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Excessive N and water use in agriculture causes environmental
degradation and can potentially jeopardize the sustainability of
the system. A ﬁeld study was conducted from 2000 to 2002 to
study the eﬀects of four N treatments (0, 100, 200, and 300 kg
N ha−1 per crop) on a wheat (Triticum aestivum L.) and maize
(Zea mays L.) double cropping system under 70 ± 15% ﬁeld
capacity in the North China Plain (NCP). The root zone water
quality model (RZWQM), with the crop estimation through
resource and environment synthesis (CERES) plant growth
modules incorporated, was evaluated for its simulation of crop
production, soil water, and N leaching in the double cropping
system. Soil water content, biomass, and grain yield were better
simulated with normalized root mean square errors (NRMSE,
RMSE divided by mean observed value) from 0.11 to 0.15
than soil NO3–N and plant N uptake that had NRMSE from
0.19 to 0.43 across these treatments. The long-term simulation
with historical weather data showed that, at 200 kg N ha−1 per
crop application rate, auto-irrigation triggered at 50% of the
ﬁeld capacity and recharged to 60% ﬁeld capacity in the 0to 50-cm soil proﬁle were adequate for obtaining acceptable
yield levels in this intensiﬁed double cropping system. Results
also showed potential savings of more than 30% of the current
N application rates per crop from 300 to 200 kg N ha−1,
which could reduce about 60% of the N leaching without
compromising crop yields.
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W

ater and N amendments in agriculture enhance crop yield,
but exceeding crop demand leads to surface and groundwater
quality problems and contributes to shortages of fresh water resources
(Zhang et al., 1996; Ju et al., 2004; Scharf et al., 2002). Exploitation
of the surface and groundwater has resulted in both economic and
environmental problems (Liu and Wei, 1989, p. 96–127; Lan and
Zhou, 1995; Hu et al., 2005). Increased water demand for industrial
uses in the NCP is expected to reduce water available for agriculture.
Therefore, judicious management of the limited water is becoming
more important for sustainability of agricultural production in the
area. At the same time, to assure high yield, farmers usually apply high
N rates of about 400 to 600 kg N ha−1 yr–1 in a wheat-maize crop
system (two crops harvested in a year) in the NCP (Hu et al., 2006).
These N application levels are in excess of the crop N demand (Xing
and Zhu, 2000; Ju et al., 2004). High N inputs along with ﬂood
irrigation (usually more than 100 mm per application) have resulted
in severe N leaching ranging from 15 to 55% of applied N fertilizer
and groundwater pollution (groundwater nitrate concentrations
generally above 50 mg L–1) (Zhu and Wen, 1992, p. 213–228; Zhang
et al., 1996; Ju et al., 2004). In this context, there is an urgent need
for optimizing both N and water management to improve the N and
water use eﬃciency of agricultural crops in the NCP.
Interactions of N, irrigation, and climate variations have substantial eﬀects on crop yield, N and water use eﬃciency, and N leaching
(MacDonald et al., 1997; Errebhi et al., 1998; Waddell et al., 2000;
Onsoy et al., 2005). However, ﬁeld experimental results under sitespeciﬁc climates may not be transferable to other soils and climates.
Agricultural system models have been developed as tools to simulate
crop and environmental (water quality) responses to N and water
management, and to help extend the results of limited ﬁeld experiments across diﬀerent soils and climates (Ma et al., 2000; Mathews et
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al., 2002). Such models include GLEAMS (Leonard et al., 1987),
LEACHM (Hutson and Waganet, 1992), NLEAP (Shaﬀer et al.,
1991), and RZWQM (Ahuja et al., 2000). Knisel and Turtola
(2000) evaluated GLEAMS on a heavy clay soil and found that the
model could be used to compare alternate management practices
in Finland. Miao et al. (2006) used a calibrated CERES model to
optimize N rate for a maize-soybean [Glycine max (L.) Merr.] system in diﬀerent management zones in France. Bakhsh et al. (2001)
used RZWQM to simulate the eﬀects of diﬀerent N fertilizer rates
on maize and soybean yields in the midwestern United States.
Stulina et al. (2005) parameterized the hydraulic properties and the
crop development modules of RZWQM for Uzbek and Central
Asia conditions and adequately simulated the impacts of diﬀerent agricultural management practices on crop production. Hu et
al. (2006) used RZWQM to evaluate and develop N and water
management strategies in a winter wheat-maize double cropping
system at Luancheng Experimental Station in the NCP. Recently,
Ma et al. (2006) linked the CERES crop growth module with
RZWQM, where CERES-wheat and CERES-maize plant growth
models were from Decision Support System for Agrotechnology
Transfer (DSSAT) 3.5 package (Tsuji et al., 1994; Hoogenboom
et al., 1999; Jones et al., 2003). The hybrid model provided a more
rigorous plant growth model for RZWQM and a tool to address
soil water quality issue for DSSAT (Ma et al., 2006). Yu et al.
(2006) used RZWQM-CERES to simulate a wheat-maize double
cropping system in the NCP; however, the model was not used to
evaluate the interactions between N and water management.
In this study, we further extend the RZWQM-CERES
hybrid model to evaluate the interactions between N and
irrigation management in the NCP. The speciﬁc objectives
of the study are to: (i) evaluate RZWQM-CERES3.5 for its
response to diﬀerent N application rates at a ﬁxed irrigation
level in a wheat-maize double cropping system in the NCP;
(ii) investigate the potential of using the model for planning
auto-irrigation based on soil water depletion and associated N
uptake and leaching.

