis, a total of six harvests
were conducted at 14-day intervals during each growing season. Four randomly selected
hills were harvested from each plot and border effects were avoided. The plants were
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Fig. 1 Daily average maximum air temperature and minimum air temperature during 2000 (a) and 2001
(b), solar radiation and precipitation during 2000 (¢) and 2001 (d) for Faisalabad, Pakistan (horizontal bar
represents the rice growing season)

separated into leaves, stem and grains (when present). A sub-sample of 100-200 g of green
leaves and branches were oven dried to a constant weight at 80°C for determining leaf dry
weight. A sub-sample of 50-100 g of green leaves was taken and leaf area was measured
with an electronic leaf area meter (Licor, model 3100). The leaf area index (LAI) was
calculated as the ratio of total leaf area to occupied surface area. The final harvest was
conducted manually for the two central rows for 1 m of each row for determining final
biomass, grain yield and yield components.
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Calibration and evaluation of the CSM-CERES-Rice model

The CERES-Rice model embedded in Decision Support System for Agro-technology
Transfer-DSSAT v4.5 (Jones et al. 2003; Hoogenboom et al. 2010) was used in this
study. It is a physiologically based and management oriented model that utilizes carbon,
N, water and energy balance principles’ to simulate the growth and development of rice
plant. The model calculates the growth and development of rice plants on a daily time
steps, and the final crop yield is computed on the date of harvest. Inputs required for
model execution include management practices, i.e., plant genetics, plant density, row
spacing, transplanting and harvest dates, fertilizer application amounts, dates and
method), environmental factors (soil physical and chemical properties etc.) and weather
conditions (daily minimum and maximum temperature, solar radiation, and precipita-
tion). The CSM-CERES-Rice model was calibrated with the data obtained from the 2000
field experiment for the treatment that consisted of a plant density of two seedlings hill ™'
and a N application of 200 kg N ha™' as it had the best performance. The cultivar
coefficients were determined sequentially, starting with phenological parameters followed
by the grain filling parameters and finally total biomass and grain yield (GY) (Hunt and
Boote 1998). To select the most suitable set of coefficients for each growth and
development coefficient an iterative procedure was used (Hunt et al. 1993). A detailed
description of the cultivar coefficients used by the CSM-CERES-Rice is presented in
Table 1. After the calibration of the cultivar coefficients, the accuracy of the model was
checked with observed data for the remaining 14 treatments. The experimental data
collected in 2001 were used for independent model evaluation. As part of the calibration
and evaluation process the simulated data for anthesis date, maturity date, grain yield and
total biomass were compared with the observed values.

Table 1 Calibrated genetic coefficients of rice cultivar Basmati-385 used with CSM-CERES-Rice model

Cultivar trait Genetic Unit Value
coefficients

Vegetative growth

1. Time from seed emergence to the end of juvenile phase P1 Photothermal ~ 126.0
day
2. Extent to which development is delayed for each hour P20 h 250.0
increase in photoperiod above the longest photoperiod
3. Extent to which phasic development from vegetative to P2R Photothermal ~ 500.0
panicle initiation is delayed for each hour increase in day

photoperiod above P20, i.e., 12.5 h
Reproductive growth

4. Time starting from grain filling to physical maturity P5 Photothermal ~ 10.9
day
5. Maximum spikelet number coefficient Gl - 52.0
6. Maximum possible single grain size G2 g 0.0235
7. Scalar vegetative growth coefficient for tillering relative to ~ G3 - 1.03
IR64
8. Temperature tolerance scalar coefficient G4 - 0.90
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Statistics

Different statistical indexes were used for model calibration and evaluation, including the
root mean square error (RMSE) (Wallach and Goffinet 1987) and the index of agreement
(d-value) (Willmott 1982). The computed values of RMSE and d-value determine the
degree of agreement between the predicted values with their respective observed values,
and a low RMSE value and a d-value that approaches one are desirable. The RMSE was
calculated according to Eq. 1.

