
agronomy

Article

Soil Water and Nitrogen Fluxes in Response to
Climate Change in a Wheat–Maize Double
Cropping System

Yong He 1, Yilin Shi 2, Hao Liang 3 , Kelin Hu 2,* and Lingling Hou 4,*
1 Institute of Environment and Sustainable Development in Agriculture, Chinese Academy of Agricultural

Sciences, Beijing 100081, China; heyong01@caas.cn
2 College of Resources and Environmental Sciences, China Agricultural University, Beijing 100193, China;

shiyilin1234@163.com
3 College of Agricultural Science and Engineering, Hohai University, Nanjing 210098, China;

haoliang@hhu.edu.cn
4 School of Advanced Agricultural Sciences, Peking University, Beijing 100871, China
* Correspondence: hukel@cau.edu.cn (K.H.); llhou.ccap@pku.edu.cn (L.H.)

Received: 30 March 2020; Accepted: 27 May 2020; Published: 1 June 2020
����������
�������

Abstract: The impact of soil nutrient depletion on crop production is a thoroughly researched issue;
however, robust assessments on the impact of climate change on water and N fluxes in agroecosystem
are lacking. The complexity of soil water and N fluxes in response to climate change under
agroecosystems makes simulation-based approaches to this issue appealing. This study evaluated
the responses of crop yield, soil water, and N fluxes of a wheat–maize rotation to two Representative
Concentration Pathways climate scenarios (RCP4.5 and RCP8.5) at Tai’an, a representative site on
the North China Plain (NCP). Results showed that the mean air temperature and accumulated
precipitation for both winter wheat (Triticum aestivum L.) and summer maize (Zea mays L.) growing
seasons changed in both magnitude and pattern under various climate scenarios. The temperature
increases shortened the growth periods of these two crops by more than 13 days and decrease summer
maize yields (P < 0.05). These results are illustrated by lower yield results associated with RCP4.5
(20.5%) and RCP8.5 (19.3%) climate scenarios, respectively. During the winter wheat growing season,
water drainage examined in the climate scenarios was significantly higher (more than double) than the
baseline, and there was no significant change to nitrate leaching and denitrification. In the summer
maize growing season, with continuously rising temperatures, the ranking for evaporation was in
the order baseline < RCP4.5 < RCP8.5, however, the opposite ranking applied for transpiration and
evapotranspiration. The increase in water drainage was 1.4 times higher than the baseline, whereas the
nitrate leaching in soil significantly decreased. Our simulation results provide an opportunity to
improve the understanding of soil water and N fluxes in agroecosystems, which can lead to deficient
or excess N under future climate conditions.
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1. Introduction

Nitrogen (N) fertilizer plays an important role in improving crop yield and quality in agricultural
production. Among various forms of added N, the leaching of nitrate is considered to be one of the
main pathways of N loss in agroecosystem [1]. Globally, vast amount of nitrates leach from agricultural
fields to ecosystems, primarily associated with fertilizer application, which causes substantial and
wide-ranging impacts including declines in water quality and increases in N loss [2–4]. A major cause
of this is poor nutrient and water management technologies in agroecosystem [2].
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The potential for soil water drainage and N loss is a function of weather conditions, soil types,
and crop management systems [5–7]. Among these influential factors, it is axiomatic that alterations
in climate patterns will influence agroecosystems in terms of crop life cycles, soil water balance,
and the efficiency of crop N uptake and use. Studies have shown that nitrate leaching is related to
the intensity, duration, and interval of precipitation, as well as the crop’s growth stage at the time of
precipitation [8,9]. Changes in climate with increased variability have already been observed to affect
available soil moisture and N variability across crop growth phases with major negative impacts on
crop production globally [10–12]. For example, a modeling study conducted in Denmark indicated
that air temperature increases have negative effects on both wheat yield and nitrate leaching [13].

