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Soil parameters related to soil water holding capacity could play an important role in simulating winter wheat
growth under severe soil water stress, which could heavily inﬂuence the simulated soil water contents, and then
biomass and ﬁnal yield. In this study, a ﬁeld experiment of winter wheat (Triticum aestivum L.) was conducted in
two consecutive growing seasons (2012–2014) under rainfall shelter in arid areas of China, with the purpose to
identify to what extent the soil parameters could inﬂuence the simulated output variables in the DSSAT-CERESWheat model under water stress conditions. The permanent wilting point (PWP), which were initially indirectly
measured based on soil sampling, were manually tuned through a trial-and-error method based on ﬁeld observations of soil water content and aboveground biomass. The results showed that the maximum advancing of
maturity date was about ﬁve days under water stress conditions. The stages of returning green and grain-ﬁlling
were critical periods for agricultural water management of winter wheat in arid areas. The relative mean absolute error (RMAE) of simulated and observed variables were almost all less than 20% when water stress
occurred at the heading and grain-ﬁlling stages. However, there were relatively large simulation errors when
water stress occurred at the wintering and returning green stages. In addition, the CERES-Wheat model did not
correctly simulate the discrepancies in phenology dates of winter wheat. The overall averaged root mean square
error of all treatments for total water storage in 0−100 cm soil layer and winter wheat biomass decreased to
0.3 mm and 750 kg ha−1 after manually tuning the initially indirectly measured value of PWP. In general, the
CERES-Wheat model showed some limitations to simulate winter growth under complicated arid conditions.
Meanwhile, the measurement uncertainty in soil parameter PWP could introduce large simulation errors in
simulating crop growth response to severe water stress conditions. We suggest the soil parameter PWP should be
more carefully calibrated based on relevant ﬁeld observations since it is related to crop type and diﬃcult to be
directly and precisely measured. In general, it is necessary to further research into the responding mechanism
and simulation of winter wheat growth to water stress in liable-drought areas.

1. Introduction
Winter wheat (Triticum aestivum L.) is one of the main staple crops in
arid and semi-arid regions of the Northwest China. However, winter
wheat production is constrained by increasingly tight water supplies
(Shan et al., 2002). Therefore, it is of great signiﬁcance to deﬁne the

growth response of winter wheat under diﬀerent water stress periods
and develop water-saving measures for the sustainable production of
winter wheat in this region.
Water stress at diﬀerent growth stages could have diﬀerent kinds of
inﬂuences on crop phenology and yields (Angus and Moncur, 1977;
Kang et al., 2002; McMaster and Wilhelm, 2003). The reduction of ﬁnal

⁎

Correspondence author at: Key Laboratory for Agricultural Soil and Water Engineering in Arid Area of Ministry of Education, Northwest A&F University, Yangling,
712100, Shaanxi, PR China.
E-mail address: jianqiang_he@nwsuaf.edu.cn (J. He).
1
These authors contributed equally to this work.
https://doi.org/10.1016/j.agwat.2019.105954
Received 3 September 2019; Received in revised form 29 November 2019; Accepted 1 December 2019
0378-3774/ © 2019 Elsevier B.V. All rights reserved.

Agricultural Water Management 229 (2020) 105954

N. Yao, et al.

et al., 1995), multiple linear regression (Minasny et al., 1999), extended
nonlinear regression (Scheinost et al., 1997), and artiﬁcial neural network (Pachepsky et al., 1996). These indirect methods would introduce
uncertainties in soil parameters and then in the simulated output
variables. Unfortunately, it is still not clear how large the simulation
errors introduced by soil parameters could be in the simulation of
winter wheat growth with the CERES-Wheat model.
In this study, we used the experimental data of winter wheat growth
under water stresses at diﬀerent growth stages in two consecutive years
(2012–2014) to analyze the inﬂuences of intensity and occurring stage
of water stress on the growth and yield of winter wheat in arid areas of
Northwest China. The objectives were (1) to study the response of
winter wheat growth to water stress at two adjacent stages and explore
the optimal irrigation dates and quotas; (2) to evaluate the reliability of
the CERES-Wheat model to simulate winter wheat growth and yield
under diﬀerent scenarios of water stress; and (3) to identify to what
extent the soil parameters could inﬂuence the simulated output variables in the CERES-Wheat model when under severe water stress conditions. This study will provide a basis for scheduling deﬁcit irrigation
for winter wheat based on the CERES-Wheat model and also promote
the application of CERES-Wheat model in other relevant studies of agroecological system in arid and semi-arid regions of China.

yield is related not only to the intensity of water stress, but also to crop
growth stage (Cakir, 2004; Wang et al., 2004). The stages of returning
green and grain-ﬁlling were critical periods for agricultural water
management of winter wheat in arid areas. Therefore, it is necessary to
clarify the critical periods of water demand for agricultural water
management of winter wheat in arid areas. Typically, this kind of research usually depends on traditional ﬁeld plot experiments, whereas
the results are usually site-speciﬁc and may not be suﬃciently extrapolated.
Crop growth simulation models (or crop models) can predict crop
yield based on environmental conditions and agricultural managements. They are widely used to analyze the inﬂuential factors on the
agricultural system, help ﬁnd the optimal management practices, and
provide technical guidance for decision support for farmers and decision makers (Antle et al., 2016; Jones et al., 2016). Crop growth simulation models are typically deﬁned as mathematical representations
of the reactions that occur within the plant and the interactions between the plant and its environment (Hammer et al., 2006). The interactions within plant could include growth, development, photosynthesis, assimilate partioning, and yield formation. The interactions
might include unpredictable inputs (future daily weather), predictable
inputs (soil parameters), and interventions (e.g. planting date, irrigation, and application of fertilizer). It is a multidisciplinary platform for
agronomic research, which involves plant physiology, ecology, agronomy, agricultural meteorology, and plant nutrition fertilizer science
(Hammer et al., 2006; Jones et al., 2003).
So far, main wheat growth simulation models include STICS
(Brisson et al., 1998), AFRCWHEAT2 (Porter et al., 1993), CERESWheat (Ritchie and Otter, 1985), Sirius (Jamieson et al., 1998), SUCROS2 (van Laar et al., 1992v), and SWHEAT (van Keulen and
Seligman, 1987v), etc. The CERES-Wheat model, a widely used wheat
growth simulation model in the world, has been applied in many types
of application, such as irrigation scheduling, fertilizer management,
and inﬂuences of climate change on wheat production (Attia et al.,
2016; Dettori et al., 2011; Thorp et al., 2010). For example, He et al.
(2013) applied the CERES-Wheat model to simulate the growth and
development of spring wheat under diﬀerent irrigation conditions in
Minqin County, Gansu province of China. An optimal irrigation schedule was brought forward based on the results of model simulations. In
previous studies, the CERES-Wheat model has also been used to simulate soil water dynamics (Eitzinger et al., 2004) and wheat yields
(Biernath et al., 2011) under water stress conditions. However, there
were some limitations for the CERES series model to simulate crop
growth under water stress conditions. For example, Nouna et al. (2003)
found that the values of leaf area index (LAI), biomass, and grain yield
of maize were all underestimated under serious water stress. This limitation was caused by the inaccurate estimation of evapotranspiration
(ET) under water stress, which was also conﬁrmed in the simulations
with CERES-Maize model (Dejonge et al., 2011). Thus, further research
is needed to improve the CERES series model to simulate wheat growth
under water stress at diﬀerent growth stages.
It is very important to determine properly the soil parameters related to total available water, which represented soil water holding
capacity, to correctly simulate ET during the growing season (Campos
et al., 2016). Total available water depended on eﬀective root depth
and the diﬀerence between soil water contents at ﬁeld capacity and
wilting point (Campos et al., 2016). However, it is usually diﬃcult and
expensive to directly measure the soil water content at permanent
wilting point (Ghorbani et al., 2017; Rab et al., 2011), which might
heavily aﬀect the simulation accuracy of CERES-Wheat model.
However, most of the studies focused on the estimation of genetic
coeﬃcients, or crop related parameters, while soil parameters were
generally directly measured in the experiment. Unfortunately, direct
measurements of soil parameters were usually diﬃcult and expensive
(Mohanty et al., 2015). Therefore, soil parameters were often estimated
through indirect methods, such as class pedotransfer functions (Wösten

