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ABSTRACT

Direct seeded rice (DSR) with conservation agriculture (CA) can be a good option to replace the highly water
consuming puddle transplanted rice (Oryza sativa L.) for producing more per unit area with less water. The prediction
of rice productivity through crop growth model is significant for further planning in water savings. There are various
crop growth models used for predicting rice yield, but less information available on prediction of direct seeded rice
under conservation agriculture. Therefore, the water driven FAO AquaCrop model (v.5.0) which requires minimum
datasets was applied to the data generated from two years (2014 and 2015) field experimentation carried out in
Research Farm, ICAR-Indian Agricultural Research Institute, New Delhi. The experiment was laid out in randomized
block design in continuing experiment (5-6!" year) with six CA practices in DSR and two puddle transplanted rice
treatments and rice variety was PRH 10. The model was calibrated and validated using the data sets of kharif seasons
0f 2014 and 2015, respectively. The validated model prediction error statistics, i.e. root mean square error (RMSE),
model efficiency (ME), index of agreement (d) and coefficient of determination (R?) for grain yield, were 0.58,
0.72, 0.93, 0.96, and for biomass 1.11, 0.85, 0.95, 0.96, respectively, for all the treatments under CA based DSR
treatments. It was observed under conservation agriculture with different levels of crop residues, the predicted yield
have a good fit with the observed values with acceptable accuracy. Thus, water-driven FAO AquaCrop model can
be applied to predict the yield of direct seeded rice grown under conservation agriculture in the semi-arid regions of

India, particularly Indo-Gangetic plain (IGP).
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Rice (Oryza sativa L.) production governs India's
food security, but the country will not be able to afford
huge water supplies for transplanted rice in future (Dass et
al. 2016, Mohammad et al. 2017). Direct seeding of rice
(DSR) in irrigated rice (Oryza sativa L.) ecosystems (Kumar
and Ladha 2011) can be a best option which could lead to
potential water savings at the field level because of declined
evaporation losses (Humphreys et al. 2010, Joshi et al.
2013, Farooq et al. 2011, Zhi 2002). It contains sowing pre-
germinated seeds into a puddled soil surface (wet seeding),
standing water (water seeding) or dry seeding into a prepared
seedbed (dry seeding). Again, conservation agriculture which
is being developed, adapted and promoted in Indo-Gangetic
Plains (IGP) may be best practice to address these threats
(Jat et al. 2014, Sapkota et al. 2014). The conservation
agriculture principles such as minimum soil disturbance,
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permanent soil cover, and appropriate crop rotation with
zero-till technology makes successful and contribute added
advantage to the farmers (Jat et al. 2011, Das et al. 2014,
Bhattacharyya et al. 2015, Freitas and Landers 2014,
Mohammad et al. 2017).