Understanding the processes that influence water and N fluxes in soil–crop systems in the context
of climate change is of major importance with respect to both environmental concerns and the crop
production [13,14]. Many investigations have been conducted in agroecosystems to explore the potential
contribution of field practice measures on soil water drainage and nitrate leaching under current
and future climates [15–18]. Knowledge obtained regarding water and N fluxes in agroecosystems
and the corresponding control factors has been utilized to develop field management practices to
decrease N loss [19,20]. However, soil water and N fluxes in response to climate change under
complicated cropping systems need to be further investigated [15]. The process-based crop models
have become accepted tools for agricultural research because the model’s purpose is to describe the
causal relationships between crop growth and environmental driving factors [21]. Numerous studies
have examined the effectiveness of field management practices and measures aimed at reducing N loss
and increasing crop yields under future climatic conditions by using modeling approaches [22–24].
For example, Biggs et al. (2013) reported that adaptive fertilizer management practices could reduce
N loss with soil water drainage under projected climate change conditions. Modeling crop yields
together with water and N balances is key to quantifying and reducing N loss in the context of climate
change [25].

The objective of this study was to evaluate climate change impacts on crop yield, soil water, and N
fluxes in a wheat–maize cropping system. We recognize that increased atmospheric CO2 concentration
will also interact with changes in air temperature and precipitation to affect crop and soil processes [26];
however, we focus mainly on the over-riding effects of changing temperature and precipitation patterns
on soil water and N fluxes, which can lead to deficient or excess N under future climatic conditions.

2. Materials and Methods

2.1. Study Area and Overview of Experiment

For the case study, we considered the Tai’an in Shandong Province and the North China Plain
(NCP), an important agricultural production region for winter wheat and summer maize production
in China. The research site is located inside the Shandong Agricultural University’s Agricultural
Experimental Station (36◦09′37′′ N, 117◦09′18′′ E, 130 m above sea level), which has a temperate,
semi-humid continental monsoon climate. Its mean annual temperature and sunshine hours are
13 ◦C and 2627 h, respectively. The maximum and minimum temperatures occur in July (26.4 ◦C)
and January (−2.6 ◦C), respectively. The rainy season is from July to September each year. The mean
annual precipitation is 697 mm, and the groundwater depth exceeds 10 m. The parent material for
soil formation is fluvial alluvium, and the soil type is alluvial cambisol (further details are given in
Table A1 in the Appendix A). The winter wheat and summer maize crop rotation system has long been
in use in the region and is widely practiced.

According to historical records of the local agro-meteorological observation stations, the growing
season for winter wheat starts as early as October each year and continues until mid-June the following
year, while that for summer maize is mid-June to mid-October of each year. The variety of winter
wheat used in this experiment was Tainong 8. The cultivation method is deep ploughing, with straw
mulching being practiced after harvesting. The variety of summer maize used in this study was
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Zhengdan 958 and the no-till farming method was used. Experimental design and water–fertilizer
management details are shown in Table A2 [27].

2.2. Data Sources

Historical daily weather data (1981–2010) were obtained from the Tai’an Meteorological Station’s
surface climate daily dataset, which was provided by the China Meteorological Data Service Center
(http://cdc.cma.gov.cn/). The meteorological elements included air temperature (maximum, minimum,
and mean), precipitation, mean wind speed, relative humidity, and sunshine hours. This set of 30-year
historical meteorological data was used as the baseline climate period to generate data for future
climate scenarios. Specifically, the baseline data were generated by three climate system models:
GFDL-CM3, CSIRO-Mk3-6-0, and Had-GEM2-AO. In this study, the future climate period assessed
was from 2031–2060. Two Representative Concentration Pathways (RCP4.5 and RCP8.5) scenarios
were selected to generate meteorological data for this future climate period. The data included daily
minimum, maximum, temperatures, and precipitation. The current CO2 concentration (354 ppm) was
assumed for the study [28].