2. Materials and methods
2.1. Experimental site description
The ﬁeld experiments were conducted in the Irrigation Station of
the Northwest A&F University (34°17′N, 108°04′E, 506 m) from 2012 to
2014 at Yangling, Shaanxi province, China. This area belongs to semiarid regions in China with a typical temperate and monsoonal climate.
Temporal distribution of local precipitations was uneven, which makes
it prone to develop seasonal droughts. The long term average annual
frost-free days, temperature, sunshine, and precipitation were 221 d,
12.9 °C, 2196 h and 660 mm, respectively. The soil type of the experimental site was Lou soil (silt loam), with a pH of 8.14, total organic
carbon content of 8.20 g kg−1, and total nitrogen of 0.62 g kg−1 in the
0−20 cm soil layer.
2.2. Field experiments
The winter wheat cultivar involved was ‘Xiaoyan 22’, a popular
wheat cultivar planted in the Guanzhong Plain where the experimental
site is located. The planting dates were Oct. 15th both in 2012 and 2013.
Dry wheat seeds were sown in drill, with a planting depth of 5−6 cm,
row spacing of 25 cm, and planting density of 4 × 106 plant ha−1. The
harvest dates were Jun. 2nd in 2013 and Jun. 7th in 2014. The level of
fertilization application was the same for all treatments, with a base
fertilizer of 140 kg N ha−1 and 50 kg P2O5 ha−1 but without top dressing. A representative quadrat of 1 m2 was randomly selected and
marked in each plot to determine the ﬁnal yield, which must not be
disturbed during the whole growing season. Regular soil and plant
sampling (with three replicates) should be conducted outside the
square.
The experimental factors were irrigation level and water-stress
period. The water requirements of winter wheat in the whole growth
period were about 400−500 mm in this region. This experiment was
designed to have full irrigation treatment with a total amount of
400 mm irrigation as commonly practiced in the region. There were two
levels of reduced irrigation treatments, i.e., 120 mm and 240 mm of
total irrigation. As we investigated the scenarios of two consecutive
stages without irrigations within the ﬁve stages of wheat cropping
season, there were four possible irrigation schedules for each level of
water stresses (see Table 1). Therefore, three irrigations of 40 mm and
80 mm each time were available for the reduced irrigation treatments of
120 mm and 240 mm, respectively. The whole growing season of winter
2
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Table 1
. Treatments in the experiment of water stresses at diﬀerent stages of winter
wheat. The exact dates of irrigation events were listed in the parentheses in
‘mm-dd’ format. The unit of irrigation was mm.
Treatment

Wintering
(12/15)

Returning
green
(03/15)

Jointing
(04/15)

Heading
(05/01)

Gainﬁlling
(05/
15)

Total
irrigation
depth

CK
I1D1
I1D2
I1D3
I1D4
I2D1
I2D2
I2D3
I2D4

80
0
40
40
40
0
80
80
80

80
0
0
40
40
0
0
80
80

80
40
0
0
40
80
0
0
80

80
40
40
0
0
80
80
0
0

80
40
40
40
0
80
80
80
0

400
120
120
120
120
240
240
240
240

Fig. 1. Relationship used to calculate water stress factors SWFAC and TURFAC
in the DSSAT model (from Ritchie, 1998).

wheat was divided into ﬁve diﬀerent stages (i.e. wintering, returning
green, jointing, heading, and grain-ﬁlling). Phenology was documented
using the Zadoks scale (Zadoks et al., 1974). For example, when the
occurrence rate of jointed winter wheat was up to 50%, this day was
known as jointing stage. Water stress occurred at an individual stage
might have relatively limited inﬂuences, but water stress occurred at
two adjacent stages might have more serious damage on wheat growth.
Thus, each water-stress period included two adjacent growth stages, i.e.
wintering + returning green (D1), returning green + jointing (D2),
jointing + heading (D3), and heading + grain-ﬁlling (D4). Consequently, there were a total of eight treatments, with three replicates for
each of them (Table 1). A total of 24 plots following a split-plot experimental design were arranged under a giant movable rainout shelter
to exclude the inﬂuences of rainfall on experiments. The area of each
plot was 8 m2. Adjacent plots were separated by polyethylene plastic
ﬁlms buried 1.5 m below soil surface to prevent subsurface water ﬂow.
Additionally, a check treatment (CK) was arranged nearby, which also
had three replicates. The irrigation method was border irrigation. Experimental design was the same for both two growing seasons.

TURFAC =

SWFAC =

TRWUP
RWUEP1 × EP0

(1)

TRWUP
EP0

(2)

where TURFAC is the ﬁrst water stress or turgor factor; TRWUP is
potential root water uptake; EP0 is the potential transpiration, and
RWUEP1 is a species-speciﬁc parameter that is currently set to 1.5 for all
DSSAT crops.
Under well-watered conditions, potential root water uptake is
higher than potential transpiration. As the soil dries out because of root
water uptake and surface evaporation, potential root water uptake
decreases. At a certain stage, a threshold is reached where the ﬁrst
water stress or turgor factor (TURFAC, Eq. 1) is activated (Fig. 1). This
level of water stress is mainly implemented to modulate expansive
growth, which in many cases is more sensitive to drought stress than
the other growth and development processes. When potential transpiration demand equals or exceeds the potential root water uptake, a
second stress factor (SWFAC, Eq. 2) is activated (Fig. 1) (Ritchie et al.,
1998). The water stress factor SWFAC mainly aﬀects growth and biomass related processes. For winter wheat, a drought stress might accelerate the development rate and shorten the days to ﬂowering, seed
set, or physiological maturity, but it might decelerate the development
rate for some other crops. Under non-stress conditions, both factors are
set to 1.0. Once the stress factors have been activated, they decrease to
a value less than 1 proportionally to the severity of diﬀerence between
potential transpiration demand and potential extractable soil moisture