The driving research in rice-based cropping systems
is to increase water use efficiency and modify agricultural
practices. Well-tested cropping systems models that capture
interactions between soil water and nutrient dynamics, crop
growth, climate and management can assist in the evaluation
of new agricultural practices. Crop growth models are
being developed utilizing water-driven, radiation-driven
and energy-driven thoughts in growth engines to simulate
yield, biomass and water productivity. The requirement
of input data for all these models and their applicability
to various agro-climatic regions and crops are of much
consequence. The water-driven AquaCrop model version
5.0 (Food and Agricultural Organization 2015, Hsiao et
al. 2009, Steduto et al. 2009 and 2012) developed by the
Food and Agriculture Organization (FAO) needs minimal
input data correlated to other crop models and is available
with water and different residue percentage coverage.
Therefore, Gaydon ef al. (2012), Paredes et al. (2014) and
Katerji et al. (2013) used the FAO AquaCrop model and
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Dass et al. (2012) DSSAT-CERES-Rice to evaluate water
stress effects on yields and maturity durations. Amiri ef al.
(2011) assessed CERES-Rice, AquaCrop, and ORYZA 2000
models performance in simulation of rice biological and
grain yield in response to various irrigation intervals and
nitrogen levels. Moreover, the AquaCrop model simulates
the fluctuation in obtainable crop biomass and harvestable
yield in response to variation in soil moisture in the root
zone (Geerts et al. 2010). Eventually, the recently promoted
AquaCrop model is a user-friendly and practitioner-oriented
sort of model, as it preserves an optimal balance among
accuracy, robustness, and simplicity, and needs a relatively
small number of parameters compared to other type of
models, that is why this is one of the best among all types
(Huang et al. 2009). In addition, the predictability of the
AquaCrop model under irrigated conditions for various
crops under varying agro-climatic environments has been
confirmed by several researchers around the word (Heng et
al. 2009, Hsiao et al. 2009, Araya et al. 2010, Igbal et al.
2010, Hussein et al. 2011, Stricevic et al. 2011). Although
there has been intensive work on crop modeling of staple
crops, such as wheat, maize and rice, but not much has been
done on direct-seeded rice under conservation agriculture.
Crop growth and development are also imperative for
effective calibration of crop growth models. There are many
crop models that are either too general, or suitable only for
specific crops and/or agro ecological zones. The AquaCrop
model has not been applied to simulate the yield of direct
seeded rice crop grown under conservation agriculture in
the semi-arid climatic region of northern India. Therefore,
the present study was undertaken to calibrate and validate
AquaCrop model v.5.0 and evaluate its performance in
predicting grain yield, biomass and water productivity for
direct seeded rice grown in kharif season under conservation
agricultural practice.

MATERIALS AND METHODS

For evaluating the performance of AquaCrop model,
the required experimental and crop management data
were generated by conducting the field experiment in clay
loam soil at 14B block of Research Farm, ICAR-Indian
Agricultural Research Institute (IARI), New Delhi, India
(28°35" N, 77°12" E, altitude 228 m above mean sea level)
during the monsoon season of 2014 and 2015 in an on-going
experiment started from 2009-10. Climate data for use in
the model were acquired from the automatic weather station
(AWS) located near the experimental field. New Delhi
has a sub-tropical and semi-arid climate with hot and dry
summers and cold winters. The experiment was laid out
in randomized complete block design consisting of eight
treatments, ZT DSR - ZTM: zero till direct seeded rice
(ZT DSR) - zero till mustard (ZTM) (T,), ZT DSR + BM
—ZTM: Zero till DSR + Sesbania brown manuring — ZTM
(T,); MR (mustard residue) + ZT DSR - RR (rice residue)
+ZTM (T;), MR + ZT DSR + BM - RR + ZTM (T,), ZT
DSR - ZTM - ZT SMB (summer mungbean) (without any
crop residue) (Ts), MBR (Mungbean residue) + ZT DSR -
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RR + ZTM - MR + SMB (with three crops residue) (Ty),
TPR (transplanted puddled rice) — ZTM (T,), and TPR -
CTM (conventional till mustard) (Tg), which was laid-out
in a continuing experiment (5-6™ year). AquaCrop model
simulation needs use of different input parameters related
to climate of the study area, crop growth, soil, field and
irrigation management information. Although, the model
includes a set of generic input parameters which can be
selected and adjusted for different soil or crop types during
the model calibration process. There is no specific module for
DSR and conservation agriculture in AquaCrop model. But
the residue percentage in each treatment plot (Mohammad
et al. 2017) was incorporated as input parameter under
tillage system. A list of input data used in the AquaCrop
model is given in Table 1.

The weather data needed by the AquaCrop model are
daily values of minimum and maximum air temperature,
reference crop evapotranspiration (ET), rainfall and mean
annual carbon dioxide concentration (CO,). ET, was
estimated through FAO model Cropwat (v.8.0) using the
daily maximum and minimum temperature, wind speed at
2 m above the ground surface, solar radiation and mean
relative humidity (RH). The weather parameters were
collected from the automatic weather station located near
the experimental farm. Rainfall amounts of 1094 and 719
mm were recorded during the crop growth season of 2014
and 2015, respectively.