RMSE (root mean square error) =

where P; and O; refer to the predicted and observed values for the studied variables,
respectively, e.g., leaf area index, grain yield and total biomass and n is the population
number of the observed variables. Normalized RMSE (RMSE),) gives a measure (%) of the
relative difference of simulated verses observed data. The simulation is considered
excellent with a normalized RMSE less than 10%, good if the normalized RMSE is greater
than ten and less than 20%, fair if the normalized RMSE is greater than 20% and less than
30%, and poor if the normalized RMSE is greater than 30% (Loague and Green 1991).
The RMSE, was calculated following Eq. 2.

(2)

4 RMSE x 100
Normalized root mean square error = |—————

o

The index of agreement (d) proposed by Willmott et al. (1982) was estimated by Eq. 3.
S (P — 0

>y (P +10})

where n is the number of observations, P; the predicted observation, O; is a measured
observation, P'; = P,—M and O'; = O,—M (M is the mean of the observed variable). The
percentage deviations (PD) were also calculated.

, 0<d<l (3)

Index of agreement (d) =1 — {

Stimulation scenario analysis

The CSM-CERES-Rice model was used for long term simulations of the aromatic rice cultivar
Basmati-385. The seasonal analysis program of DSSAT v4.5 was used to evaluate and compare
different combinations of crop management practices (Thornton and Hoogenboom 1994;
Thornton et al. 1998). The simulations were conducted for 35 years using observed daily weather
data starting in 1974 and ending in 2008. The overall goal was to determine the best management
option for an irrigated rice grown under semiarid conditions in Faisalabad, Pakistan. The sce-
narios that were evaluated included combinations of four plant densities and 13 N levels for a
total of 52 treatments. The simulation results were analyzed using the strategy analysis program
of DSSAT (Thornton et al. 1995, 1998) to compare percentile distributions for grain yield.

Economic analysis

The results of each strategy, i.e., each combination of plant density (one seedling hill™",
two seedlings hill™!, and three seedlings hill’]) and N rates (control, 50 kg ha™!,
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100 kg ha™"', 150 kg ha™', and 200 kg ha™"), were also evaluated using the Mean-Gini
Dominance Analysis (Buccola and Subaei 1984; Fawcett and Thornton 1989) an evalua-
tion procedure of the seasonal analysis program that calculates monetary return for each
treatment combination and identifies the most dominant treatment based on the highest
economic return (Gini coefficient). The gross margin (US $ t~1) for each combination of
treatment was determined with the following equation.

GM=YxP-NxC-V (4)

where Y is the simulated rice grain yield (kg ha™'), P is the price of rice (297 US $ th
(average of last 3 years, 2007-2009; Fig. 2), N is the N application rate (kg ha™') per
treatment, C is the cost of N (0.38 US $ kg_l) and V is the base production cost
(275 US $ ha™") for all treatments during 2009. The base production cost for a rice crop
was taken from the Department of Agriculture Extension, Punjab, Pakistan (unpublished
data). The rice and N fertilizer prices were taken from the Economic Survey of Pakistan,
Finance Division, (available online) (GOP 2009).

Results and discussion
Model calibration

The CSM-CERES-Rice model was calibrated with experimental data collected during the
2000 rice crop season. The cultivar coefficients of Basmati-385 were estimated through
trial and error and comparison of model-simulated and experimental data using CSM-
CERES-Rice model. The final values for the eight cultivar coefficients that determine
vegetative (P1, P20, and P2R) and reproductive (P5, G1, G2, G3, and G4) growth and
development are presented in Table 1.