2.3. CERES-Wheat model description
The CERES-Wheat model in the Decision Support System for
Agrotechnology Transfer (DSSAT) software, is speciﬁc for the simulation of wheat growth (Jones et al., 2003). It was embedded in the
DSSAT-CSM (Cropping system model) platform and was able to call the
common modules of soil water, nitrogen and carbon balances, and the
meteorological and soil databases. The CERES-Wheat model simulates
the development, growth, yield, and carbon and water balances at a
daily step (Jones et al., 2016, 2003). The processes simulated include
solar radiation interception and photosynthesis of canopy, nutrient
uptake and activity of roots, assimilate partitioning, water uptake and
transpiration, growth and respiration, leaf area expansion, organ genesis and senescence, ﬁeld management, etc. The data required for
running CERES-Wheat model usually include four types: weather data,
soil data, crop genetic coeﬃcients, and management information.
In the DSSAT model, daily soil water balance was simulated with
the one-dimensional ‘tipping bucket’ method (Ritchie, 1985, 1998).
Vertical soil water movement and root water uptake could be simulated
for each soil layer. Potential water uptake was a function of root length
density, depth, distribution, and actual soil water content. Potential
evapotranspiration (ET) could be calculated either with the PriestleyTaylor method (Priestley and Taylor, 1972) or with the FAO56 PenmanMonteith method (Allen et al., 1998). Potential crop ET was a function
of crop leaf area index (LAI) and ET0. DSSAT implemented water stress
factors of TURFAC (Eq. 1) and SWFAC (Eq. 2) to simulate the crop
growth and development as followed (Anapalli et al., 2008).

2.4. Data for model application
2.4.1. Weather data
Daily weather data of 2012–2014 were obtained from the National
General Weather Station at Yangling, which was about 100 m away
from the experimental site. The daily data included sunshine hour (h),
maximum temperature (oC), minimum temperature (oC), and precipitation (mm) (Fig. 2). The values of precipitation were set to 0.0 mm
since the experiment was conducted under the rainout shelter. Daily
solar radiation was estimated based on sunshine hours and the Angstrom equation (Eq. 3) (Angstrom, 1924).

n
Rs = Rmax ⎛as + bs ⎞
N⎠
⎝

(3)
−2

where Rs is the daily total solar radiation, MJ m ; Rmax is the daily
extraterrestrial solar radiation on a horizontal surface, MJ m−2; n is the
daily sunshine hours, h; N is the day length, h; as and bs are two empirical coeﬃcients, which are related to atmospheric conditions and set
as 0.25 and 0.50 as recommended by the Food and Agriculture
3

Agricultural Water Management 229 (2020) 105954

N. Yao, et al.

To measure soil water moisture, soil samples were collected randomly at representative crop-covering points in the plots with an auger
at every 20 cm throughout a depth of 1.0 m. The soils collected were
mixed and then dried in an oven at a constant temperature of 105 ℃ for
24 h. The volumetric soil water moisture was obtained by the multiplication of mass soil water moisture and soil bulk density. The sampling frequency was once in two weeks before the jointing stage, and
then once a week thereafter.
2.4.3. Crop growth data
As mentioned above, a quadrat of 1 m2 was randomly selected and
marked after emergence to represent the average growth status and
determine the ﬁnal yield of winter wheat in each plot. For plant sampling, a total of ﬁve representative plant samples of winter wheat were
randomly collected outside the quadrat. The plants were dried in an
oven at a temperature of 75 ℃ for 48 h to a constant weight. Then the
dry matter weights were measured to determine the aboveground
biomass. The plant sampling frequency was as the same as soil sampling. After physiological maturity, all of the wheat plants in each
quadrat were harvested. The dry matter biomass was measured as
above. The number of productive ears was counted. The average grain
number per ear was measured based on ten representative ears. Finally,
all of the sampled ears were threshed. The grains were also dried in an
oven at a constant temperature of 75 ℃ for 48 h. Dry-matter grain yield
and 1000-kernel weight (or unit grain weight) were then measured with
an electronic scale.

Fig. 2. Daily temperatures and solar radiation during the 2012–2013 (a) and
2013–2014 (b) growing seasons of winter wheat in Yangling, Shaanxi province,
China. TMAX, TMIN, and SRAD represent daily maximum temperature,
minimum temperature, and solar radiation, respectively.

2.5. Model calibration and veriﬁcation
Organization (FAO).
The generalized likelihood uncertainty estimation (GLUE) is a
Bayesian method for parameter estimation (Beven and Binley, 1992;
He, 2009; He et al., 2010). The GLUE method assumed that, in the case
of large models with many parameters, there was no exact inverse solution. Hence, the estimation of a unique set of parameters, which
optimized a goodness-of-ﬁt criterion given the observations, was not
possible. The main principle of this method was to discretize the
parameter space by generating many parameter values from the prior
distribution. Likelihood values were then calculated for each parameter
set using ﬁeld observations. Probabilities, an empirical posterior distribution of the parameters, were calculated using Bayes’ equation
(Romanowicz and Beven, 2006).
The GLUE approach is implemented as a package for automatic
parameter estimation in DSSAT. The fact that it was used to estimate
the genetic coeﬃcients related to the Chinese winter wheat cultivar
‘Xiaoyan 22’ must come later (Table 2). There were two rounds of model
runs in current DSSAT-GLUE package. Genetic coeﬃcients related to
crop phenology were estimated in the ﬁrst round, while coeﬃcients
related to crop growth in the second. Main procedures in each round of
GLUE included: (1) set-up of prior distributions for genetic coeﬃcients;
(2) generation of random parameter sets from the prior distributions;
(3) model runs with the random parameter sets; (4) calculation of
likelihood values; and (5) construction of posterior distributions. At
least 3000 model runs were recommended in each round of GLUE to

2.4.2. Soil data
Soil physical properties of each layer were measured directly before
the experiment. Soil texture was analyzed with the laser particle size
analyzer (TopSizer, Zhuhai OMEC Instruments Co., Ltd., China). The
parameters of permanent wilting point and ﬁeld capacity were measured through an indirect method based on high-speed centrifugation.
First, the cutting-ring method was used to collect soil sample for each
20-cm layer to a depth of 100 cm. Next, each soil sample was soaked
more than 48 h until completely saturated. Third, the high-speed centrifugation was used to obtain soil water content and soil water potential. Fourth, the RETention Curve software in HYDRUS 2 was used to
ﬁt the van Genuchten retention function (van Genuchten, 1980v). Finally, the values were derived indirectly for soil parameters of permanent wilting point (soil water contents at -1500 kPa), ﬁeld capacity (soil
water contents at -10 kPa), and saturation (soil water contents at 0 kPa)
based on the retention function above. However, the parameter of
permanent wilting point was inﬂuenced by crop species, soil type, and
crop stage of growth (Norton and Silvertooth, 1998). This indirect
measurement method would introduce uncertainties in its value and
then in the simulated model output variables. Therefore, permanent
wilting point was then manually tuned again through a trial-and-error
method based on ﬁeld measured soil water content.