Crop parameters

The maximum canopy cover (CC), date of emergence,
duration of flowering, start of senescence, and maturity
data recorded during conducting the experiment and used
in the model calibration. Generic data comprising canopy
decline coefficient, crop coefficient for transpiration at full
canopy cover, soil water depletion thresholds for inhibition
of leaf growth and stomatal conductance, and acceleration of
canopy senescence were obtained from Hsiao et al. (2009)
and used for model calibration. These parameters were
postulated to be applicable to a wide range of conditions
and not specific for a given crop cultivar (Heng et al.
2009). The upper and lower thresholds and the shape of the
response curve were the parameters for each type of stress
that defined the sensitivity and severity of a depleted soil
profile. The upper threshold determined the onset of stress,
while the lower threshold showed the point at which the
physiological process completely ceases. The shape factor
used in the AquaCrop model depicts the magnitude of the
stresses which affect the crop yield. A shape factor of zero
shows highest sensitivity of crop to water stress and more
than zero indicates lower sensitiveness to water stress.
The water stress is divided into expansion stress, stomatal
closure stress and senescence stress coefficients. These
coefficients were calibrated using the experimental data to
acquire a better match between the AquaCrop simulated
and observed data.

Soil data of the experimental site needed as input
parameters for AquaCrop are soil texture, field capacity
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Table 1 Calibrated values of AquaCrop model input parameters for DSR as well as TPR treatments under conservation agriculture
(kharif 2014)
Crop parameter Description ZTDSR- ZTDSR MR+ MR +ZT MBR+ MBR+ZT TPR- TPR-
ZTM +BM- ZTDSR DSR+ ZTDSR DSR-RR+ ZTM CTM
ZTM —-RR+ BM-RR -ZTM - ZTM - MR
ZTM  +ZTM SMB +SMB

Plant density Plants/ha 833333 833333 833333 833333 833333 833333 333333 333333

CCo CCo 4.17 4.17 4.17 4.17 4.17 3.57 5.0 5.0

Emergence Days to 90% emergence 6 6 6 6 6 6 6 6
(calendar) (days)

CGC Canopy growth coefficient 9.2 9.1 9.0 9.2 9.2 9.7 13.4 13.2
CGC (%)

CDC Canopy decline coefficient 10.9 8.8 8.8 9.4 8.3 8.0 8.0 8.0
CDC (%)
Canopy decline (days) 22 25 24 26 29 33 33 31

CC x Maximum canopy cover 75 70 68 77 78 85 85 80
(%)

Zr (min) Min effective rooting depth 0.1 0.1 0.1 0.1 0.1 0.10 0.1 0.1
(m)

Zr (max) Max effective rooting depth 0.3 0.3 0.3 0.3 0.3 0.30 0.3 0.30
(m)

Ke, Coefficient for transpiration 1.1 1.09 1.09 1.1 1.1 1.10 1.1 1.10
Green canopy cover (%) 60 60 60 60 60 60 50 50
Reduction with age (%/day)  0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15

Water productivity Water productivity (g/m?) 15 16 16 15 15 15.2 17 18.7

Canopy stress Ks p(upper) 0.25 0.25 0.25 0.23 0.23 0.25 0.25 0.25
Ks p(lower) 0.6 0.6 0.6 0.60 0.6 0.55 0.55 0.55
Shape factor 3 3 3 3 3 3 3 3

Stomatal stress Ks p(upper) 0.25 0.25 0.25 0.29 0.29 0.50 0.5 0.5

Canopy senesc. Ks p(upper) 0.85 0.85 0.85 0.70 0.70 0.85 0.85 0.85

T base Base temperature (°C) 10 10 10 10 10 10 10 10

T upper Upper temperature (°C) 30 30 30 30 30 30.0 30.0 30.0

(Opc), permanent wilting point (Opy,p), saturated hydraulic
conductivity (K,,) and volumetric water content at saturation
(0, The experiment site did not include any restrictive
soil layer to prevent the expansion of root growth. Soil
samples were collected from three depths at 0-15, 15-30
and 30-45 cm and analysed.

Irrigation and field management are two significant
components considered in the AquaCrop model. For
irrigation scheduling, soil moisture content was measured
periodically by gravimetric method from 0-15, 15-30, and
30-45 cm soil depth before each irrigation to know the
status of the present soil moisture content at the crop root
zone and deciding when and how much to irrigate. The
quantity of irrigation water to be applied was measured by
digital instrument naming star flow meter which was first
calibrated and programed in the computer then installed

in the channel. The field management components were
the fertility and crop residue levels and bunds to eliminate
surface runoff.