A close agreement was obtained between observed and simulated values for rice phe-
nology. The model predicted the dates from transplanting to anthesis and transplanting to
maturity with a difference of 1 day between observed and simulated dates for cultivar
Basmati-385 (Table 2). The simulated and observed values were in good agreement for
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Fig. 2 Rice price in Pakistan from 1974 to 2009 (Source FAO 2011)
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Table 2 Simulated (S) and observed (O) phenology, root mean square error and d-value for growth
characteristics from model calibration (2000) and model evaluation (2001) for rice cultivar Basmati-385
with three plant densities and five N rates (n = 15)

Transplanting date Crop characteristics

05 July 2000 Phenology S (DAT) O (DAT)
Anthesis date 71 72
Maturity date 102 103
Growth RMSE d-value
LAI (m* m™?) 1.40 0.92
Top weight (kg ha™") 369 0.97

04 July 2001 Phenology S (DAT) O (DAT)
Anthesis date 72 72
Maturity date 103 103
Growth RMSE d-value
LAI (m* m™) 1.83 0.94
Top weight (kg ha™") 382 0.98

DAT days after transplanting; LA/ leaf area index

LAI and total above-ground biomass at different phenological stages for the different
combinations of plant density and N rates (Fig. 3). The lower values for RMSE and higher
d-values close to one reflected that the model predicted LAI and above-ground biomass
quite well. At final harvest, the simulated values were also in good agreement with the
observed values, and the differences ranged from 1.12 to 12% for total above-ground
biomass. However, the RMSE for grain yield at final harvest ranged from 175' to
191 kg ha™", while normalized RMSE varied from 1.5 to 2.3% and d-values varied from
0.88 t0 0.97 (Table 3). The regression line between simulated and observed grain yield had
a high value for * (0.97) for the 15 treatment combinations of plant density and N rates
(Fig. 5), showing the ability of model to simulate rice growth and development under
irrigated conditions for a semiarid environment.

Model evaluation

The CSM-CERES-Rice model was evaluated with the experimental data collected during
the 2001 season. A perfect match was obtained between the observed and simulated values
for rice phenology. The model predicted the dates from transplanting to anthesis and
transplanting to maturity with O (zero) difference between the observed and simulated
dates for cultivar Basmati-385 (Table 2). The simulated and observed values for LAI and
total above-ground biomass at different phenological stages for the different combinations
of plant density and N rates were in good agreement (Fig. 4). The value for the d-value for
LAI ranged from 0.96 to 0.99 (Table 3), while the RMSE ranged from 1.77 to
1.92 m? m™? (Table 2). The d-value for above-ground biomass ranged from 0.95 to 0.99,
while the RMSE ranged from 371 to 392 kg ha™' (Table 2). The lower values for RMSE
and higher d-values close to one revealed that the model predicted LAI and above-ground
biomass quite well. At final harvest, the simulated values were also in good agreement with
the observed values, and the difference ranges from 2.05 to 15% for total above-ground
biomass. However, the RMSE for grain yield at final harvest ranged from 206 to
263 kg ha™!, while normalized RMSE varied from 2.1 to 3.4% and d-values varied from

@ Springer



Precision Agric (2012) 13:200-218 209

25 12000
20 10000
8000
L5
6000
1.0 4000
0.5 2000
0.0 0
25 12000
20 10000
8000
15
6000
1.0 4000
0.5 2000
0.0 0
25 12000 _
q‘E 20 10000 'z
8000 P
NE 1.5 ~
\CS 6000 2
] 1.0 <
;C 4000 g
0.5 2000 M
0.0 0
25 12000
20 10000
8000
15
6000
1.0 4000
0.5 2000
0.0 0
25 12000
20 10000
8000
1.5
6000
1.
0 4000
0.5 " 2000
0.0 Es 0