Table 2
Genetic coeﬃcients of winter wheat in the CERES-Wheat model and their estimated values for the cultivar of ‘Xiaoyan 22’ investigated in this
study.
Parameter

Deﬁnition

Estimated value

P1V
P1D
P5
G1
G2
G3
PHINT

Days, optimum vernalizing temperature, required for vernalization (d)
Photoperiod response (% reduction in rate/10 h drop in pp) (%)
Grain ﬁlling (excluding lag) phase duration (℃·d)
Kernel number per unit canopy weight at anthesis (# g−1)
Standard kernel size under optimum conditions (mg)
Standard, non-stressed mature tiller weight (incl grain) (g)
Interval between successive leaf tip appearances (℃·d)

58.03
91.90
604.6
22.64
41.72
1.002
130

4
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grain-ﬁlling stages) and D3 (water stress at jointing and heading stages)
had relatively similarly higher plant heights, while treatments of D2
(water stress at returning green and jointing stages) and D1 (water
stress at wintering and returning green stages) shared relatively similarly shorter plant heights. The comparisons above proved that irrigation at the returning green stage could remarkably increase the plant
height of winter wheat, in other words, improve the vegetative growth
of winter wheat.
Compared with the CK treatments in the two seasons, all treatments
had shortened plant heights (Fig. 3). Plant heights increased slowly
after returning green, and then increased rapidly until the heading
stage. For instance, it took about 130 days for winter wheat to grow
from emergence to a height of 15 cm. The average growth rate was only
about 0.12 cm d−1. However, it took only about 50 days from 15 cm to
75 cm, with an average growth rate of 1.2 cm d−1, or about ten times of
the former rate. Plant heights of ‘Xiaoyan 22’, the winter wheat cultivar
investigated in this study, kept 70−80 cm after heading stage or 180
days after planting.

ensure that the genetic coeﬃcients were each estimated accurately and
the posterior distributions were reliable (He, 2008).
However, the current DSSAT-GLUE program did not consider other
parameters except for genetic coeﬃcients related to crop cultivars. The
soil parameters, especially those related to soil-water-holding capacity
(e.g. saturation, ﬁeld capacity, and PWP) were usually set as the measured values and seldom be estimated again. Whereas, we found the
PWP, which is heavily dependent on crop types, played an important
role in simulating soil water contents and ﬁnal yield under soil water
stress. Thus, this parameter had to be carefully estimated.
Unfortunately, there is no such an automatic tool available to estimate
the soil parameters. Therefore, PWP was manually tuned again through
a trial-and-error method based on the comparisons between the simulated and measured soil water contents in diﬀerent soil layers. The
CERES-Wheat model was then evaluated twice based on the indirectly
measure and manually tuned soil parameters, respectively.
In this study, we used four kinds of model output and observation
variables for parameter estimation and model veriﬁcation, including
phenology (anthesis and maturity dates), unit grain weight, ﬁnal biomass, and grain yield. The data from the non-stressed CK treatment in
the two growing seasons were used for model calibration. A ﬁnal set of
genetic coeﬃcients was obtained after 20,000 models runs in each
round of GLUE (Table 2). Then, the data from other rest treatments
were used for model veriﬁcation, in which the measurements and simulations of concerned output variables were compared.

3.1.2. Inﬂuences on winter wheat biomass
The above-ground biomass values of all treatments were lower than
those of CK treatments in the 2012–2013 growing season (Fig. 4a and
4c). There were no obvious diﬀerences among the treatments for their
biomass under irrigation level of I1, but treatment related to D1 (water
stress at wintering and returning green stages) had slightly lower biomass than the other treatments when under I2. However, the situation
was more complicated in the 2013–2014 growing season. Compared
with the CK treatment, all treatments had lower biomass in the
2013–2014 growing season (Fig. 4c and 4d). When under irrigation
level of I1 (except CK), treatments related to D1 (water stress at wintering and returning green stages) had the lowest biomass and followed
by D2 (water stress at returning green and jointing stages), while
treatments related to D3 (water stress at jointing and heading stages)
and D4 (water stress at heading and grain-ﬁlling stages) shared the
similarly highest biomass. When under I2 (except CK), the biomass of
treatments related to D1 (water stress at wintering and returning green
stages) were remarkably lower than the other treatments, while there
were no great diﬀerences among the treatments related to D2 (water
stress at returning green and jointing stages), D3 (water stress at
jointing and heading stages), and D4 (water stress at heading and grainﬁlling stages). Like plant height, above-ground biomass of all treatments showed similar growth pattern in both two seasons. The biomass
grew very slowly before jointing stage (about 150 days after planting),
then increased rapidly until arriving at its maximum at the maturity
stage.

2.6. Statistical analysis
Two statistics of relative mean absolute error (RMAE) and relative
root mean square error (RRMSE) between simulated and observed
output variables were used to evaluate the results of model calibration
and veriﬁcation. Both statistics were able to measure the discrepancy
between model simulations and ﬁeld observation. Additionally, they
were dimensionless and could be used for the comparison between
diﬀerent output variables. Usually, lower values of RMAE and RRMSE
indicate higher accuracy of model simulation.

RMAE =

1
n

i=1

1
n

RMSE =

RRMSE =

n

∑

|Si − Oi |
× 100%
|Oi |

(4)

n

∑ (Si − Oi )2
i=1

RMSE
× 100%
O

(5)
(6)

where Si is the i-th simulated variable; Oi is the i-th observed variable; Ō
is the mean value of observations; and n is the number of variables.

3.1.3. Inﬂuences on winter wheat phenology
Diﬀerent irrigation scenarios investigated in this study all had some
inﬂuence on winter wheat phenology dates to varying degrees in both
2012–2013 and 2013–2014 seasons. In the 2012–2013 season, main
phenology dates were almost the same for all treatments before the
jointing stage, without signiﬁcant diﬀerence (Fig. 5a; P < 0.05).
However, later phenology dates (e.g. heading, anthesis, grain-ﬁlling,
and maturity) changed signiﬁcantly (P < 0.05) due to diﬀerent irrigation scenarios. For treatment I1D1, the later phenology dates were all
earlier than the other treatments since the total irrigation was only
120 mm in the whole season and water stress occurred continuously in
the wintering and returning green stages. The maximum advancing of
maturity date was about ﬁve days. Under the same irrigation level (I1
or I2), the heading and anthesis dates of D1, D2, D3, and D4 were
delayed one to three days, respectively. Generally, the heading and
anthesis dates advanced more if water stress occurred earlier. Irrigation
levels also had some inﬂuences on phenology dates. The treatments
related to irrigation level I1 were generally one to three days earlier
than those related to I2 for their heading and anthesis dates. It conﬁrmed the phenomenon that serious water stress could bring forward

3. Results
3.1. Inﬂuences of diﬀerent irrigation scenarios on winter wheat growth and
yield
3.1.1. Inﬂuences on plant heights
Diﬀerent irrigation scenarios had no remarkable inﬂuences on plant
heights of winter wheat under the irrigation level of I1 (Fig. 3a), but
there was some diﬀerence under I2 (Fig. 3c). Generally, the treatments
of D3 (water stress at jointing and heading stages, 2012–2013 season)
and D4 (water stress at heading and grain-ﬁlling stages, 2013–2014
season) had the highest height, while D1 (water stress at wintering and
returning green stages) had the shortest height. It can be concluded that
irrigations at early vegetative growth stages could to some extent increase plant height of winter wheat. Larger irrigation amounts might
lead to more increment. This kind of trend was more obvious in the
ﬁeld experiment of 2013–2014 (Fig. 3b and 3d). Either under irrigation
I1 (Fig. 3b) or I2 (Fig. 3d), treatments of D4 (water stress at heading and
5
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Fig. 3. Plant heights of winter wheat at different growth stages under diﬀerent irrigation
scenarios in the two growing seasons of
2012–2013 (a, c) and 2013–2014 (b, d). The
letters E, G, J, HE, A, F, M and HA represent the
diﬀerent growth stages of emergence, returning green, jointing, heading, anthesis,
ﬁlling, maturity, and harvest, respectively. I1
and I2 represent the two irrigation levels and
D1-D4 the four diﬀerent periods of water stress
(Table 1). The same as below (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article).