Materials and Methods
Field Experiment
Field experiments were conducted from 2000 to 2002 on a
silt loam soil at Yucheng Integrated Agricultural Experimental
Station located in Yucheng County, Shandong Province, NCP
(36°50´ N, 116°34´ E, 20 m above sea level) (Fig. 1). The soil
was formed from the sediments deposited over time by the Yellow River and is calcareous and rich in P and K. Agriculture in
the area is characterized by multi-cropping systems (more than
one crop a year) with high-yielding cultivars that require high
fertilizer and water inputs. Measured soil bulk density, soil texture, soil organic matter contents, and soil water contents at 33
and 1500 kPa are shown in Table 1. The climate of the area is
characterized by high temperature and high rainfall in the summer with mean annual rainfall of 515 mm. The maize growing
season from July to September receives about 70 to 80% of the
annual rainfall, and the rest is received during the wheat season
from October to June. Rainfall was 191 and 131 cm for the

2000–2001 and 2001–2002 wheat seasons and was 385 and
161 cm for the 2001 and 2002 maize seasons, respectively.
The experiment was a split plot (12.5 by 4 m) randomized
complete block design with four N treatments of 0 (N0), 100
(N100), 200 (N200), and 300 (N300) kg N ha−1 per crop
season and three replications. Each plot was separated by PVC
(polyvinyl chloride) tiles down to 100 cm depth in the soil. A
spatial separation of 50 cm was maintained to prevent N movement between the plots. Winter wheat cultivar Lankao906 was
planted at a rate of 180 kg ha−1 (in 25-cm row spacing) on 10
Oct. 2000 and 5 Oct. 2001. Maize cultivar Nongda108 was
planted at a density of 65,000 plants ha−1 (65-cm row spacing)
on 12 June 2001 and 8 June 2002. After maize harvests, soil
was plowed before planting wheat. The crop cultivars and agronomic practices adopted represent those used by the local farmers. Fang et al. (2006) describes the experiment in detail.
Urea (46% N) was used as N fertilizer and applied by
hand before irrigation or rainfall. For winter wheat, 50% of
total applied N was incorporated into the surface soil (0–10
cm) shortly before sowing (7 Oct. 2000 and 3 Oct. 2001) and
the rest at heading stage (25 Apr. 2001 and 20 Apr. 2002).
For maize, half of the N was applied between six and seven
leaf stages (19 July 2001 and 11 July 2002) and the other half
at tasseling stages (10 Aug. 2001 and 5 Aug. 2002).
Soil water was measured to a depth of 150 cm at spatial
separations of 10 cm in the second replicate of each N treatment
using neutron probes (model no. CNC503D2, developed by
the Institute of Modern Physics, Chinese Academy of Sciences,
Beijing, China). Soil water content in the 0- to 50-cm soil layers
monitored by neutron probe was then used to determine irrigation amounts to maintain soil water content at 70 ± 15% of
ﬁeld capacity. Soil water samples were collected biweekly with a
ceramic candle extraction system (Diez et al., 1997) (model no.
3S–50, developed by Institute of Soil Sciences, Chinese Academy of Sciences, Nanjing, China) installed at 100, 150, 250 cm
depths. Soil samples (three cores per plot) were collected to a
depth of 120 cm in 20-cm intervals in the neutron-installed plots
using a soil auger (3 cm diam.). The cores were taken 1 or 2 d
before each planting and harvest and at monthly intervals during
each growing season. These samples were used for soil ammonium N (NH4–N) and NO3–N concentration measurements by
a UV spectrophotometer and the indigotin colorimetric method
after extracted with 2 M KCl (Markus et al., 1985). Daily rainfall, temperature, and solar radiation were recorded at a meteorological station within 300 m from the experimental site.
Crops were harvested on 5 June 2001 and 3 June 2002 for
wheat and on 23 Sept. 2001 and 25 Sept. 2002 for maize from
4 m2 areas in each plot for grain yields and aboveground biomass. Nitrogen contents of grain and straw were determined by
the micro-Kjeldahl method (Bremner, 1996). Nitrogen uptake
by plants was estimated from grain and straw N concentrations.

Model Calibration and Application
As Boote (1999) suggested, the least stressed treatment
(N300) was used for model calibration. Goodness of model
calibration was evaluated by comparing to measured soil wa-
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Fig. 1. The location of Yucheng Ecological Station in the North
China Plain.

ter content (5–7 d intervals), plant N uptake (seasonal), residual soil N (about three to four times per crop season), biomass (seasonal) and grain yield from 2000 to 2002 (including
two wheat and maize seasons). The RZWQM developers
recommended calibrating soil water ﬁrst, followed by soil
nutrient (soil N) and the plant growth (yield, biomass, and
N uptake) (Hanson et al., 1999; Ma et al., 2003). A NRMSE
(NRMSE = RMSE/average measured value) was used for
quantifying the goodness of the model parameterization as
Ahuja and Ma (2002) suggested. A perfect match between
measured and simulated results in an NRMSE = 0.
Soil properties for each soil horizon were obtained from
Fang et al. (2006). Measured soil water contents at 33 and
1500 kPa (Table 1) were used to calculate soil hydraulic properties as deﬁned by the Brooks and Corey (1964, p. 1–15)
functions. Default saturated soil hydraulic conductivity for
each soil layer was based on soil texture as reported by Rawls
et al. (1982) and then was manually adjusted slightly for each
soil layer, along with the soil root growth factor (SRGF), to
improve soil water content simulation (Table 1). Calibration
of the soil C/N module involved establishment of initial soil
C pool sizes for the fast and slow crop residue pools; slow,
medium, and fast humus pools; and the three microbial pools
(aerobic heterotrophs, autotrophs, and anaerobic heterotrophs) (Hanson et al., 1999). In the experimental site, the values of soil organic matter content were measured and used to