Calibration of the AquaCrop model was completed by
using the observed values from the field experiment during
kharif 2014 as model input and then simulating the output,
viz. the grain and biomass yield. Later on, the predicted
output values were correlated with the observed grain and
biomass yield. The distinction among the predicted and
observed data were minimized by using a trial and error
approach in which a specific input variable was chosen as
the reference variable at a time and adjusting only those
parameters that were familiar to influence the reference
variable the most. The procedure was repeated to arrive
at the closest match between the simulated and observed
values for each treatment combination.
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The crop file in AquaCrop contained crop-specific
parameters belonging to seven phenological crop growth
stages, fertility, and temperature stress parameters (Steduto
et al. 2009). There are five parameters that conclude
the development of canopy cover, viz. canopy growth
coefficient (CGC), canopy decline coefficient (CDC), days
to emergence, days to senescence, and days to full maturity.
The CGC controls the rate at which the canopy expands
and the CDC controls how fast the canopy dies off at the
end of the growing season. The simulated grain biomass
yields were correlated with the observed data during kharif
2014. This process was repeated several times while model
calibration to list a set of parameters that produced results
in line with the measured data.

The calibrated values of CGC and CDC at all residual,
non-residual and conventional levels of direct seeded rice
were observed 9.2, 9.1, 9.0, 9.2, 9.2, 9.7, 13.4 and 13.2%;
10.9, 8.8, 8.8, 9.4, 8.3, 8.0, 8.0, and 8.0% day"!, for
treatments T,, T,, T5, T,, Ty, T, T, and Ty, respectively.
Crop growing periods in days from sowing to emergence,
flowering, senescence and maturity were 6, 65, 95 and 110
days, respectively.

The surface method of irrigation with measured quantity
of water was applied to different treatments based on soil
moisture deficit criteria in this study. The management-
allowed depletion (MAD) of 50% was considered as the
initial condition in the model and the similar condition was
practised in the experiment using soil moisture deficit-based
irrigation scheduling. Therefore, the irrigation schedule
information was used as input to the model by specifying
the date and depth of irrigation water through starflow meter
during the crop growth period. During the two years of the
experiment, irrigation water was applied through 12 and 18
irrigations in DSR and TPR treatments with a total depth
of 1103 and 1679 mm, respectively, and effective rainfall
depth was 790 and 769 mm in DSR and TPR treatments,
respectively during kharif 2014. Moreover, during kharif
2015, the total depth of 16 and 20 irrigations was 924 and
1442 mm in DSR and TPR treatments, respectively, and
effective rainfall depth was 495 and 491 mm in DSR and
TPR treatments, respectively. The input data of irrigation
depth for kharif 2014 was used in the model during the
calibration, whereas, the data of kharif 2015 was used for
validation of the AquaCrop model.

The field management database of AquaCrop included
the data of soil fertility, crop residue, and surface practices.
Runoff from the surface of the field was considered in the
model. But no storage of water on top of the field was
considered, which confirmed the real field condition observed
during the years of the experiment. The recommended dose
of N, P and K fertilizers was applied to all the experimental
plots. All plant growth parameters shown in Table 1 were
measured during both the years of the experiment.

The calibrated AquaCrop model was further validated
using the data of irrigation depths and the weather parameters
which were observed during the rice crop growing season
of kharif 2015 to predict the grain and biomass yield.
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Further, these predicted values were correlated with the
observed values generated from the experiment and the
model validation performance statistics were analysed.

The integrity among the simulated and observed values
after calibration and validation of AquaCrop model was
evaluated by using the prediction error statistics (Sudhishri
et al, 2016). The prediction error (Pe), coefficient of
determination (R?), index of agreement (d), model efficiency
(ME) and root mean square error (RMSE) were used as the
error statistics to evaluate both the calibration and validation
results of the model. The R?, d and E were used to determine
the predictive power of the model.