3.1.4. Inﬂuences on winter wheat yields
Diﬀerent irrigation scenarios obviously inﬂuenced the yield components and grain yields of winter wheat both in the 2012–2013 and
2013–2014 seasons (Table 3). When under irrigation level of I1 in the
2012–2013 season, the numbers of productive ears and grains per ear of
treatments related to D3 (water stress at jointing and heading stages)

the phenology dates before anthesis to various degrees. For the CK
treatment, the heading, anthesis, grain-ﬁlling, and maturity dates were
all later than those of the other treatments in the 2012–2013 season.
The maximum diﬀerence between heading dates could be as large as
nine days (Fig. 5a). The same phenomena were also observed in the
2013–2014 season.

Fig. 4. Aboveground biomass accumulation of winter wheat at diﬀerent growth stages under diﬀerent irrigation scenarios in the two growing seasons of 2012–2013
(a, c) and 2013–2014 (b, d).
6
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ear, and 1000-kernel weight of treatments related to D3 (water stress at
jointing and heading stages) and D4 (water stress at heading and grainﬁlling stages) were close to each other, but all higher than those related
to D1 (water stress at wintering and returning green stages) and D2
(water stress at returning green and jointing stages). This trend agreed
with the experimental results of 2012–2013 seasons. Either under I1 or
I2, the treatments related to D1 (water stress at wintering and returning
green stages) all gave the lowest yields, or only 66% and 67% of the
highest yields obtained by I1D3 and I2D2.
3.2. Simulation of winter wheat growth and yield under diﬀerent irrigation
scenarios
3.2.1. Model calibration and veriﬁcation
With the GLUE-estimated genetic coeﬃcients (Table 2) and indirectly measured soil parameters (Table 4), the simulated and observed anthesis and maturity dates were almost the same, with relative
mean absolute error (RMAE) of only 0.52% and 0.21% for the model
calibration process (Table 5). The simulation accuracy of biomass and
grain yield was also high with RMAE values of 6.48% and 4.22%,
whereas the accuracy of unit weight simulation was relatively low with
an RMAE of greater than 10%. For the model veriﬁcation process, the
simulation accuracy of anthesis and maturity dates was 2.09% and
2.20%. However, the simulated anthesis and maturity dates were exactly the same for diﬀerent treatments in each year, while observed
dates were diﬀerent because of various water stress scenarios. The simulation accuracy of unit grain weight, biomass, and grain yield was
relatively poor. Especially for the treatments with water stress at
heading and grain-ﬁlling stages, the RMAE values of output variables
concerned were all greater than 20%. In contrast to grain yield, biomass
was poorly simulated when water stress occurred at returning green
stage. For example, the RMAE values of treatment related to D1 (water
stress at wintering and returning green stages) and D2 (water stress at
returning green and jointing stages) were all greater than 30% and
20%, respectively. This indicated that water stress before jointing could
have great inﬂuences on model simulation of biomass and grain yield.
Generally, the values of overall average RMAE and RRMSE were all
about 5% for the calibration processes and above 15% for the calibration processes.

Fig. 5. Development stages of winter wheat under diﬀerent irrigation scenarios
in the two growing seasons of 2012–2013 (a) and 2013–2014 (b).

and D4 (water stress at heading and grain-ﬁlling stages) were all higher
than those related to D1 (water stress at wintering and returning green
stages) and D2 (water stress at returning green and jointing stages).
However, the values of 1000-kernel weight were lower than those related to D1 and D2. Generally, treatments related to D1 and D2 showed
no great diﬀerence for their yields and yield components, as well as D3
and D4. Hence, it could be concluded that returning green was the
critical irrigation stage for productive ears, grains per ear, and ﬁnal
yield, while heading was the critical irrigation stage for 1000-kernel
weight of winter wheat. Treatments of I1D3 and I1D1 obtained the
maximum and minimum grain yields, respectively. The same phenomena were also observed under the irrigation level of I2.
Compared with the 2012–2013 season, the experimental results of
2013–2014 were diﬀerent to some extent since the values of productive
ears, grains per ear, and ﬁnal yields of almost all treatments were lower
than the last season. This was because the soil water contents were
relatively low before sowing in the 2013–2014 season, which led to
insuﬃcient water available for the vegetative growth before jointing
stage. Both under I1 and I2, the values of productive ears, grains per

3.2.2. Comparisons of time-series output variables under indirectly
measured soil parameters
The CERES-Wheat model was run with the indirectly measured soil
parameters (i.e. permanent wilting point and ﬁeld capacity), GLUEestimated genetic coeﬃcients, and the relevant input data of
2012–2013 growing season. The simulated dynamics of winter wheat
biomass and soil water contents were compared among diﬀerent

Table 3
Inﬂuences of water stress at diﬀerent growth stages on the growth and yields of winter wheat in the two growing seasons of 2012–2013 and 2013–2014. In the same
season, values with diﬀerent letters within each column are signiﬁcantly diﬀerent at α = 0.05 and n = 3 plots for the same irrigation level.
Treatment

CK
I1D1
I1D2
I1D3
I1D4
I2D1
I2D2
I2D3
I2D4

2012—2013
Productive
ears
(104 hm−2)

Kernels per
ear

1000-kernel
weight
(g)

Gain yield
(kg hm−2)

2013—2014
Productive
ears
(104 hm−2)

Kernels per
ear

1000-kernel
weight
(g)

Grain yield
(kg hm−2)

676.50
562.67
557.67
679.33
670.67
580.33
598.67
675.33
652.33

38
33
31
37
38
33
34
36
36

36.20
33.73
33.28
27.06
26.84
36.99
34.51
27.84
27.75

8407
5079
5202
5626
5316
5755
6682
6460
6323

617.00
453.33
455.00
491.33
491.67
451.00
466.00
518.67
520.67

30
22
23
25
27
24
26
30
31

47.23
44.27
43.31
41.42
40.40
45.71
46.10
43.89
43.10

7488
2927
4375
4440
4168
3503
5243
4884
4733

b
b
a
a
c
bc
a
ab

b
c
a
a
b
b
a
a

a
a
b
b
a
a
b
b

d
c
a
b
d
a
b
c

b
b
a
a
b
b
a
a

c
c
b
a
c
b
a
a

a
a
b
b
a
a
b
b

b
a
a
ab
c
a
b
b

Note: Because a split-plot experimental design was used in this study, but the CK treatment was not involved in this design. Therefore, the statistical analysis of splitplot experiment did not include the CK treatment.
7

Agricultural Water Management 229 (2020) 105954

N. Yao, et al.

Table 4
Initial soil properties of the experimental site of winter wheat experiment in 2012–2013 and 2013–2014 seasons.
Soil layer
(cm)

0-20
20-40
40-60
60-80
80-100

Clay
(%)

18.36
19.45
17.4
16.09
16.36

Silt
(%)

42.29
43.65
42.83
41.99
42.35

Bulk density
(g cm−3)

1.26
1.35
1.30
1.32
1.35

Field capacity
(cm3 cm−3)