0 20 40 60 80 1000 20 40 60 80 1000 20 40 60 80 100
Days after transplanting

A Observed LAI —— Simulated LAI
o Observed biomass — — — Simulated biomass

Fig. 3 Simulated (continuous line) and observed (triangular symbols) leaf area index and simulated (dotted
lines) and observed (round symbols) biomass of rice Basmati-385 at variable plant density and N application
rates, i.e., PD; + Ny (a), PD, + Ny (b), PD; 4+ Ny (¢), PD; + Nsq (d), PD, 4+ Nsqg (e), PD3 + Nso (f),
PD; + Njgo (g), PDs + Nygg (h), PD3 + Nyjgo (i), PD; + Nyso (j), PDs + Nyso (K), PD3 + Nyso (D),
PD; 4 Nygo (m), PD; + Nygp (m), and PD3 + N,oo (0) under irrigated semiarid conditions at Faisalabad,
Pakistan during 2000 used for model calibration
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Fig. 4 Simulated (continuous line) and observed (triangular symbols) leaf area index and simulated (dotted
lines) and observed (round symbols) biomass of rice Basmati-385 at variable plant density and N application
rates, i.e., PD; + Ny (a), PD, 4+ Ny (b), PD3; + Ny (¢), PD; 4+ Nsp (d), PD, + N5 (e), PD3; + Nsq (f),
PD; + Njgo (g), PD2 + Nygo (h), PD3 + Njgo (i), PD; + Nyso (j), PD2 + Nyso (k), PD3 + Nyso (D),
PD; + Nygp (m), PD; + Ny (n), and PD; 4 Ny (0) under irrigated semiarid conditions at Faisalabad,
Pakistan during 2001 used for model evaluation. RMSE and d-value are derived for simulated and observed
values. The RMSE (root mean square error) and index of agreement (d-value) are derived from simulated
and observed values both (it is also mentioned in the material and method section, where Eqs. 1 and 3 are
given)

@ Springer



Precision Agric (2012) 13:200-218 213

5500

5000 —
A AL
4500 + A A A

4000 +

3500

Simulated grain yield (kg ha™")

3000 iy y=1.09x s A y=1.06x
=097 =095
n=15 n=15

2500 T T T T T T T T T T
2500 3000 3500 4000 4500 5000 5500 3000 3500 4000 4500 5000 5500

Observed grain yield (kg ha™)

A 2000 A 2001

Fig. 5 Observed and simulated rice grain yields of rice cultivar-385 at Faisalabad, Pakistan during 2000
(a) used for model calibration and 2001 (b) used for model evaluation

0.89 to 0.96 (Table 3). The regression line between simulated and observed grain yield had
a high value for * (0.95) for the 15 treatment combinations of plant density and N rates
(Fig. 5). In general, the results for model evaluation with the observed data sets indicated
that the CSM-CERES-Rice model was able to simulate yield accurately for transplanted
rice for treatment combinations of plant density and N rates under irrigated conditions for a
semiarid environment in Faisalabad, Pakistan.

Model application

An analysis for identifying the optimum combination of plant density and N level for rice
production using crop simulations was conducted. The CSM-CERES-Rice model was used
to simulate grain yield for rice for 52 different scenarios (treatment combinations; four
plant densities x 13 N levels) ranging from one seedling hill™! to four seedlings hill ™" and
N rates ranging from zero (0) to 300 kg ha™' under irrigated conditions for a semiarid
environment for 35 years using historical daily weather data from 1974 to 2008. Simulated
rice yield ranged from 374 to 9 340 kg ha™', with an average yield of 5 358 kg ha™" for
the 52 scenarios that were simulated (Fig. 6). The simulation scenarios showed that a plant
density of two seedlings hill™' along with 200 kg N ha™' predicted the highest average
grain yield for all combinations of plant density and N rates (Fig. 6). The range of the
simulated rice grain yield around the median for two seedlings hill™! and 200 kg N ha™'
(PD,N50) was smaller than for all other scenarios. The simulated rice grain yield for all 52
scenarios is depicted in Fig. 6, showing the minimum, 25% percentile, median, 75%
percentile and maximum values. As nitrogen is the integral part of the plant constituent
(chlorophyll), that is why the yield increases with the addition of N fertilizer application
rate. The presence of outliers is quite common in the lab, field and computer based
simulation experiments. So, whenever there is data collection, there are outliers. Because,
in this study we simulate for 35 years that’s why there are some outliers in Figs. 6 and 7.
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Fig. 6 Simulated grain yield for rice Basmati-385 at variable plant density and N application rates. Box
limits represent the 25th and 75th percentiles, box central line represents the median, and outliers represent
the minimum and maximum values. The simulated results were obtained from the combination of historical
weather data for 35 years, four plant densities, and 13 N application levels under irrigated semiarid
environment of Faisalabad, Pakistan