The root mean square error (RMSE) was calculated
to determine prediction accuracy of the developed models.
The RMSE is zero for perfect fit and increased values of
RMSE indicate higher discrepancies between predicted
and observed values. The root mean square error between
observed and predicted values was determined by the
following relationship.

(M

The coefficient of determination (R2) or correlation
coefficient (R) is an indicator of degree of closeness between
observed and predicted values. If observed and predicted
values are completely independent, the R? will be zero. The
coefficient of determination was estimated by the following
equation (Nash and Sutchiffe 1970).

_ 2
g(y/_§) yj_y
R’ = -, 1 (@)
n VAN BN
;(yf—y) yr Yi—y

where, yj and )A)j are observed and predicted values, y and
y are mean of observed and predicted values, respectively,
n is the number of observations and j is an integer varying
from 1 to n.

Following equation has been used to determine
prediction error:

P = Hy’_y} # 100} (3)
y

where, ¥ and y. are predicted and observed data.
The following equation has been used to determine
model efficiency (Nash and Sutcliffe 1970):

> (-9
> (i-3)

where, yj and ¥ are observed and predicted data, y is mean
value of yj and n is the number of observations.

ME =1- (C))
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Index of agreement (d)
The index of agreement was calculated using the
Willmott (1982) equation:
n N W\2
S V) 5)
2551+ D5
where, yjand ¥ are observed and predicted data, y is mean
value of yj and n is the number of observations.

RESULTS AND DISCUSSION

AquaCrop model calibration performance

The input data values pertaining to crop residue
under conservation agriculture direct seeded rice used in
the calibration of the model are indicated in Table 1. It
was observed from the Table 1 that the input parameter
ranges did not vary much for DSR treatments, whereas
the parameters were different for the TPR treatments. The
calibrated and observed data of grain and biomass yield
for all treatments combination were indicated in Fig 1 and
prediction error percentage in Table 2. It was observed that
the maximum and minimum error in grain yield prediction
was in MBR+ ZT DSR — RR + ZTM - MR + SMB and
MR + ZT DSR — RR + ZTM treatments, amounting to 3.6
and 0.24%, respectively (Table 2). The best calibration
results for grain yield were with the lowest prediction
error (0.24%) for percentage of coverage of all residues,
amounting 78%, whereas the maximum prediction error
of 3.6% was observed for percentage of coverage of all
residues, amounting 73.6%. Similarly, the maximum and
minimum prediction errors for biomass yield were for the
TPR — CTM and ZT DSR + BM — ZTM treatments with
-1.09 and -4.32%, respectively (Table 2). The highest
(-1.09%) biomass yield prediction error was for percentage
of coverage of residues, amounting 0.0%, and the lowest
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Table 2 Prediction error percentage during calibration and
validation periods of AquaCrop

Treatment Calibration Validation
period period
Yield Biomass Yield Biomass

ZT DSR - ZTM 15.95 213 -17.12 -14.83

ZT DSR + BM - ZTM 1.20 -432  -1442 -22.20

MR +ZTDSR-RR+ZTM 0.24 -1.76  -10.50 -22.46

MR + ZT DSR + BM — RR -42.09 -2445
+ 7TM 0.70 -1.80

MBR + ZT DSR - ZTM -12.41  2.18
- SMB 0.43 -2.28

MBR+ ZT DSR — RR + -14.88  5.67
ZTM - MR + SMB 360 127

TPR - ZTM 0.78 -1.35 -5.01 0.54

TPR - CTM 0.19 -1.09  -9.83 0.53

error (-4.32%) was for percentage of coverage of brown
manuring residue, amounting 43%. The highest prediction
error was observed for the TPR — CTM treatment, which
may be because of the zero residue application under the
conventional tillage system. The prediction error of biomass
yield was highest for TPR — CTM treatment (Table 2). The
statistical parameters of the calibrated model for all the
treatments under different crop residue coverage were shown
in Table 3. It was observed that the model was calibrated
for grain yield with root mean square error (RMSE), model
efficiency (ME), index of agreement (d) and coefficient of
determination (R2) values 0f 0.22, 0.81, 0.94, 0.86, and for
biomass yield 0.25,0.79, 0.95, 0.96, respectively. However,
the d and R? parameters were close to 1 for grain and biomass
yields predictions, showing better calibration of the model,
however, there was some slightly over prediction of grain
and biomass yield throughout the calibration process (Fig 1).