2.3. Model Choice

A soil–crop system model (soil Water Heat Carbon Nitrogen Simulator, WHCNS), which was used
in this study to simulate water consumption, N fates, and crop growth for different climate scenarios.
The WHCNS model includes five main modules: Soil water, soil temperature, soil carbon, soil N,
and crop growth. The model is driven by daily meteorological data and crop biology parameters that
compute daily processes including soil evaporation, crop transpiration, soil water movement, runoff,
soil temperature, soil net mineralization, nitrification, ammonia volatilization, denitrification, and crop
growth. The model has been widely used to support its effectiveness in increasing crop yields and
fertilizer use efficiency [29–32]. For a more detailed description of the model, please refer to Liang et al.
(2016) [30].

2.4. Model Parameters, Evaluation, and Statistical Analyses

Data from field experiments conducted from 2009-2012 were used to calibrate and evaluate the
WHCNS model. Soil hydraulic parameters soil N transformation parameters, and crop parameters
entered into the model are shown in Tables A1, A3 and A4, respectively. For the model used in
this study, the source of its parameters is described in the literature [30]. The model parameters
were calibrated and evaluated, and the indicators for evaluating the simulation effect are shown
in Table A5. The performance of the WHCNS model was acceptable in its simulation of the soil
water content, nitrate concentration, and grain yield. Therefore, we proceeded to perform a response
analysis of soil water drainage, nitrate leaching, crop N uptake, and grain yield to climate change.
Several WHCNS-simulated outputs, including crop yield at harvest, various items related to water and
N budget driven by the above three climate system models were averaged and then used to analyze
the effect of climate change using the SAS PROC MIXED procedure with the method of restricted
maximum likelihood (REML) [33]. The LSMEANS procedure of PROC MIXED along with adjusted
Tukey was used for mean comparisons.

2.5. Optimizing Field Management Measures

This study eliminated the complex process of annual variations causing changes in the growth
stages since the current WHCNS model cannot schedule automatic irrigation according to the crop
growth period. The specific method involved selecting the fertilization and irrigation date as the
date that corresponded to the multi-year average key growth period. Optimized water and fertilizer
management measures were adopted for winter wheat and summer maize and are shown in Table 1.

http://cdc.cma.gov.cn/
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Table 1. Sowing date and optimized field management measures of winter wheat and summer maize.

Field
Management

Stage

Winter Wheat Summer Maize

Date
(Month/Day)

Fertilization
(kg N ha−1)

Irrigation
(mm)

Date
(Month/Day)

Fertilization
(kg N ha−1)

Irrigation
(mm)

Sowing 10/10 60 0 6/20 25 0
Seedling 10/15 0 60 0 0
Jointing 3/30 90 60 7/20 125 0

Flowering 4/28 0 60 0 0
Filling 5/14 0 60 0 0

3. Results

3.1. Growing Season Air Temperature and Precipitation of Climate Scenarios

The mean temperature and accumulated precipitation of the winter wheat growing season
changed in terms of both quantity and pattern under different climate scenarios. On a growing season
basis, the mean temperatures shifted right under the future climate scenarios (Figure 1A), with the
ranking for the minimum, maximum, and mean values being RCP8.5 > RCP4.5 > baseline. In other
words, temperatures increased across the growing season. The probability distribution of accumulated
precipitation during the growing season of winter wheat under different climate scenarios is shown in
Figure 1B. In terms of the mean accumulated precipitation during the growing season, the ranking is
RCP8.5 > RCP4.5 > baseline. The minimum and maximum precipitation under RCP4.5 and RCP8.5 are
very similar and are both higher than the baseline. The intensity of heavy precipitation events under
RCP8.5 compared to RCP4.5 scenarios is also higher than that of the baseline.
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Figure 1. Frequency distributions of (A,C) temperature and (B,D) average accumulated precipitation for
the winter wheat and summer maize growing seasons for the baseline (1981–2010), RCP4.5, and RCP8.5
climate scenarios. The mean value for the RCP4.5 and RCP8.5 climate scenarios was averaged from
three general circulation models: BCC-CSM1.1 (m), CSIRO-Mk3.6.0, and HadGEM2-AO.