0.25
0.31
0.27
0.29
0.29

Saturated water content (cm3 cm−3)

0.43
0.45
0.44
0.35
0.35

Permanent wilting point
(cm3 cm−3)

Initial water content
(cm3 cm−3)

Measured

Estimated

2012–2013

2013–2014

0.15
0.16
0.16
0.14
0.15

0.12
0.16
0.14
0.13
0.14

0.23
0.24
0.26
0.27
0.29

0.20
0.21
0.18
0.18
0.21

Note: the content of clay and silt were volume percent.

genetic coeﬃcients, the simulated dynamics soil water contents
(Simulated 2) were compared among diﬀerent treatments at the
0−20 cm layer (Fig. 9). Through slightly adjusting the values of permanent wilting point and increasing ﬁeld capacity (Table 4), the simulation accuracy was greatly improved for each treatment. Most simulated values matched the corresponding observations (Fig. 9). Thus,
it was concluded that the CERES-Wheat model was able to correctly
simulate soil moisture under diﬀerent irrigation scenarios if the soil
parameters related to water holing capacity could be correctly estimated.
To further verify the inﬂuences of soil parameters of permanent
wilting point, the simulated dynamics of total water storage in the
0−100 cm soil proﬁle (Fig. 10) and winter wheat biomass (Fig. 11)
were compared among diﬀerent treatments based on initial indirectly
measured (Simulated 1) and new manually tuned soil parameters (Simulated 2). The simulation accuracies of total water storage were improved under both two irrigation levels after manually tuning the soil
parameters (Fig. 10). The improved simulation accuracies were generally higher under I2 than those under I1. For each treatment, the simulation accuracy was improved obviously after 160 d (day after
sowing). The general RMSE values decreased by 3.3, -0.1, -0.6, -1.0,
0.5, -0.4, 1.1, -0.7 mm for treatments I1D1, I1D2, I1D3, I1D4, I2D1,
I2D2, I2D3, and I2D4 when compared to results simulated with initial
indirect soil parameters and GLUE-based genetic coeﬃcients, or Simulated 1, respectively. The overall mean RMSE of all treatments decreased to 0.3 mm. For diﬀerent treatments, the simulation accuracies
decreased or increased to diﬀerent extents after changing the soil
parameters. In addition, simulated total water storage was usually
lower than the observations under the same irrigation level of I1. In
other words, the model overestimated the level of soil water stress,
which might contributed to the errors in biomass simulation.
Both under I1 and I2, the simulation accuracies of aboveground
biomass were improved for almost all of the treatments after manually
tuning the soil parameters (Fig. 11). The improved simulation accuracies under I2 were higher than those under I1. For each treatment,
the simulation accuracies were improved obviously after 160 d (day
after sowing), especially under irrigation level of I2. The general RMSE
values decreased by 1475, 678, 363, 352, 1605, 1411, 645, −530 kg
ha−1 for treatments I1D1, I1D2, I1D3, I1D4, I2D1, I2D2, I2D3, and
I2D4 when compared to the results of Simulated 1, respectively. The
simulation accuracy of I2D4 became slightly lower after manually
tuning the soil parameters. The overall mean RMSE value decreased
750 kg ha−1. Thus, the simulation accuracy was improved greatly
under diﬀerent water stress conditions after manually tuning the soil
parameters of permanent wilting point and ﬁeld capacity.

treatments (Figs. 6–8). Roots of winter wheat mainly concentrated in
the 0−80 cm soil proﬁle. And the 0−40 cm soil layer usually contained
the majority of the root lengths and had a large root length density
(Wang et al., 2006). In addition, soil water contents of 0−20 cm layer
changed greatly and had a great potential inﬂuence on crop growth.
Thus, only the soil water dynamics of 0−20 cm layer was presented for
the sake of brevity.
When suﬃcient irrigation was applied, the dynamics of winter
wheat biomass and soil moisture of CK treatment could all be accurately
simulated (Fig. 6). During the 2012–2013 and 2013–2014 growing
seasons, the determination coeﬃcient (R2) and root mean square
(RMSE) between simulation and observation of biomass were 0.98, 0.97
and 1,144, 1,490 kg ha−1, respectively. And they were 0.45, 0.81 (R2)
and 0.05, 0.03 cm3 cm-3 (RMSE) for soil moisture in the 0−20 cm
layer. Generally, the simulation accuracy of biomass was higher than
soil moisture (Fig. 6a), but the main trend of soil water dynamics was
correct since most simulations matched the corresponding observations
(Fig. 6b). Thus, it could be concluded that the CERES-Wheat model was
able to correctly simulate the dynamics of winter wheat biomass and
soil moisture when there was suﬃcient irrigation water.
However, when under diﬀerent scenarios of soil water stress, the
simulated dynamics of biomass and soil moisture varied greatly (Figs. 7
and 8). Either under I1 or I2, if there were continuous water stress at
early vegetative stages (e.g. D1 and D2), there would be great errors in
simulated biomass after jointing stage since simulations were lower
than observations (Fig. 7a, b, e, and f). This indicated that the CERESWheat model overestimated the inhibition of winter wheat growth by
soil water stress at returning green stage. With the delay of water stress,
the simulation of winter wheat biomass gradually improved. If water
stress occurred at the heading and grain-ﬁlling stages (D4), model simulated and observed results were close to each other (Fig. 7d and h).
In this case, the CERES-Wheat was able to correctly simulate winter
wheat growth with water stress at later growth stages.
For soil moisture at the 0−20 cm layer, the simulation errors would
become larger with the increase of soil water stress. The simulation
accuracies under irrigation level of I1 (Fig. 8a-d) were generally lower
that those under I2 (Fig. 8e-h). When under the same irrigation level of
I1, if water stress occurred at early stage of winter wheat growth, simulated soil moisture was usually lower than the observations. In other
words, the model underestimated soil moistures at this stage or overestimated the level of soil water stress, which probably mainly contributed to the great errors in biomass simulation (Fig. 8a, b, e, and f).
However, with the delay of water stress, the simulation accuracy of soil
moisture gradually improved. When water stress occurred at the
heading and grain-ﬁlling stages (D4), the simulations and observations
matched very well (Fig. 8d and h), which conﬁrmed once again that the
CERES-Wheat model was able to correctly simulate soil water content
when water stress occurred at later growth stages.