The monetary returns ha™' for all 52 scenarios is presented in Fig. 7. For the strategy
analysis all 52 scenarios were used. The mean monetary return varied from —291 to
1460 US $ ha™' among the 52 scenarios that were simulated. The results from the strategic
analysis of monetary returns ha™' (Fig. 7) showed that the treatment combination of two
seedlings hill ™! and 200 kg N ha™! (PD, x Njgg) was dominant among the 52 scenarios
that were simulated. These results are in line with another study that applied the CERES-
Rice model (Sarkar and Kar 2006). This study which was conducted for transplanted
and direct seeded rice in Bengal, India demonstrated that the treatment in which
120 kg N ha™' was applied had dominance compared to the other treatments. However,
their study was conducted under sub-humid environmental conditions, using other rice
cultivars and management strategies than in our study and the maximum N application rate
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Fig. 7 Monetary return (US $ ha™') percentiles for rice Basmati-385 at variable plant density and N
application rates. Box limits represent the 25th and 75th percentiles, box central line represents the median,
and outliers represent the minimum and maximum values

was 120 kg N ha™". The application of systems analysis that combines both experimental
field research and crop modeling to determine optimum farming practices in different
countries has become common. For instance, Soler et al. (2007a, b) applied the crop
simulation model CSM-CERES-Maize for optimum planting dates for maize in Brazil
while Banterng et al. (2010) used the CSM-CROPGRO-Soybean model to determine
optimum management practices for soybean in Thailand.

Conclusions
The results for model calibration showed the model between simulated and observed

values for phenology and growth of rice. This study also showed the CSM-CERES-Rice
model to serve as a tool for determining the best combination of plant density and N levels
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for growing rice under irrigated conditions in a semiarid environment in Pakistan. This
study illustrates the potential for using crop simulation models as an information tech-
nology tool for determining suitable management strategies for rice production in the
Faisalabad district in the Punjab Province of Pakistan. Therefore, we can conclude that the
CSM-CERES-Rice model could potentially assist resource-poor farmers in Pakistan by
providing them with alternate management options. However, we suggest that in order to
be able to identify the optimum management practices for a specific region and for a
specific crop, a few years of actual field experiments should be conducted for model
evaluation and that long-term historical weather records be used for management scenario
analysis.

Acknowledgments The research was supported in part by a Post Doctorate Fellowship Program of the
Higher Education Commission (HEC), Islamabad, Pakistan, for the first author of this article. The author
particularly is also thankful to the administration of Bahauddin Zakariya University (BZU), Multan,
Pakistan for the approval of study leave.

References

Ahmad, S., Ahmad, A., Zia-ul-Haq, M., Ali, H., Khaliq, T., Anjum, M. A., et al. (2009). Resources use
efficiency of field grown transplanted rice (Oryza sativa L.) under irrigated semiarid environment.
Journal of Food, Agriculture and Environment, 7, 487-492.

Ahmad, S., Zia-ul-Haq, M., Ali, H., Shad, S. A., Ahmad, A., Magsood, M., et al. (2008). Water and radiation
use efficiencies of transplanted rice (Oryza sativa L.) at different plant density and irrigation regimes
under semi-arid environment. Pakistan Journal of Botany, 40, 199-209.

Bannayan, M., Crout, N. M. J., & Hoogenboom, G. (2003). Application of the CERES-wheat model for
within season prediction of winter wheat yield in the United Kingdom. Agronomy Journal, 95,
114-125.