The pattern of changes in the mean temperature of summer maize growing season is similar to
that of winter wheat, with overall increases in the maximum, minimum, and mean values (Figure 1C).
This implies that hot weather occurs more frequently during the growing season. The changes
in accumulated precipitation are more complicated. The probability distribution of accumulated
precipitation during the growing season under different climate scenarios is shown in Figure 1D.
The distribution under the baseline is scattered, together with the occurrence of extremely dry and
wet years (i.e., accumulated precipitation < 200 mm and >800 mm, respectively). Compared with the
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baseline, precipitation is more concentrated under the future climate scenarios, i.e., 300–900 mm and
200–1000 mm under RCP8.5 and RCP4.5, respectively.

3.2. Impact of Climate Change on Crops’ Growth Period, Crop Yield, Soil Water, and N Fluxes

Air temperature increases will shorten the growth periods of winter wheat and summer maize.
For the winter wheat growing season, the growth period under both scenarios is shorter than that
under the baseline: the mean reduction under RCP4.5 is 18 d, and that under RCP8.5 is more significant
at 23 d (P < 0.05) (Table 2). The reduction ration of growth period for summer maize is higher than that
of winter wheat (data no shown). With increasing temperatures, the ranking of the growth period is
baseline > RCP4.5 > RCP8.5 (Table 2). Projected climate scenarios only significantly decreased maize
yields (P < 0.05) with substantial differences found among climate scenarios as indicated by the lower
yields associated with RCP4.5 (20.5%) and RCP8.5 (19.3%) climate scenarios, respectively.

Table 2. Mean growth period, yield, water drainage, and nitrate leaching of winter wheat and summer
maize under different climate scenarios.

Item
Winter Wheat Summer Maize

Baseline RCP4.5 RCP8.5 Baseline RCP4.5 RCP8.5

Water balance
(mm)

Irrigation 240 240 240 0 0 0
Precipitation 190 a 240 b 256 b 496 a 541 a 518 a
Evaporation 166 a 170 a 174 a 122 a 148 b 153 c
Transpiration 203 a 208 a 206 a 291 a 245 b 234 b

Evapotranspiration 369 a 378 a 381 a 413 a 393 b 387 b
Water drainage 21 a 43 b 40 b 109 a 155 b 153 b

Runoff 0 0 0 13 a 7 a 5 a
Water balance 41 a 59 a 78 b −38 a −14 a −26 a

N balance
(kg N ha−1)

N fertilizer 150 150 150 150 150 150
Straw mulching 37.5 37.5 37.5 37.5 37.5 37.5

N in irrigation water 6.0 6.0 6.0 0 0 0
N in wet sedimentation 1.3 a 1.7 b 1.8 b 3.5 a 3.8 a 3.6 a

Net mineralization 52.9 a 25.1 b 24.2 b 71.8 a 25.3 b 23.1 b
Crop N uptake 189.0 a 167.2 b 168.2 b 205.0 a 142.6 b 142.5 b
Nitrate leaching 8.6 a 9.2 a 9.3 a 72.8 a 36.5 b 33.5 b
Denitrification 5.5 a 4.3 a 4.6 a 21.1 a 13.3 b 13.2 b

Ammonia volatilization 11.2 a 4.8 b 5.3 c 9.5 a 7.5 b 7.4 b
N balance 33.3 a 34.9 a 33.1 a −45.6 a 17.7 b 17.1 b

Growth period (d) 252 a 234 b 229 c 104 a 91 b 88 c
Yield (kg ha−1) 8110 a 7879 a 7815 a 8657 a 6878 b 6986 b

Note: Means followed by a letter in common are not significantly different at the 5% level.