4. Discussions
4.1. Inﬂuences of diﬀerent irrigation scenarios on winter wheat growth

3.2.3. Comparisons of time-series output variables under manually tuned
soil parameters
With the manually tuned soil parameters and GLUE-estimated

Diﬀerent irrigation scenarios investigated in this study showed remarkable inﬂuences on plant height and aboveground biomass of
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3161
4188
5136
4876
3161
4107
5443
7411
1433
2931
5259
4290
1433
4132
6776
5983

5079
5202
5626
5316
5755
6682
6460
6323
2927
4375
4440
4168
3503
5243
4884
4733

3.28
5.15
4.22
37.76
19.49
8.71
8.28
45.07
38.54
15.74
17.21
51.04
33.01
18.45
2.93
59.09
21.19
38.74
26.41
27.60
8407
7488
8131
7874

5783
7413
8795
9942
5784
7376
9486
13287
2664
7486
8364
8848
2664
10510
11837
12480

11014
11309
12110
11719
12159
13401
13065
12756
6432
9129
10011
9264
7438
12684
12130
11066

8.31
4.49
6.39
47.49
34.45
27.37
15.16
52.43
44.96
27.39
4.16
58.58
18.00
16.45
4.49
64.18
17.14
2.42
12.78
27.97
18029
16243
16531
15516

Obs.
Sim.

winter wheat. Field observations showed that soil water stress during
wintering or returning green stage led to a decrease both in plant height
and biomass. This indicated that serious and continuous water stress at
early vegetative stages could heavily reduce aboveground biomass of
winter wheat, which could not even be oﬀset by later irrigations. Thus,
an irrigation at the wintering or returning green stage could alleviate
the inhibition of water stress on plant growth and increase plant height
and aboveground biomass of winter wheat in the Guanzhong Plain of
China. Diﬀerent irrigation scenarios showed remarkable inﬂuences on
the phenology of winter wheat, especially after the jointing stage. Low
irrigation level could advance the maturity date up to three days.
Earlier and more serious soil water stress would advance winter wheat
phenology even more, which was consistent with the ﬁnding by
Mavromatis (2014).
Winter wheat grain yields depends on the grain number and on the
remobilization of the pre-ﬂowering reserve as well as on the photosynthesis occurring during the grain ﬁlling period (Artru et al., 2018;
Bijanzadeh and Emam, 2010). Meanwhile, the dependent factors could
be inﬂuenced by irrigation depth, water stress period, and their interaction. Both under irrigation levels of I1 and I2, soil water stress could
heavily inﬂuence productive ears, grains per ear, unit grain weight, and
ﬁnal grain yield. Continuous water stress at both wintering and returning green stages (I1D1) led to a very low grain yield. When continuous water stress occurred at jointing and heading stages (I1D3), the
highest grain yield was obtained since irrigations before jointing could
guarantee the normal growth of winter wheat. However, unit grain
weight was relatively low since water stress negatively inﬂuenced the
early process of grain ﬁlling.
The treatment I2D2 (water stress at returning green and jointing
stages) obtained the highest yield because of suﬃcient irrigation at
wintering stage to meet the crop water requirements of vegetative
growth. Two more irrigations at heading and grain-ﬁlling stages increased the number of productive ears, grains per ear, and unit grain

0.036
0.047

0.034
0.032
0.027
0.027
0.037
0.035
0.028
0.028
0.043
0.043
0.044
0.044
0.046
0.046
0.048
0.045

0.040
0.040

0.040
0.040
0.030
0.024
0.040
0.040
0.029
0.034
0.040
0.039
0.040
0.022
0.040
0.040
0.040
0.026
222
223
224
225
223
224
225
226
229
229
229
230
230
231
231
231
228
228
228
228
228
228
228
228
236
236
236
236
236
236
236
236

228
235
228
236

190
190
190
190
190
190
190
190
196
196
196
196
196
196
196
196

184
185
188
188
184
187
189
190
188
189
191
192
190
192
194
194

1.04
0.00
0.52
3.26
2.70
1.06
1.06
3.26
1.60
0.53
0.00
4.26
3.70
2.62
2.08
3.16
2.08
1.03
1.03
2.09
192
196
190
196

2013–2014

2012–2013
Model validation

CK
CK
Average
I1D1
I1D2
I1D3
I1D4
I2D1
I2D2
I2D3
I2D4
I1D1
I1D2
I1D3
I1D4
I2D1
I2D2
I2D3
I2D4
Average
2012–2013
2013–2014
Model calibration

Obs.
Sim.
RMAE
Obs.

Fig. 6. Dynamics of biomass (a) and soil moisture at 0−20 cm layer (b) of
winter wheat growth under suﬃcient irrigation (CK treatment) in the
2012–2013 and 2013–2014 growing seasons. The simulations were obtained
based on indirectly measured soil parameters and GLUE-estimated genetic
coeﬃcients.

0.00
0.43
0.21
2.70
2.24
1.79
1.33
2.24
1.79
1.33
0.88
3.06
3.06
3.06
2.61
2.61
2.16
2.16
2.16
2.20

Obs.
Sim.

11.11
14.89
13.00
17.65
25.00
11.11
11.11
8.11
14.29
3.57
21.43
6.98
9.30
9.09
50.00
13.04
13.04
16.67
42.22
17.04

Sim.

Obs.

Gain yield
(kg hm−2)
RMAE
Aboveground biomass
(kg hm−2)
RMAE
Unit grain weight
(g)
RMAE
Maturity date
(days after planting)
RMAE
Anthesis date
(days after planting)
Sim.
Treatment
Season

Table 5
Results of calibration and veriﬁcation of the CERES-Wheat model based on indirectly measure soil parameters and GLUE-estimated genetic coeﬃcients in simulating winter wheat growth under diﬀerent scenarios of soil
water stress. ARE is absolute relative error, %; Sim. and Obs. represent the simulated and observed values. The same as below.

N. Yao, et al.

9

Agricultural Water Management 229 (2020) 105954

N. Yao, et al.

Fig. 7. Dynamic changes of biomass of winter wheat under diﬀerent irrigation scenarios in the 2012–2013 growing seasons. The simulations were obtained based on
indirectly measured soil parameters and GLUE-estimated genetic coeﬃcients.

green stage was crucial for a stable grain yield of winter wheat.

weight. This was diﬀerent with the research which found that moderate
water deﬁcit during grain ﬁlling resulting in greater grain yield (Zhang
et al., 2008). Generally, an irrigation at jointing could obviously increase productive ears, while irrigations at heading and grain-ﬁlling
could markedly increase grains per ear and unit gain weight, which was
consistent with the study done by Bakhsh et al. (2013).
In this study, we found returning-green was the critical stage for
winter wheat irrigation. However, some other studies showed that the
critical period of water requirement of winter wheat was from jointing
to heading (Ji et al., 2014; Thorp, 2007). The diﬀerence was mainly
because previous studies were performed in open ﬁelds where rainfall
could confound the results due to additional unintended water input.
However, this current study was conducted strictly under rainfall
shelter almost without any precipitation input. Thus, soil moisture before sowing became very low and the inﬂuence of irrigation at early
vegetative stage increased obviously. Winter wheat plants suﬀered
longtime soil water stress in the treatments without irrigation at seedling (from emergence to jointing). The crop could not recover its normal
growth even with suﬃcient irrigation at later stages and ﬁnally had
very poor yields. This conﬁrmed once again that irrigation at returning

4.2. Inﬂuences of soil parameters related to water holding capacity on
simulation accuracy
Although we found that there were only some small diﬀerences
between initial indirectly measured and new manually tuned values of
soil parameters of permanent wilting point (Table 4), the simulation
accuracies of soil water contents were improved greatly in this study
after using the manually tuned soil parameters instead (Fig. 9). This
also resulted in higher simulation accuracies for total water storage and
biomass (Figs. 10 and 11). Therefore, it could be concluded that soil
parameters related to soil water holding capacity (i.e. permanent
wilting point) played a very important role in simulating winter wheat
growth under soil water stress conditions.
However, permanent wilting point is very diﬃcult to be measured
directly in practice. It is more functionally deﬁned as the point at which
plants wilt and do not recover overnight (Taiz and Zeiger, 1991). Crop
species, soil type, and crop stage of growth all can aﬀect the measured
values of permanent wilting point (Norton and Silvertooth, 1998).
10
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Fig. 8. Dynamic changes of soil moisture at the 0−20 cm layer for winter wheat growth under diﬀerent irrigation scenarios in the 2012–2013 growing seasons. The
simulations were obtained based on indirectly measured soil parameters and GLUE-estimated genetic coeﬃcients.