Banterng, P., Hoogenboom, G., Patannothai, A., Singh, P., Wani, S. P., Pathak, P., et al. (2010). Application
of the cropping system model (CSM)-CROPGRO-Soybean for determining optimum management
strategies for soybean in tropical environments. Journal of Agronomy and Crop Science, 196, 231-242.

Buccola, S. T., & Subaei, A. (1984). Mean-Gini analysis, stochastic efficiency and weak risk aversion.
Australian Journal of Agricultural Economics, 28, 77-86.

Buresh, R. J., Singh, U., Godwin, D. C., Ritchie, J. T., & de Datta, S. K. (1991). Simulation soil nitrogen
transformations with CERES-Rice. Agrotechnology Transfer, 13, 7-10.

Cheyglinted, S., Ranamukhaarachchi, S. L., & Singh, G. (2001). Assessment of the CERES-RICE model for
production in the central plain of Thailand. Journal of Agricultural Sciences, 137, 289-298.

FAO. (2009). FAOSTAT, Agriculture and food trade. http://www.faostat.fao.org. Accessed 5 November
2009.

FAO. (2011). FAOSTAT Agricultural price statistics. http:/faostat.fao.org/site/351/default.aspx. Accessed
28 May 2011.

Fawcett, R. H., & Thornton, P. K. (1989). Mean-Gini dominance in decision analysis. IMA Journal of
Mathematics Applied in Business and Industry, 2, 309-317.

Godwin, D. C., & Singh, U. (1998). Nitrogen balance and crop response to nitrogen in upland and lowland
cropping systems. In G. Y. Tsuji, G. Hoogenboom, & P. K. Thornton (Eds.), Understanding options for
agricultural production (pp. 55-78). Dordrecht: Kluwer Academic Publishers.

GOP. (2007). Economic survey of Pakistan 2006-2007, finance division. Islamabad: Economic Advisory
Wing, Finance Division, Govt. of Pakistan.

GOP. (2009). Economic Survey of Pakistan 2008-2009, finance division. Islamabad: Economic Advisory
Wing, Finance Division, Govt. of Pakistan.

Hoogenboom, G. (2000). Contribution of agrometeorology to the simulation of crop production and its
applications. Agriculture and Forest Meteorology, 103, 137-157.

Hoogenboom, G., Jones, J. W., Wilkens, P. W., Porter, C. H., Batchelor, W. D., Hunt, L. A, et al. (2004).
Decision support system for agrotechnology transfer (DSSAT) version 4.0. Honolulu: University of
Hawaii, CD-ROM.

Hoogenboom, G., Jones, J. W., Wilkens, P. W., Porter, C. H., Batchelor, W. D., Hunt, L. A, et al. (2010).
Decision support system for agrotechnology transfer, (DSSAT) version 4.5. Honolulu: University of
Hawaii, CD-ROM.

@ Springer


http://www.faostat.fao.org
http://faostat.fao.org/site/351/default.aspx

Precision Agric (2012) 13:200-218 217

Hunt, L. A., & Boote, K. J. (1998). Data for model operation, calibration, and evaluation. In G. Y. Tsuji,
G. Hoogenboom, & P. K. Thornton (Eds.), Understanding options for agricultural production (pp.
9-39). Dordrecht: Kluwer Academic.

Hunt, L. A., Pararajasingham, S., Jones, J. W., Hoogenboom, G., Imamura, D. T., & Ogoshi, R. M. (1993).
GENCALC: Software to facilitate the use of crop models for analyzing field experiments. Agronomy
Journal, 85, 1090-1094.

IRRI. (2009). Atlas of rice & world rice statistics. In: IRRI (Ed.), Atlas of rice & world rice statistics. Metro
Manila: International Rice Research Institute (IRRI). http://www.irri.org/science/ricestat/index.asp.
Accessed 29 October 2009.