In the winter wheat growing season, items related to water balance—such as precipitation—increased
significantly in the future compared with the baseline, with the greatest increase occurring under
RCP8.5. There is no significant change to evaporation, transpiration, evapotranspiration, or runoff.
Soil water drainage in the climate scenarios is significantly higher (i.e., more than double) (P < 0.05) than
at the baseline. Overall, there are significant increases in precipitation and water drainage (P < 0.05)
under RCP4.5 and RCP8.5 compared with the baseline. Since the increase in input is greater than that
of output, there is a significant increase in soil water storage under RCP8.5 (P < 0.05). Items related
to N balance—such as the amounts of N brought into the field through N fertilizer, straw mulching,
and irrigation water—were consistent under the various scenarios. In the climate scenarios, there is
a significant decline (P < 0.05) in the amount of N due to mineralization, meaning that there is a
significant decrease in N input. Uptake of N by crops also decreases significantly (P < 0.05). The same
applies to ammonia volatilization, with the ranking being baseline > RCP8.5 > RCP4.5. There is no
significant change to nitrate leaching or denitrification. The various input and output items for N
balance change dynamically, although there is no significant change to the overall N balance.
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In the summer maize growing season, the indicators for water and N balances are more susceptible
to climate change than they are for winter wheat. For the various items pertaining to water balance,
there is no significant change to precipitation and runoff for the summer maize growing season.
With continuously rising temperatures, the ranking for evaporation is baseline < RCP4.5 < RCP8.5,
whereas the opposite ranking was determined for transpiration and evapotranspiration. The increase
in water drainage is 1.4 times higher than the baseline (P < 0.05). Although there are increases and
decreases in the output items, the overall water balance does not change significantly. For the items
related to N balance, net mineralization decreases significantly (P < 0.05). The pattern of change for the
various N output items is consistent with the ranking of baseline > RCP4.5 > RCP8.5. Nitrate leaching
and accumulation in soil significantly decreases and increases (P < 0.05), respectively.

4. Discussion

4.1. Crops Growth and Crop Yield Under Baseline and Projected Future Climate Scenarios

The projected climate change pattern in our study site is consistent with the phenomenon of
climate change and the findings of many studies conducted near our study areas [34–36]. Our results
demonstrated the dominant effect of climate change on crop growth periods and yields. Similar results
have been reported by Xiao et al. (2016) [36]. Air temperature increases accelerate crop flowering
and maturation, thereby accelerating the growth process and shortening the growth period [37,38].
The magnitude of the temperature increase is the largest under RCP8.5, and hence the reduction in the
growth period is also the most obvious. In terms of crops, summer maize has more reduction in the
growth period due to more frequent hot weather patterns. Similar change patterns were also noted in
a study on the growth periods of winter wheat and summer maize on the North China Plain [36].

Crop yield is affected by several factors that, in combination, cause a decline under the different
climate scenarios. Among these factors, the length of growth period had been observed to be closely
related to crop yield [39]. In our study, the correlation between yield and temperature is negative,
which agrees with the findings of Ray et al. (2015) [40]. Correlations between the yield of winter
wheat and the mean temperature of the wheat growing season are significant (P < 0.05) and vary
among baseline and climate scenarios (Figure 2). This result further confirmed the negative impact of
warmer weather on yield. The negative correlation between yield and temperature in summer maize is
extremely significant. This indicates that it is susceptible to heat damage from high temperatures during
its growing season, which results in a decline in yield. The positive correlation between transpiration
and yield is also extremely significant, and is in agreement with the findings of Djaman et al. (2013) [41].
The correlation coefficients of the aforementioned factors are ranked in the following descending
order: Transpiration > temperature > growth period. It is surmised that transpiration has the greatest
effect on yield determination. Under the varying climate scenarios, there is no significant change in
transpiration during the wheat growing season; therefore, the reduction in yield is not significant.
However, during the maize growing season, transpiration, as well as crop yield, are significantly
reduced, which is consistent with what would be expected.