initialize the three pools: fast (5%), intermediate (10%), and
slow (85%) based on the guideline in the RZWQM manual
(Ahuja et al., 2000). As no experimental measurements were
available for the sizes of microbial pools, following the recommendations of Ma et al. (1998), we initially assigned the
minimum microbial populations of 50,000; 500; and 5000
organism g−1 soil to the three microbial pools, and then ran
the model for 16 yr under constant management practices
before the experiment and obtained stabilized values for the
three microbial pools and three soil C pools.
After the soil parameters were calibrated, we calibrated the
genetic coeﬃcients (cultivar speciﬁc parameters) for winter wheat
(cultivar Lankao 906) and maize (cultivar Nongda 108) for the
CERES-wheat and CERES-maize plant growth modules. Genetic coeﬃcients derived by Yu et al. (2006) for a winter wheat
cultivar (Zhixuan No. 1) and a maize cultivar (Yedan 22) grown
in the NCP were used as initial values (Table 2). Then, we calibrated the cultivar parameters P1V, P1D, P5, and PHINT for
wheat and P1, P2, P5, and PHINT for maize to match the simulated and measured crop phenology (emergence, ﬂowering and
physiological maturity) by trial and error within the ranges given
in Table 2. The rest of the cultivar parameters were calibrated to
improve the agreements between simulated and measured crop
yield, biomass, and N uptake. The genetic coeﬃcients that had
the lowest overall NRMSE were chosen (Table 2).
After calibration, the model was used to simulate soil water
content and NO3–N, crop production, and N leaching for the
N200, N100, and N0 treatments from 2000 to 2002. Mean
relative error (MRE), and model eﬃciency (E) were also used
to evaluate simulation results, in addition to RMSE and coefﬁcient of determination (r2):
MRE =

1 n ( Pi − Oi )
100%
∑
n i =1 Oi
n

E = 1.0 −

[1]

∑(O − P )
i

i =1
n

i

∑(O − O
i =1

i

avg

2

)2

[2]

where Pi is the ith predicted value, Oi is the ith observed
value, Oavg and Pavg are the average of observed and simulated
values, respectively, and n is the number of data pairs.
After the calibration and validation, RZWQM-CERES
hybrid model was used to study auto-irrigation management
in the wheat-maize double cropping system using long-term

Table 1. Soil physical and chemical properties used for simulations (Fang et al., 2006).
Bulk
Organic
Soil root growth Saturated hydraulic Field capacity water Soil water content
Soil depth
density
matter
Sand
Silt
Clay
factor†
conductivity†
content at 33 kPa
at 1500 kPa
cm
g cm–3
–––––––––––––%–––––––––––––
dimensionless
cm h–1
––––––––––cm3 cm–3––––––––––
0–20
1.28
1.08
12.8
65.1
22.1
1.0
1.32
0.362
0.147
20–65
1.39
1.08
11.3
67.0
21.7
0.8
0.32
0.350
0.135
65–97
1.40
0.76
28.3
58.0
13.7
0.4
0.32
0.296
0.110
97–104
1.42
0.61
3.40
71.5
25.1
0.1
0.02
0.384
0.165
104–150
1.39
0.61
24.5
63.0
12.5
0.02
0.08
0.361
0.130
† The root distribution and saturated hydraulic conductivity values for each soil layer are calibrated for the N300 treatment (300 kg N ha−1 per crop)
from 2000 to 2002. The soil root growth factor (SRGF) was used to control root growth in each soil layer in the crop estimation through resource and
environment synthesis (CERES) model.
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Table 2. Genetic coefficients derived for winter wheat (cultivar Lankao906) and maize (cultivar Nongda 108). Values given in parentheses are the
range used in calibration of the parameters.
Wheat parameters
Relative amount that development is slowed for each day of unfulfilled vernalization, assuming that
50 d of vernalization is sufficient for all cultivars.
P1D
Relative amount that development is slowed when plants are grown in a photoperiod 1 h shorter
than the optimum (which is considered to be 20 h).
P5
Relative grain-filling duration based on thermal time (degree days above a base temperature of 1°C),
where each unit increases above zero adds 20 degree days to an initial value of 430 degree days.
G1
Kernel number per unit weight of stem (less leaf blades and sheaths) plus spike at anthesis (1 g–1).
G2
Kernel filling rate under optimum conditions (mg d–1).
G3
Nonstressed dry weight of a single stem (excluding leaf blades and sheaths) and spike when
elongation ceases (g).
PHINT
Phyllochron interval (degree days).
Maize parameters
P1
Thermal time from seedling emergence to the end of Juvenile phase during which the plants are not
responsive to changes in photoperiod (degree days).
P2
Extent to which development is delayed for each hour increase in photoperiod above the longest
photoperiod at which development is at maximum rate, which is considered to be 12.5 h (days).
P5
Thermal time from silking to physiological maturity (degree days).
G2
Maximum possible number of kernels per plant.
G3
Grain-filling rate during the linear grain-filling stage and under optimum conditions (mg d–1).
PHINT
Phyllochron interval (degree days).
† Initial values in the column were obtained from Yu et al. (2006).
P1V

historical weather data. Climate data from 1961 to 1998 collected at Jinan city with similar climatic conditions about 40
km away from the Yucheng Integrated Agricultural Experimental Station were used for long-term simulations. Average
rainfall was 152 ± 63 cm for the 38 wheat seasons and 419 ±
143 cm for the 38 maize seasons. For the long-term simulations, irrigation was triggered at 40, 50, 60, 70, and 80%
ﬁeld capacity (soil water content at 33 kPa suction) in the
top 50 cm of the soil proﬁle, with a minimum interval of 7 d
between irrigation events. Irrigation amount was estimated by
recharging the soil water content to a certain preset percentage ﬁeld capacity (40–80%) in the top 50-cm soil proﬁle. The
auto-irrigation was then coupled with N application rates
of 100, 200, and 300 kg N ha−1 per crop. Based on the local
agricultural management practices, urea (46% N) was used as
N fertilizer, 50% of total applied N was incorporated into the
surface soil layer before crop planting, and the remainder at
heading stage for wheat and at tasseling stage for maize.

Results and Discussion
Model Calibration
The RMSEs of simulated soil water contents in diﬀerent
soil layers varied from 0.041 cm3 cm–3 (30–60-cm layer) to
0.063 cm3 cm–3 (0–30-cm layer). The large simulation error
of soil water contents in the top 30-cm soil layer indicated that
RZWQM was less responsive to surface water dynamics caused
by irrigation, rainfall, and evaporation (Hu et al., 2006). On the
other hand, measurement of soil water contents at soil surface
was less reliable than at deep soil depth using neutron probes
(Wu et al., 1999; Jaynes and Miller, 1999). Simulated total proﬁle soil water (0–100 cm) (SWP), with a RMSE of 3.34 cm and
a MRE of 2.3% from 2000 to 2002 (Table 3), followed the pattern of the measured values (r2 = 0.62, Fig. 2). These results were
comparable with the results from similar studies by Hu et al.