Jing, Q., Keulen, H. V., Hengsdijk, H., Cao, A., Bindraban, P. S., Dai, T., et al. (2009). Quantifying
N response and N use efficiency in rice-wheat (RW) cropping system under different water manage-
ment. Journal of Agricultural Sciences, 147, 303-312.

Jintrawet, A. (1995). A decision support system for rapid assessment of lowland rice-based cropping
alternatives in Thailand. Agricultural System, 47, 245-258.

Jones, J. W., Hoogenboom, G., Porter, C. H., Boote, K. J., Batchelor, W. D., Hunt, L. A, et al. (2003). The
DSSAT cropping system model. European Journal of Agronomy, 18, 235-265.

Kropff, M. J., Bouma, J., & Jones, J. W. (2001). Systems approaches for the design of sustainable agro-
ecosystems. Agricultural System, 70, 369-393.

Kropff, M. J., Cassman, K. G., van Laar, H. H., & Peng, S. (1993). Nitrogen and yield potential of irrigated
rice. Plant and Soil, 155-156, 391-394.

Kropff, M.J., van Laar, HH., & Matthews, R. (1994). ORYZA1: An ecophysiological model for irrigation
rice production. In: SARP research proceedings (p. 110). Wageningen: DLO Research Institute for
Agrobiology and Soil Fertility.

Kumar, R., & Sharma, H. L. (2004). Simulation and validation of CERES-Rice (DSSAT) model in north-
western Himalayas. Indian Journal of Agricultural Sciences, 74, 133—137.

Loague, K., & Green, R. E. (1991). Statistical and graphical methods for evaluating solute transport models:
Overview and application. Journal of Contaminant Hydrology, 7, 51-73.

Ma, W, Li, J., Ma, L., Wang, F., Sisak, I., Cushman, G., et al. (2009). Nitrogen flow and use efficiency in
production and utilization of wheat, rice and maize in China. Agricultural System, 99, 53-63.

Maraseni, T. N., Mushtaq, S., & Maroulis, J. (2009). Greenhouse gas emission from rice inputs: A cross-
country assessment. Journal of Agricultural Sciences, 147, 117-126.

Niaz, A., Ibrahim, M., & Ishaq, M. (2003). Assessment of nitrate leaching in wheat-maize cropping system:
A lysimeter study. Pakistan Journal of Water Resources, 7, 1-6.

Ritchie, J. T., Singh, U., Godwin, D. C., & Bowen, W. T. (1998). Cereal growth, development and yield. In
G. Y. Tsuji, G. Hoogenboom, & P. K. Thornton (Eds.), Understanding options for agricultural pro-
duction (pp. 79-98). Dordrecht: Kluwer Academic.

Sarkar, R., & Kar, S. (2006). Evaluation of management strategies for sustainable rice-wheat cropping
system, using DSSAT seasonal analysis. Journal of Agricultural Sciences, 144, 421-434.

Singh, U. (1994). Nitrogen management strategies for lowland rice cropping systems. In: Proceedings of the
international conference on fertilizer usage in the tropics (FERTROP) (pp. 293-306). Kuala Lumpur:
Malaysian Society of Soil Science.

Singh, Y., Gupta, R. K., Thind, H. S., Singh, B., Singh, V., Singh, G., et al. (2009). Poultry litter as a
nitrogen and phosphorous source for the rice-wheat cropping system. Biology and Fertility of Soils, 45,
701-710.

Singh, U., Patil, S. K., Das, R. O., Padilla, J. L., Singh, V. P., & Pal, A. R. (1999a). Nitrogen dynamics and
crop growth on an alfisol and a vertisol under rainfed lowland rice-based cropping system. Field Crops
Research, 61, 237-252.

Singh, Y., & Singh, B. (2001). Efficient management of primary nutrients in the rice-wheat system. Journal
of Crop Production, 4, 23-86.