4.2. Soil Water and N Fluxes Under Baseline and Projected Future Climate Scenarios

Projected climate scenarios have significant effects on soil water drainage. This result was expected
due to seeing precipitation increases during the growth period of both crops under RCP4.5 and RCP8.5
climate scenarios. The correlation coefficient between precipitation and water drainage during the
summer maize growth period is 0.859 (P < 0.01), which is higher than that of winter wheat (0.500,
P < 0.001) (Figure 2). Precipitation impacts varied, which is possibly due to the use of different
irrigation systems used for both crops. Cultivation of winter wheat in the NCP utilizes two methods
of water input: irrigation and rainfed. In contrast, summer maize is cultivated only using rainfed
conditions, making it more susceptible to changes in climate and precipitation. This also resulted in a
greater correlation between water drainage and precipitation under RCP4.5 and RCP8.5. Although
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increased precipitation led to more water input, the soil water balance for the maize growth period
did not differ significantly with warmer temperatures, which was likely due to reduced crop water
consumption (CWC). This result is similar to the reports of Hawkins et al. (2013) that showed that the
amount of CWC was directly relevant to temperature increases [42]. Therefore, further investigation
into the means of addressing decreases in CWC resulting from temperature increases is necessary for
maximizing water use efficiency.

Increases in soil water drainage did not result in an increase of nitrate leaching. In general,
soil water drainage is closely related to nitrate leaching. Congreves et al. (2016) and Patil et al. (2010)
showed that heavy rainfall events cause larger soil water drainage through the soil that carries nitrate
below the root zone and vice versa [43,44]. In our present study, nitrate leaching for winter wheat
did not increase significantly, and there was a significant reduction in nitrate leaching for summer
maize, although precipitation and water drainage increased. These results were not expected; however,
they can be explained in part due to a decreased N input (net mineralization) induced by climate
change. The positive effect of temperature increases on reducing net mineralization is shown in both
the incubation experiment of Dalias et al. [45] and in our simulation. In addition, studies have shown
that nitrate leaching is related to the intensity, duration, and precipitation intervals as well as the
crop’s growth stage at the time of precipitation [8,9]. Precipitation patterns during the summer maize
growing season will become complicated in the future. Under conditions where total precipitation
does not change significantly, the occurrence of extreme precipitation events will decrease mostly
in the RCP8.5 scenario. This study showed that the correlation coefficient between precipitation
and nitrate leaching in the summer maize growing season reduces from 0.847 to 0.716 and then to
0.585, corresponding to the baseline, RCP4.5, and RCP8.5 climate scenarios, respectively (Figure 2B).
A plausible explanation is that there are less extreme precipitation events under RCP4.5 and RCP8.5
climate scenarios, and thus, less extreme soil water drainage events. Such an explanation could be
supported by an experimental study of nitrate isotopes, which was also conducted in NCP under a
wheat–maize double cropping system [46]. This study indicated that extreme precipitation events are
highly relevant to nitrate leaching.

Climate factors that limit crop growth can leave surpluses of unused fertilizer N in soil and has a
negative effect on crop N uptake even when field management practices are optimized [47]. Crop N
uptake in field conditions can greatly vary in a single year and over several years even when the N
supplies from both the soil and additional fertilizer inputs are abundant [10]. Changes in the climatic
factors, specifically temperature and precipitation, are associated with decreased N uptake during the
growing season. The present crop model assessing N uptake is based on the thermal unit concept,
which implies that high temperatures will affect the process of N transfer from the soil to the shoot and
limit N accumulation in crops [48]. In addition, a shorter growth period further reduces N uptake.
This result agrees with the findings of Gastal and Lemaire (2002), who suggest that with an adequate
soil N supply, crop N uptake is mostly determined by the crop growth rate [10].
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5. Conclusions

Climate change impacts on winter wheat and summer maize growth, and water and N fluxes
in agroecosystems were determined using the process-based WHCNS model. Our results showed
that the mean temperature and accumulated precipitation of the winter wheat growing season clearly
changed in both quantity and pattern under different climate scenarios. Temperature increases were
shown to shorten the growth periods of winter wheat and summer maize.