Initial values†
6

Final values
3.0 (0.5–6.0)

3.5

1.5 (1.0–4.0)

0
9
1.4
1.4

−4.0 (-6.5–2.0)
4.0 (3.0–8.0)
2.0 (1.5–6.0)
2.0 (1.5–4.0)

85

80 (65– 90)

140

260 (140–300)

0.9
735
837
11.0
38

0.5 (0.5–1.5)
700 (500–800)
850 (700–900)
8.5 (6.0–12.0)
39 (30–65)

(2006) in the NCP, who obtained RMSE of 5.9 cm for SWP in
the 0 to 180-cm soil proﬁle. On the other hand, the low values of
model eﬃciency (E = 0.04) for SWP suggested that the simulation was poor and the observed mean value was as good a predictor as the model. Yu et al. (2006) reported similar low E values of
0 and –0.06 for SWP simulated by RZWQM in the NCP. The
low accuracy for simulating soil water content might be due to
minimum calibration of the soil hydraulic properties and poor
soil water measurements as described above. No runoﬀ was simulated in all the crop seasons, but some drainage was simulated
out of the soil proﬁle (150 cm), especially during the 2000–2001
wheat season (Table 4).
The model underpredicted soil N content by 16.2 kg N ha−1
(3.3%) with a RMSE of 50.4 kg N ha−1 (10.3%) and a MRE of
–1.4% (Table 3). The predicted soil NO3–N content explained
94% of the total variance in the measured data (r2 = 0.94, Fig. 3)
with a model eﬃciency (E) of 0.86 (Table 3). In a similar study
performed in the NCP, a RMSE of 38 kg N ha−1 (measured values ranged from 62–126 kg N ha−1) and model eﬃciency (E) of
–0.54 were reported in the NCP by Hu et al. (2006). Simulated
N mineralization rates were 50.8, 70.0, 56.1 and 56.4 kg N ha−1
for the four crop seasons (Table 5), which are comparable to the
ﬁeld estimated N mineralization rates of 82.3, 97.6, 36.9 and
58.0 kg N ha−1 from the N0 treatment by assuming no N losses
except for plant N uptake (Fang et al., 2006).
Simulated crop growth stages, such as emergence, ﬂowering, and physiological maturity, were within 5 d of measured
dates. Aboveground biomass was underestimated by 13.9%
for wheat and overestimated by 1.2% for maize during the
2000–2001 crop seasons. During the 2001–2002 crop seasons,
aboveground biomass was underestimated by 19.1 and 12.9%
for wheat and maize, respectively (Table 3). Simulated grain
yields deviated from measured values by –3.8% for wheat and
8.8% for maize during 2000–2001. During 2001–2002, wheat
grain yield was overestimated by 2.1% and maize grain yield
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Table 3. Comparisons of measured and simulated profile soil water (0–100 cm), soil nitrate N (NO3–N) content (0–100 cm), biomass, grain yield,
and aboveground plant N uptake across the four treatments (N300, N200, N100, and N0 with 300, 200, 100, and 0 kg N ha−1 per season
application rates, respectively) from 2000 to 2002.
Variables
Calibration (N300)
Profile soil water, cm
Soil NO3–N content, kg ha−1
Biomass, Mg ha−1

Grain yield, Mg ha−1

Aboveground N uptake, kg N ha−1

Data description

2000–2002 (116)‡
2000–2002 (14)
2000–2001 Wheat
2001 Maize
2001–2002 Wheat
2002 Maize
2000–2001 Wheat
2001 Maize
2001–2002 Wheat
2002 Maize
2000–2001 Wheat
2001 Maize
2001–2002 Wheat
2002 Maize

Observed mean ± SD

Simulated mean

26.5 ± 3.41
491 ± 138
12.32 ± 1.2
16.89 ± 0.9
15.78 ± 1.9
16.29 ± 1.1
4.97 ± 0.20
7.12 ± 0.90
5.38 ± 0.30
6.62 ± 0.60
258 ± 2.5
159 ± 7
238 ± 21.9
175 ± 9.5

26.5
475
10.61
17.1
12.76
14.2
4.78
7.75
5.49
5.35
174
197
194
168
25.9
25.5
24.6

r2

RMSE

E

2.3
−1.4
−13.9
1.2
−19.1
−12.9
−3.8
8.8
2.1
−19.2
−32.6
23.9
−18.5
−4.0

0.62
0.94

3.34
50.4
2.03

0.04
0.86
−0.31

0.72

0.34

8.3
0.5
5.7

0.65
0.72
0.71

18.8
−44.2
−41.9

0.44
0.68
0.56

MRE†
%

51.2

−0.52

Validation (N200, N100, and N0)
Profile soil water, cm

N200 (116)
N100 (116)
N0 (116)

24.1 ± 3.37
25.6 ± 3.91
23.3 ± 2.86

Soil nitrate N content, kg ha−1

N200 (116)
N100 (116)
N0 (116)

205 ± 49
111 ± 62
70 ± 33

Biomass, Mg ha−1

234
60
39

Wheat seasons (6)
10.76 ± 2.69
10.05
−5.5
0.91
Maize seasons (6)
12.92 ± 3.55
12.61
−4.0
0.95
Grain yield, Mg ha−1
Wheat seasons (6)
4.41 ± 1.03
4.41
0.8
0.76
Maize seasons (6)
5.69 ± 1.57
5.50
−6.2
0.96
Aboveground N uptake, kg N ha−1
Wheat seasons (6)
168.7 ± 61.5
142.4
−15.1
0.95
Maize seasons (6)
113.2 ± 30.3
128.7
6.3
0.61
† MRE is mean relative error (Eq. [1]); E is model efficiency (Eq. [2]); r2 is coefficient of determination; RMSE is root mean square error.
‡ The number in parentheses is the number of measurements from 2000 to 2002.