Singh, Y., Singh, B., Ladha, J. K., Khind, C. S., Gupta, R. K., Meelu, O. P., et al. (2004). Long-term effects
of organic inputs on yield and soil fertility in the rice-wheat rotation. Soil Science Society of America
Journal, 68, 845-853.

Singh, U., Wilkens, P.W., Chude, V., & Oikeh, S. (1999a). Predicting the effect of nitrogen deficiency on
crop growth duration and yield. In: Proceedings of the fourth international conference on precision
agriculture (pp. 1379-1393). Madison: ASA-CSSA-SSSA.

Soler, C. M. T., Hoogenboom, G., Sentelhas, P. C., & Duarte, A. P. (2007a). Growth analysis of maize
grown off-season in a subtropical environment under rainfed and irrigated conditions. Journal of
Agronomy and Crop Science, 193, 247-261.

@ Springer


http://www.irri.org/science/ricestat/index.asp

218 Precision Agric (2012) 13:200-218

Soler, C. M. T., Sentelhas, P. C., & Hoogenboom, G. (2007b). Application of the CSM-CERES-Maize
model for planting date evaluation and yield forecasting for maize grown off-season in a subtropical
environment. European Journal of Agronomy, 27, 165-1717.

St’astna, M., Trnka, M., Kren, J., Dubrovsky, M., & Zalud, Z. (2002). Evaluation of the CERES models in
different production regions of the Czech Republic. Rostlina Vyroba, 48, 125-132.

Tahir, M. A., & Rasheed, H. (2008). Distribution of nitrate in the water resources of Pakistan. African
Journal of Environmental Science and Technology, 11, 397-403.

Thornton, P. K., & Hoogenboom, G. (1994). A computer program to analyze single-season crop model
outputs. Agronomy Journal, 86, 860-868.

Thornton, P. K., Hoogenboom, G., Wilkens, P. W., & Bowen, W. T. (1995). A computer program to analyze
multiple-season crop model outputs. Agrononty Journal, 87, 131-136.

Thornton, P. K., Hoogenboom, G., Wilkens, P. W., & Jones, J. W. (1998). Seasonal analysis. In G. Y. Tsuji,
G. Uehara, & S. Balas (Eds.), DSSAT version 3, vol. 3-2 (pp. 1-65). Honolulu: University of Hawaii.

Timsina, J., & Connor, D. J. (2001). Productivity and management of rice-wheat cropping systems: Issues
and challenges. Field Crops Research, 69, 93—132.

Timsina, J., & Humphreys, E. (2006). Performance of CERES-rice and CERES-wheat models in rice-wheat
systems: A review. Agricultural System, 90, 5-31.

Tsuji, G. Y., Hoogenboom, G., & Thornton, P. K. (1998). Understanding options for agricultural pro-
duction. Systems approaches for sustainable agricultural development. Dordrecht: Kluwer Academic.

USDA (2009). United States Department of Agriculture-National Agricultural Statistics Service, USDA.
PSD Online http://www.agcensus.usda.gov. Accessed 12 December 2009.

Wallach, D., & Goffinet, B. (1987). Mean squared error of prediction in models for studying ecological and
agronomic systems. Biometrics, 43, 561-573.

Willmott, C. J. (1982). Some comments on the evaluation of model performance. Bulletin of the American
Meteorological Society, 63, 1309-1313.

@ Springer


http://www.agcensus.usda.gov

	Application of the CSM-CERES-Rice model for evaluation of plant density and nitrogen management of fine transplanted rice for an irrigated semiarid environment
	Abstract
	Introduction
	Materials and methods
	Description of experimental site
	Experimental procedures
	Plant sampling and measurements
	Calibration and evaluation of the CSM-CERES-Rice model
	Statistics
	Stimulation scenario analysis
	Economic analysis

	Results and discussion
	Model calibration
	Model evaluation
	Model application

	Conclusions
	Acknowledgments
	References