14

| —e—Observed grain yield (tha) —=— Simulated grain yield (tha) —a—Observed biomass yield (t/ha) —— Simulated biomass yield (t/ha)

10 1

Yield (tha)

N /w & —*

. M 1

2 i
ZTDSR - ZTM ZT DSR + BM- MR+ZTDSR- MR+ZTDSR+ MBR+ZTDSR- MBR+ZTDSR- TPR -ZTM TPR-CTM
ZTM RR+ZTM BM-RR +ZTM ZTM-SMB  RR+ZTM + MR -
Treatment SMB

Fig 1 Observed and simulated yield under calibration of AquaCrop model.
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Yield (tha)

0 al 1 1 1
ZTDSR-ZTM ZT DSR + BM- MR +ZT DSR -
ZT™M RR+ZTM

MR +ZT DSR +
BM-RR +ZTM
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MBR+ZTDSR- MBR+ZTDSR- TPR-ZTM TPR-CTM
ZTM - SMB RR+ZTM + MR -
SMB

Treatment

—e—Observed grain yield (tha) —=— Simulated grain yield (tha) —a—QObserved biomass yield (t'ha) —— Simulated biomass yield (t/ha) |

Fig 2 Observed and simulated yield under validation of AquaCrop model.

Table 3  Statistical evaluation parameters of the calibrated and
validated AquaCrop model for rice crop

Model Calibration Validation
output period period
parameter  pMSE d ME R? RMSE d ME R?
Yield 0.22 0.94 0.81 0.86 0.58 0.93 0.72 0.950
(t/ha)

Biomass 0.25 0.95 0.79 096 1.11 0.95 0.85 0.960
(t/ha)

RMSE=Root mean square error; d=index of agreement; ME=
model efficiency; R?= coefficient of determination

AquaCrop model validation performance

It was observed that the maximum and minimum
prediction error of grain yield at the time of model
validation with the data of 2015 was -5.01 and -42.09% for
the TPR — ZTM and MR + ZT DSR + BM — RR + ZTM
treatments, respectively (Table 2). Moreover, the maximum
and minimum prediction error for biomass observed as 5.67
and -24.45% for the MBR+ ZT DSR — RR + ZTM - MR +
SMB and MR + ZT DSR + BM — RR + ZTM treatments,
respectively (Table 2). The prediction error statistics of
model validation results using the data of all treatments and
for all DSR and TPR systems were shown in Table 3. It
was observed prediction error statistics of root mean square
error (RMSE), model efficiency (ME), index of agreement
(d) and coefficient of determination (R?) values for grain
and biomass yield during model validation for all treatment
combinations were 0.58, 0.72, 0.93, 0.96, and 1.11, 0.85,
0.95, 0.96, and 1.00, -1427.43, 0.05, 0.003, respectively. It
was observed from prediction error statistics that the grain
and biomass yield predictions were in line with the observed
data. The prediction error statistics of @ and R? for validation

of the grain yield for all the treatments indicated a value
close to 1 (i.e. 0.95 and 0.93, respectively). However, there
was slight overestimation of yield for all the treatments
of the experiment (Fig 2) but were not significant as also
observed by Zeleke et al. (2011) and Simba et al. (2013).
Overall, it was observed from the d and R2 values that the
grain and biomass yield, prediction by the AquaCrop model
under different levels of crop residues and treatments in the
experiment have a good fit with the observed values and with
acceptable accuracy. Overall, the grain and biomass yield
predictions by the AquaCrop model for direct seeded rice
treatments were observed to be better than the conventional
puddle transplanted rice treatments. Thus, water-driven FAO
AquaCrop model could be used for rice yield prediction in
DSR under similar condition in Indo-Gangetic Plain (IGP).
However, AquaCrop model needs to be validated across
crops and locations for its better acceptance.
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