3.40
2.82
2.79

−0.02
0.48
0.05

55.5
67.7
41.1

−0.37
−0.29
−0.66

1.24
1.57
0.66
0.68
32.6
39.5

0.74
0.77
0.51
0.78
0.66
−1.04

Fig. 2. Measured and simulated profile soil water (SWP) (cm) in the 0- to 100-cm soil profile under different N rates in the wheat-maize double
cropping system from 2000 to 2002 in the North China Plain for the calibration (N300, 300 kg N ha−1 per crop application rate) and
validation data (N200, N100, and N0 with 200, 100, and 0 kg N ha−1 per crop application rates, respectively).
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Table 4. Simulated soil water balance in the 0- to 150-cm soil profile for the four crop seasons from 2000 to 2002. N0, N100, N200, and N300 are
treatments with 0, 100, 200, and 300 kg N ha−1 per season application rate, respectively.
N treatment

Crop season

Initial SWP† Final SWP
Rainfall
Irrigation
Evaporation Transpiration Drainage
Runoff
–––––––––––––––––––––––––––––––––––––––––––cm–––––––––––––––––––––––––––––––––––––––––––
46.02
34.62
18.99
15.50
21.16
19.31
5.04
0.36
34.62
40.49
37.45
10.40
18.36
22.95
0.66
0.00
40.49
38.52
15.45
25.90
24.79
17.63
0.88
0.01
38.52
33.10
16.06
18.80
15.52
24.16
0.60
0.00

N0

wheat (2000–2001)
maize (2001)
wheat (2001–2002)
maize (2002)

N100

wheat (2000–2001)
maize (2001)
wheat (2001–2002)
maize (2002)

50.13
36.72
41.32
37.75

36.72
41.32
37.75
33.91

18.99
37.45
15.45
16.06

17.10
10.40
24.80
22.40

20.87
16.59
22.67
15.31

19.58
25.53
20.13
26.24

9.01
1.12
1.00
0.74

0.36
0.00
0.01
0.00

N200

wheat (2000–2001)
maize (2001)
wheat (2001–2002)
maize (2002)

46.96
36.52
41.29
40.74

36.52
41.29
40.74
34.91

18.99
37.45
15.45
16.06

17.10
10.40
29.20
25.80

20.46
16.39
23.29
16.52

19.56
25.57
20.44
29.30

6.15
1.11
1.45
1.86

0.36
0.00
0.01
0.00

wheat (2000–2001)
maize (2001)
wheat (2001–2002)
maize (2002)
† SWP is profile soil water.

47.62
39.59
44.48
38.52

39.59
44.48
38.52
34.34

18.99
37.45
15.45
16.06

21.70
19.00
25.20
25.20

22.55
20.39
23.15
15.78

19.38
25.42
21.81
28.52

6.40
5.74
1.63
1.13

0.36
0.00
0.01
0.00

N300

was underestimated by 19.2% (Table 3). The overall RMSEs of
aboveground biomass simulated and grain yield were 2.03 and
0.72 Mg ha−1, respectively. These results were comparable with
the study in the NCP reported by Yu et al. (2006).
Simulated aboveground N uptake showed a high degree of deviation from the measured values with a RMSE of 51.2 kg N ha−1
(Table 3). During the ﬁrst year of the wheat-maize rotation
(2000–2001) plant N uptake was undersimulated by 32.6% for
wheat and oversimulated by 23.9% for maize. During the second
year (2001–2002), aboveground N uptake was undersimulated
by 18.5% for wheat and by 4.0% for maize. The aboveground N
uptake predications were less accurate than grain yield and biomass
predictions, indicating that further improvements in N uptake
simulation are needed (Ma et al., 2007b). The undersimulation of
wheat aboveground N uptake could also be due to the higher measured wheat aboveground N uptake (258 and 238 kg N ha−1 for

the two wheat seasons) than reported in the literature. In a similar
study performed in the NCP, measured wheat aboveground N
uptake ranged from 95 to 201 kg N ha−1 with similar aboveground
biomass and N fertilizer application rates (Hu et al., 2006). In
other studies in the NCP, wheat aboveground N uptake for yield
level of 6 Mg ha−1 or less was 150 kg N ha−1 (Zhang et al., 1988),
and reached about 250 kg N ha−1 at yield level of 9 Mg ha−1 (Pan
et al., 1999; Yu et al., 2002).

Model Validation
Similar to the calibration results, the RMSEs of simulated
soil water content decreased with soil depth from 0.064 cm3
cm–3 in the 0- to 30-cm soil layer to 0.032 cm3 cm–3 in the 60to 100-cm soil layer. The RMSE of SWP (0–100 cm) ranged
from 2.79 to 3.40 cm, with corresponding MRE from 0.5 to
8.3%, which was comparable to the calibration results. The

Fig. 3. Comparison between measured and simulated soil nitrate N (NO3–N) content under different N application rates in the 0- to 100-cm soil
profile in the wheat-maize double cropping system from 2000 to 2002 in the North China Plain for the calibration (N300, 300 kg N ha−1 per
crop application rate) and validation data (N200, N100, and N0 with 200, 100, and 0 kg N ha−1 per crop application rates, respectively). Soil
water content was maintained at 70 ± 15% field capacity.