Our study shows that increased precipitation under RCP4.5 and RCP8.5 climate scenarios leads
to a significant increase in soil water drainage. However, the increases in soil water drainage did
not result in increased nitrate leaching, which could be explained in part by a decrease in N input
(net mineralization) induced by climate change. There is no significant change to evaporation,
transpiration, or evapotranspiration for the winter wheat growing season, and the converse is true for
the summer maize growing season. Although the various input and output items for the N balance
change dynamically, there is no significant change to the overall N balance. During the summer maize
growing season, the pattern of change for the various N output items is consistent with the order
baseline > RCP4.5 > RCP8.5. Nitrate leaching in soil significantly decreases, which is likely due to less
N input (net mineralization) and less heavy rainfall events under projected climate change scenarios.
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Appendix A

Table A1. Parameters for physical and hydraulic properties of soil profiles [30].

Soil Layer Volumetric Weight θr θs α n Ks

(cm) (g cm−3) (cm3 cm−3) (cm3 cm−3) (cm−1) (cm d−1)

0–25 1.45 0.030 0.453 0.0106 1.44 72.1
25–45 1.50 0.032 0.374 0.0111 1.28 62.2
45–95 1.50 0.025 0.430 0.0120 1.29 62.5
95–115 1.51 0.025 0.430 0.0270 1.13 55.4

115–135 1.45 0.050 0.453 0.0263 1.14 55.0
135–160 1.40 0.050 0.472 0.0179 1.09 54.0

Note: θr and θs = residual and saturated water contents, respectively; Ks = the saturated hydraulic conductivity;
and α and n = parameters of the water characteristic curve.
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Table A2. Summary of crop management practices conducted for the experiment during 2009 to 2012 [30].

2009–2010 2010–2011 2011–2012

Management Events Winter Wheat Summer Maize Winter Wheat Summer Maize Winter Wheat Summer Maize

Planting date 1 October 15 June 1 October 15 June 1 October 15 June
Planting density, plant ha−1 2,400,000 66,000 2,400,000 66,000 2,400,000 66,000

Row spacing, m 0.25 0.6 0.25 0.6 0.25 0.6

Irrigation date and amount, mm

Seedling

Before sowing
75

Seedling

Before sowing
75

75 75
Jointing Jointing Jointing

75 75 75
Flowering Flowering Flowering

75 75 75
Filling Filling Filling

75 75 75

Fertilizer application date and amount, N kg ha−1

Sowing
84

Jointing
126

Jointing
210

Sowing
84

Jointing
126

Jointing
210

Sowing
84

Jointing
126

Jointing
210
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Table A3. Soil nitrogen transformation parameters used in the WHCNS model [30].

Parameter Description Value

Vn (mg L−1 d−1 N) Maximum nitrification rate 20
Kn (mg L−1 N) Half-saturation constant for nitrification 50
Kd (-) Empirical scaling parameter for denitrification 1
Ad (mg mg−1) Empirical constant for denitrification 0.1
Kv (day−1) First-order kinetic parameters for ammonia volatilization 0.02

Table A4. Parameters for original crop species used in the WHCNS model [30].

Parameter Description
Crop

Winter Wheat Summer Maize

Tbase Minimum temperature for crop growth & development (◦C) 0 8
Tsum Accumulated temperature from seedling germination to maturity (◦C) 2000 1550
Ke Extinction coefficient (-) 0.6 0.6

K_ini Early-term crop coefficient (-) 0.65 0.65
K_mid Mid-term crop coefficient (-) 1.05 1.35
K_end Late-term crop coefficient (-) 0.25 1.2

SLA_max Maximum specific leaf area (m2 kg−1) 24 30
SLA_min Minimum specific leaf area (m2 kg−1) 14 15
AMAX Maximum assimilation rate (kg hm−2 h−1) 45 60
R_max Maximum root length (cm) 120 80

Table A5. Evaluation of the model’s simulation effects [30].

Item RMSE E d

Soil water content (cm3 cm−3) 0.038 0.37 0.80
Soil nitrate N content (mg kg−1) 10.3 −0.85 0.48

Leaf area index (m2 m−2) 0.58 0.90 0.97
Yield (kg ha−1) 319 0.76 0.93

Note: RMSE = root mean square error; E = coefficient for the model’s simulation efficiency; and d = consistency index.
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