the simulation accuracy was relatively high, which was in agreement
with some previous studies (Dettori et al., 2011; Langensiepen et al.,
2008; Pecetti and Hollington, 1997; Thorp et al., 2010). However, when
there were diﬀerent scenarios of soil water stress, the simulation accuracy would change a lot for phenology, unit grain weight, aboveground biomass, and grain yield. When water stress occurred at the
early vegetative stage, the simulation accuracy of the CERES-Wheat
model became low. It usually simulated phenology dates earlier and
overestimated unit grain weight, but underestimated ﬁnal biomass and
grain yield. At the same time, it also underestimated the soil moisture at
the early growth stages, which was probably one of the main reasons
for the low simulated biomass and grain yield. When water stress occurred at later growth stages, the simulation accuracy of the CERESWheat model improved a lot, but still had some kinds of errors. For
example, for treatments related to D4 (water stress at heading and
grain-ﬁlling stages) in the 2013–2014 season, the model seriously underestimated the unit grain weight of winter wheat (RMAE > 40%)
either under irrigation level I1 or I2. In general, the CERES-Wheat
model could simulate winter wheat growth with water stress at later

Although permanent wilting point can be measured by some indirect
methods, this would bring large uncertainty in parameter value and
ﬁnally introduce large simulation errors.
Due to the uncertainties in indirectly measured values of permanent
wilting point, simulated plant available soil water, which was deﬁned
as the diﬀerence between ﬁeld capacity and permanent wilting point,
was also uncertain. Thus, there could be some big errors in simulated
biomass and yields caused only by some small diﬀerences in the values
of relevant soil parameters. Generally, we suggested that the soil
parameters related to water holding capacity played a very important
role in simulating winter wheat growth when under severe soil water
stress. Hence, these soil parameters should be measured more directly
and accurately and need to be further tuned based on ﬁeld observations
when simulating crop growth under serious water stress conditions.

4.3. Evaluation of the CERES-Wheat model in arid conditions
Generally, the CERES-Wheat model was able to correctly simulate
the growth and yield of winter wheat with suﬃcient water supply and
11
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Fig. 9. Dynamic changes of soil moisture at the 0−20 cm layer for winter wheat growth under diﬀerent irrigation scenarios in the 2012–2013 growing seasons.
Simulated 1 indicates the simulation results obtained based on initial indirectly measured soil parameters and GLUE-estimated genetic coeﬃcients, while Simulated 2
indicates the simulation results obtained based on the new manually tuned soil parameters and GLUE-estimated genetic coeﬃcients.

shoot ratio, whereas serious water stress could inhibit root growth and
decrease root activity (Sun et al., 2003). In some treatments of this
study, water stress continuously occurred at wintering and returning
green stages. Longtime water stress seriously retarded the growth of
wheat roots. Thus, we suggest that an additional water stress index
should be added in the CERES-Wheat model to take account of the
complicated relationship between water stress and root growth and to
improve the simulation accuracy of wheat growth under water stress at
seedling stage.
The CERES-Wheat model gave the same simulations of anthesis and
maturity dates for diﬀerent irrigation scenarios, which contradicted the
observations. In other words, the current CERES-Wheat model was
unable to simulate the phenology discrepancy caused by soil water
stress. This was because the phenology simulation in the current model
was mainly based on meteorological factors, such as temperature and
photoperiod, without consideration of the secondary inﬂuence of water
and nutrient stress (Mcmaster et al., 2008). Additionally, Travasso and
Delecolle (1995) pointed out that current CERES-Wheat model used air

growth stages more accurately than the growth with water stress at
early stages.
Diﬀerent reasons might contribute to such kind of simulation errors.
Nouna et al. (2003) explored the reasons for the low accuracy of
CERES-Wheat model under water stress. First, they found the model did
not suﬃciently simulate leaf area index (LAI) in the whole season; next,
the water stress index calculated in the model did not consider the
actual situation in ﬁeld experiments. Dejonge et al. (2012) suggested
that the simulation accuracy of evapotranspiration (ET) should be increased ﬁrst if the CERES series models should be improved to simulate
crop growth under water stress since the water stress indices in the
model were directly related to ET values. While previous methods for
evaluating ET using a static crop coeﬃcient have worked well for studies under non-stressed water conditions, few studies have emphasized
ET accumulation under water stress. Therefore, they provided a new
equation that calculates a dynamic crop coeﬃcient as a function of LAI.
In addition, some studies found that moderate water stress could
stimulate the growth of roots of wheat seedling and increase the root12
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Fig. 10. Dynamic changes of total water storage in the 0−100 cm soil proﬁle for winter wheat growth under diﬀerent irrigation scenarios in the 2012–2013 growing
season. Simulated 1 indicates the simulation results obtained based on initial indirectly measured soil parameters and GLUE-estimated genetic coeﬃcients, while
Simulated 2 indicates the simulation results obtained based on the new manually tuned soil parameters and GLUE-estimated genetic coeﬃcients.

The simulation accuracies of dynamics of water contents in
0−20 cm soil layer and winter wheat biomass all improved greatly
after manually tuning the initially indirectly measured soil value of
permanent wilting point. Generally, soil parameters related to soil
water holding capacity played an important role in simulating winter
wheat growth under severe soil water stress.
In general, the CERES-Wheat model proved to have some drawbacks
to simulate winter wheat growth under complicated scenarios of soil
water stress. To be eﬀectively applied in winter wheat management in
arid and semi-arid regions of China, we suggest the current CERESWheat model should be further validated, modiﬁed, and improved. The
inﬂuences on winter wheat growth by water stress at seedling stages
must be well understood and quantiﬁed, especially the inﬂuences on
root system. Additionally, the secondary inﬂuence of water stress on
wheat phenology should also be considered in the new phenology algorithm.

temperature in phenology prediction, rather than actual temperature in
crop canopy. In general, the current CERES-Wheat model had some
drawbacks in phenology prediction for winter wheat growth under
serious water stress.
5. Conclusions
The experimental results showed that irrigation before jointing was
necessary to reduce the inhibition of water stress on plant growth to
guarantee higher plant height and aboveground biomass. Serious and
early water stress could advance the phenology dates of winter wheat.
The returning green and grain-ﬁlling stages were proved to be critical
periods for ﬁeld water management.
Generally, the CERES-Wheat model could simulate winter wheat
growth under water stress at later reproductive stages better than the
growth under water stress before jointing stages. The current CERESWheat model was not able to simulate the phenology discrepancies
caused by diﬀerent water stress scenarios.
13
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Fig. 11. Dynamic changes of biomass of winter wheat under diﬀerent irrigation scenarios in the 2012–2013 growing seasons. Simulated 1 indicates the simulation
results obtained based on initial indirectly measured soil parameters and GLUE-estimated genetic coeﬃcients, while Simulated 2 indicates the simulation results
obtained based on the new manually tuned soil parameters and GLUE-estimated genetic coeﬃcients.
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