Fang et al.: Modeling N & Water Management Effects in a Double-Cropping System

2237

63.5
47.5
14.0
8.4
64.5
27.9
52.1
110.7
1.0
1.8
0.2
0.3
186.9
215.1
219.1
180.0
1.7
3.74
1.54
1.61
0.41
0.36
0.48
0.48
50.8
70.0
56.1
56.4
300
300
300
300
525
607
678
736
wheat (2000–2001)
maize (2001)
wheat (2001–2002)
maize (2002)
N300

490
525
607
678

39.2
6.5
8.0
8.5
64.2
17.7
24.0
61.4
0.7
0.4
0.1
0.2
186.6
215.1
205.0
184.9
1.7
3.74
1.54
1.61
0.32
0.2
0.55
0.49
53.1
85.8
59.7
60.7
200
200
200
200
282
331
354
362
wheat (2000–2001)
maize (2001)
wheat (2001–2002)
maize (2002)
N200

319
282
331
354

29.0
3.8
3.4
2.3
28.2
4.6
4.0
10.3
0.7
0.2
0.0
0.0
187.0
214.6
193.3
154.7
1.7
3.74
1.54
1.61
0.32
0.2
0.47
0.43
53.9
85.5
59.5
60.6
100
100
100
100
150
115
75
70
wheat (2000–2001)
maize (2001)
wheat (2001–2002)
maize (2002)
N100

245
150
115
75

wheat (2000–2001)
maize (2001)
wheat (2001–2002)
maize (2002)
N0

Initial
Final
N from
N from
inorganic N
inorganic N Fertilizer N N mineralization irrigation
rainfall
Total plant N uptake N denitrification N volatilization N leaching
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––kg N ha−1––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
290
151
0
61.4
0.3
1.7
155.4
0.3
0.0
45.0
151
137
0
80.5
0.2
3.74
90.1
0.1
0.0
7.0
137
117
0
56.1
0.49
1.54
73.0
0.0
0.0
6.1
117
116
0
64.8
0.36
1.61
59.7
0.0
0.0
7.5
Crop
N treatment

Table 5. Simulated soil N balance in the 0- to 150-cm soil profile partitioned to the four crop seasons from 2000 to 2002. N0, N100, N200, and N300 are treatments with 0, 100, 200, and
300 kg N ha−1 per season application rate, respectively.
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simulated SWP (0–100 cm) under diﬀerent N rates showed
similar trends with the measured values (r2 = 0.65, 0.72, and
0.71 for the three treatments, Table 3). Similar to the calibration results, low model E values between –0.02 and 0.48 were
obtained. On average the model overestimated soil moisture by
0.01 cm3 cm–3 (MRE = 4.83%) in the 0- to 100-cm soil proﬁle and explained 68% of the variance in the measured SWP
(E = 0.27) across the three treatments from 2000 to 2002.
These results were comparable to the results of simulation
studies reported by Yu et al. (2006) in the NCP, who obtained
RMSE values from 1.35 to 4.35 cm, MRE values from 2.6
to 9.6% and E values from –4.26 to 0.94 for simulated SWP.
Simulated plant transpiration was lower at N0 treatment than
the other three N treatments, except for the 2000–2001 wheat
season (Table 4). The reason for the same transpiration for the
2000–2001 wheat season across the four N levels was due to
high initial soil N and little N stresses simulated (Table 5).
Both simulated and measured soil NO3–N content in the
0- to100-cm soil proﬁle increased over time when N application rates were at or above 200 kg N ha−1 per crop and declined
over time when N rates were below 200 kg N ha−1 application
rates (Fig. 3). Analysis of variance for measured soil NO3–N in
the soil proﬁle showed signiﬁcant eﬀects of N application rates
(P < 0.0001) (Fang et al., 2006). Simulated soil NO3–N was
correlated well with measured values (r2 = 0.83), except for the
N100 treatment where soil NO3–N was underestimated on three
sampling dates (17 Apr. 2001, 20 May 2001, and 9 Aug. 2002)
(Fig. 3). On average, the model-predicted soil NO3–N in the
0- to 100-cm soil proﬁle had a RMSE of 55.8 kg N ha−1, a MRE
of –22.4%, and an E value of 0.30 across the three N treatments.
The high simulation errors for soil NO3–N were mainly caused
by the unusually high measured values on ﬁve sampling dates (on
17 Apr. 2001 and 20 May 2001 for treatment N0, and on 17
Apr. 2001, 20 May 2001, and 9 Aug. 2002 for treatment N100)
(Fig. 3). If these data were removed, the RMSEs were reduced
from 41.1 and 67.7 kg N ha−1 to 27.0 and 48.0 kg N ha−1 for
treatment N0 and N100, respectively. The overall RMSE and
MRE values for the three validation N treatments were reduced
from 55.8 to 45.7 kg N ha−1 and from –22.4% to –6.2%, respectively. Considering the high variations in measured data within
an N treatment (about 10–60%) as reported by Hu et al. (2006),
the relatively high bias (MRE = –22.4%) between measured and
simulated soil NO3–N content is acceptable (Table 3).
Nitrogen leaching was not measured in the experiments.
Simulated NO3–N leaching varied with N application rates,
initial soil NO3–N contents and irrigation (Table 5). No
obvious diﬀerence in simulated NO3–N leaching occurred
among the N0, N100, and N200 treatments. However, much
higher simulated N leaching occurred at N application rate
of 300 kg ha−1 per crop (Table 5). High simulated NO3–N
leaching in the ﬁrst wheat season was mainly due to the high
rainfall amount during the 2000–2001 wheat growing season
(with annual rainfall of 576 mm). Nitrogen leaching in the
second year (2001–2002) was much lower due to low annual
rainfall (292 mm) (Table 5). These results were consistent
with the experimental ﬁndings reported in the NCP (Fang et
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al., 2006). In addition, considerable amount of volatilization
of ammonia was simulated from urea application (Table 5).
The overall RMSE of simulated yield across the three N treatments was 0.66 Mg ha−1 for wheat and 0.68 Mg ha−1 for maize.
Corresponding RMSE for aboveground biomass was 1.24 Mg ha−1
for wheat and 1.57 Mg ha−1 for maize (Table 3). Correlation
between measured and simulated values was very high (r2 = 0.91
and 0.95 for wheat and maize biomass, respectively; r2 = 0.76 and
0.96 for wheat and maize yield, respectively), and most of the
predicted crop yield and biomass fell within ± 1 SE of the observations. These results were comparable or better than the RZWQMCERES simulation results reported by Yu et al. (2006) for a wheatmaize double cropping systems study involving other crop cultivars
of wheat and maize in the NCP. Model eﬃciency ranged from
0.51 to 0.78 for grain yield and 0.74 to 0.77 for biomass (Table 3).
Correlation between measured and simulated aboveground N
uptake was high with r2 = 0.95 for wheat, but low with r2 = 0.61
for maize. The model underestimated aboveground N uptakes
for N0 and N100 treatments. The RMSE and MRE of simulated N uptake were 32.6 kg N ha−1 and –15.1% for wheat,
and 39.5 kg N ha−1 and 6.3% for maize, respectively. Simulated
aboveground N uptake was comparable to those reported by Hu
et al. (2006), who found that RZWQM simulated high errors in
N uptake with RMSE from 29 to 37 kg N ha−1 and MRE from
–20 to 35%. Similar low accuracy in predicted maize aboveground N uptake by RZWQM model with a high RMSE value of
48 kg N ha−1 (28%) was reported by Ma et al. (2007b) in Northeast Iowa. Model eﬃciency was positive for wheat N uptake, but
negative for maize aboveground N uptake (Table 3). The negative
E value for maize N uptake indicated that the measured mean value (113.2 kg N ha−1) was just as good as simulated values. Overall
across the three validation N treatments, RMSE of simulated crop
yield, biomass and aboveground N uptake from 2000 to 2002
were 0.71 Mg ha−1 for grain yield, 1.24 Mg ha−1 for biomass, and
35.6 kg N ha−1 for crop N uptake, which was comparable to the
calibration results.

Simulated Interactions between Water
and Nitrogen Managements
In spite of simulation errors, RZWQM can still be used to simulate management eﬀects (Ma et al., 2007a, Malone et al., 2007).
Long-term simulation results with automatic irrigation based
on ﬁeld capacity at 100, 200, and 300 kg N ha−1 N application
rates are summarized in Fig. 4, 5, 6, and 7. Simulated irrigation
requirements ranged from 47 ± 31 mm at 40% triggering level
and 40% recharge level to 730 ± 102 mm at 80% triggering level
and 80% recharge level for the wheat season, with corresponding
water requirements ranging from 3 ± 5 mm to 204 ± 103 mm for
the maize seasons (Fig. 4). At 200 and 300 kg N ha−1 per crop application rates, little N stress (NSI = 1.0 means no stress; 0 means
maximum stress, Ma et al., 2006) was simulated during the wheat
and the maize seasons (Fig. 4). At 100 kg N ha−1 per crop application rate, N stress increased (NSI decreased) with soil water
levels due to the increase in N leaching. Water stress was essentially
eliminated when irrigation was triggered at 50% ﬁeld capacity and

recharged to 60% of ﬁeld capacity at all N application rates. Simulated water and N stresses were essentially the same for the 200 and
300 kg N ha−1 application rates (Fig. 4).
For the three N application rates, averaged wheat yield increased signiﬁcantly (P < 0.01, n = 38 yr) with recharge rates (in
percent ﬁeld capacity) when irrigation was triggered at 40 and 50%
ﬁeld capacity. For maize, signiﬁcant yield diﬀerences (P < 0.01,
n = 38 yr) between the recharge rates (%) were only found when
irrigation was triggered at 50% of ﬁeld capacity (Fig. 5). Wheat
yield did not show much diﬀerence (from 1.03–1.08 Mg ha−1)
between the N application rates when irrigation was triggered at
40% ﬁeld capacity and recharged to 40% ﬁeld capacity (Fig. 5). At
higher water recharge levels, simulated wheat yield increased more
than one standard deviation when N application rates increased
from 100 to 200 kg N ha−1 per crop, with no additional response
from 200 to 300 kg N ha−1 application rate. Similar results were
simulated for maize (Fig. 5). The highest grain yield was obtained
when irrigation was triggered at 50% ﬁeld capacity and recharged
to 70% ﬁeld capacity at 200 kg N ha−1 per crop (Fig. 5). At 100 kg
N ha−1 application rate, 74 ± 13% potential yield (no stress yield)
for wheat and 76 ± 17% potential yield for maize were obtained
due to plant N stresses. These results indicated that N application
rate at about 200 kg N ha−1 per crop was generally suﬃcient to
obtain high crop yield in the double cropping system as conﬁrmed
by other experimental results in the NCP (Liu et al., 2003; Fang et
al., 2006; Hu et al., 2006).
Nitrate-N leaching increased with decrease in grain yield due
to low plant N uptake when irrigation was triggered at 40%
ﬁeld capacity (Fig. 6 and 7). The highest NO3–N leaching in
wheat and maize seasons occurred when irrigation was triggered
at 40% ﬁeld capacity and recharged to 40% ﬁeld capacity due
to the lowest yield and highest soil residual NO3–N (Fang et al.,
2006). For example, at the lowest soil water level, average wheat
N uptakes were 76, 83, and 84 kg N ha−1 for the three N application rates of 100, 200, 300 kg N ha−1 per crop, respectively,
and the corresponding accumulation of soil NO3–N was 389,
1465, and 2493 kg N ha−1 in the 0 to 150 cm soil proﬁles at
the 38-yr simulation (Fig. 7). Nitrate-N leaching in the wheat
seasons also increased when soil water was recharged to 80% of
ﬁeld capacity due to 15 ± 9.3 cm water seepage, compared to 0.7
± 0.8 cm water seepage at the 40% recharge level (Fig. 6). Compared with 300 kg N ha−1 application rates, NO3–N leaching at
200 kg N ha−1 per crop application rate was reduced by 63% for
the wheat seasons, and by 60% for the maize seasons.
The uncertainty in seasonal rainfall, excessive N input, and
inappropriate irrigation management are the main reasons for the
high potential risks of NO3–N leaching in the NCP (Ju et al.,
2004; Fang et al., 2006). The simulated NO3–N leaching during
the maize seasons was higher by 4 to 120 kg N ha−1 than that
during the wheat seasons under similar management practices
(Fig. 6), suggesting a greater potential risk of NO3–N leaching in
the maize seasons in the NCP. This result was in agreement with
other ﬁeld observations in the region (Zhang et al., 2005; Fang et
al., 2006), due to high seasonal rainfall during the maize seasons
and high residual soil NO3–N after wheat harvest (Liu et al.,
2003; Fang et al., 2006). Therefore, it was necessary to take into

Fang et al.: Modeling N & Water Management Effects in a Double-Cropping System

2239

Fig. 4. Averaged soil water stress index (solid squares) and N stress
index (solid circles) and irrigation requirement (open columns)
for the three N treatments at various soil water levels as defined
by percent field capacity to trigger irrigation event and recharge
irrigation amount). Index value of 1.0 means no stress (Ma et
al., 2006). Bars indicate one standard derivation across 38 yr of
simulation (1961–1998).

account the annual cropping cycle when scheduling irrigation
and N management during the double cropping systems.
At 100 kg N ha−1 per crop application rate, optimal yield was
obtained when irrigation was triggered at 40% ﬁeld capacity and
recharged to 70% ﬁeld capacity (total 310 ± 142 mm of water),
which was 83 ± 30% of potential wheat yield (no stress yield).
However, only 90 ± 80 mm of water was needed to obtain 90 ±
22% of potential maize yield (no stress yield), when irrigation was
triggered at 50% ﬁeld capacity and recharged to 60% ﬁeld capacity (Fig. 5). At 200 and 300 kg N ha−1 per crop application rates,
irrigation should be triggered at 50% ﬁeld capacity and recharged
to 60% ﬁeld capacity for both wheat and maize to obtain optimal
yield (Fig. 5), which added up to be 504 ± 92 mm for wheat and
90 ± 80 mm for maize. However, constrained by limited water
resources in the NCP (Liu and Wei, 1989, p. 96–127; Liu et al.,
2001), current irrigation amounts are <300 mm for wheat and
little or no irrigation for maize. This amount of available water can
only sustain an auto-irrigation triggered at 40% and recharged to
60% ﬁeld capacity and produce 76% of potential wheat yield and
86% of potential maize yield. At this irrigation level, the N application rate should be reduced to between 100 and 200 kg N ha−1
for wheat, as suggested by Zhu (1998), to match the limited
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Fig. 5 Averaged grain yields across seasons under different percent
triggering and percent recharge levels and N application rates
(100, 200, 300 kg N ha−1 per crop) simulated by root zone water
quality model-crop estimation through resource and environment
synthesis (RZWQM-CERES) from 1961 to 1998. Bars indicate +1
standard derivation across 38 yr of simulation (1961–1998).

available irrigation water resource in the region for eﬃcient use of
N and water and minimal NO3–N leaching loss (Fig. 5 and 6).
For maize, irrigation was not necessary due to adequate rainfall,
and 100 kg N ha−1 per crop application rates are reasonable considering the high risk of NO3–N leaching potential. Better water
management and high yield may be obtained if the limited water
is irrigated at critical growth stages rather than uniformly (Fang et
al., 2008).

Conclusions
The 2-yr ﬁeld experiment with four N treatments (0, 100,
200, and 300 kg N ha−1 per crop) showed that crop yield did
not increase after 200 kg N ha−1 per crop application rate. High
residual soil N was measured at 205 and 491 kg N ha−1 at the
two highest N application rates. To maintain a 70 ± 15% ﬁeld
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Fig. 7. Accumulations of plant N uptake, nitrate N (NO3–N) leaching
and soil inorganic N (ΔSIN, the difference between final and
initial SIN) from 1961 to 1998 under the three N application
rates (open square for 100 kg N ha−1 per crop; open circle for
200 kg N ha−1 per crop; open triangle for 300 kg N ha−1 per crop)
and various soil water levels.

Fig. 6 Averaged nitrate N (NO3–N) leaching across seasons under
different percent triggering and percent recharge levels and N
application rates (100, 200, 300 kg N ha−1 per crop) simulated by
root zone water quality model-crop estimation through resource
and environment synthesis (RZWQM-CERES) from 1961 to 1998.
Bars indicate +1 standard derivation across 38 yr of simulation
(1961–1998).

capacity in the top 50-cm soil proﬁle, less irrigation was needed
during the maize season (218 cm) than during the wheat season
(243 cm). More N leaching occurred during the maize season
than during the wheat season due to high rainfall during the
maize season and high residual soil N after wheat harvest. The
RZWQM-CERES hybrid model simulated the response of
crop yield, N uptake, soil water, and NO3–N contents to N
application rates. The simulated values of RMSE across all the
four N treatments were 1.59 Mg ha−1, 0.68 Mg ha−1, 3.09 cm,
40.5 kg N ha−1, and 54.5 kg N ha−1 for biomass, grain yield,
soil proﬁle water storage, plant N uptake, and soil residual N
content, respectively. Low accuracy in predicting plant N uptake and soil residual N warrants further improvement in RZWQM for soil C/N dynamics and plant N uptake simulation.

Based on the long-term simulation of auto-irrigation using
RZWQM and historical weather data from 1961 to 1998, irrigation triggered at 50% ﬁeld capacity and recharged to 60% of
ﬁeld capacity with 200 kg N ha−1 per crop N application rate was
adequate to obtain optimal grain yields in NCP. However, with
the currently available 300 mm of water, it is suggested to trigger
irrigation at 40% ﬁeld capacity and recharge to 60% ﬁeld capacity.
The simulation results also showed that at least 30% of the current
N fertilizer could be saved and that NO3–N leaching could be
reduced by 60% without compromising crop yields in the region.
When rainfall and irrigation are limited, less N should be applied
to avoid N leaching due to high residual soil N after crop harvest.
When water input to the system is adequate, N should be applied
when water leaching is not imminent. Better water management
can be achieved if irrigation is based on growth stage when water
is most needed, rather than keeping constant soil water contents
as is the case in this study. Application of N above 200 kg N ha−1
per crop increased soil N leaching and decreased N use eﬃciency.
The one-dimensional model simulations in this work are most
applicable at sites where irrigation eﬃciency is close to 100% and
uniform across the ﬁeld. Adjustments are needed to extrapolate the
simulation results to real-world irrigation management scenarios
due to the nonuniformity of physical and hydrologic conditions.
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