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Contemporary wisdom suggests that inclusion of legumes into crop rotations benefit
subsequent cereal crop yields. To investigate whether this maxim was generically scalable,
we contrast summer soybean-winter wheat (SW) with summer maize-winter wheat (MW)
rotation systems in an extensive field campaign in the North China Plain (NCP). We identify
heretofore unseen interactions between crop rotation, synthetic N fertilizer application,
and stored soil water. In the year with typical rainfall, inclusion of soybean within rotation
had no effect on wheat ear number and yield, while N fertilization penalized wheat yields
by 6-8%, mainly due to lower dry matter accumulation after anthesis. In contrast, in dry
years prior crops of soybean reduced the rate and number of effective ears in wheat by
5-27 and 14-17%, respectively, leading to 7-23% reduction in wheat yield. Although N
fertilization increased the stem number before anthesis in dry years, there was no
corresponding increase in ear number and yield of wheat in such years, indicating
compensating reduction in yield components. We also showed that N fertilization increased
wheat yield in MW rather than SW as the former better facilitated higher dry matter
accumulation after flowering in dry years. Taken together, our results suggest that soybean
inclusion reduced soil available water for subsequent wheat growth, causing yield penalty
of subsequent wheat under drought conditions. We call for more research into factors
influencing crop soil water, including initial state, crop water requirement, and seasonal
climate forecasts, when considering legumes into rotation systems.

Keywords: pre-crop effect, water deficient, cropping system, wheat yield, nitrogen fertilization, drought

HIGHLIGHTS

- Soybean inclusion decreased soil water storage for subsequent wheat.

- Precipitation years affected the pre-crop and N fertilization impacts on wheat population
and yield.

- Soybean inclusion reduced wheat yield and ear number in dry years.

- Nfertilization reduced dry matter accumulation after flowering and yield of wheat in normal years.
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INTRODUCTION

Optimizing wheat population is crucial to increasing chances of
attaining potential wheat grain yield, in which optimal population
is a function of population density and quality with balanced
yield components (Xu et al., 2013). In China, optimizing the wheat
population canopy and coordinating the development between
wheat population quantity and quality may be conducive to higher
yields of wheat (>9tha™") under appropriate management practices
(Meng et al, 2013). In the North China Plain (NCP), farmers
often apply excessive irrigation or nitrogen (N) fertilizer in attempt
to maximize wheat growth. However, these unreasonable practices
usually result in sub-optimal population, reflected by excessive
population density and high tiller mortality, thus reducing wheat
yield (Li et al., 2012). As well, excessive use, inappropriate timing,
and seasonal conditions as well as form of N fertilizer may contribute
to either excessive N leaching into ground water and eutrophication,
supra-optimal N volatilization, or extreme pulses of greenhouse
gas emissions (Harrison et al, 2014; Christie et al., 2018; Smith

et al, 2021). Collectively, these factors suggest that better
understanding the dynamics and driving factors of population
establishment will be vital to achieving ensuring agri-food system
intensification without causing adverse effects of natural resources
and the environment (Harrison et al., 2021; Yan et al, 2022).
In general, yield reduction in winter wheat may be due to
either low productive tiller production before and during winter
(Meng et al, 2013), or low dry matter accumulation after
flowering since unproductive tillers in spring compete for water
and nutrients with productive tillers (Peng et al., 2008). First,
while tiller number determines canopy densities during early
development, not all tillers survive to maturation (Davidson
and Chevalier, 1990). The rate of the productive tiller development
is regulated by manifold environmental factors, including soil
temperature (Thorne and Wood, 1987; Liu et al., 2022), soil
water (Tao et al.,, 2007), soil nutrient supply (Longnecker et al.,
1993; Scharf and Alley, 1993), and defoliation (Harrison et al.,
2012). For instance, Shang et al. (2020) reported that adequate
water supply at jointing stage can effectively reduce the tiller
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mortality and thus increase wheat yield. On the other hand,
kernel assimilate is primarily derived from two temporal periods:
the transfer of photosynthetic assimilate stored in vegetative
organs before flowering (this is used to build ear organs); and
the other comes from the accumulation of stored assimilates
plus photosynthesis after flowering, which is used for grain
filling (Harrison et al., 2012). Consequently, the core indicator
of wheat population quality is canopy photosynthetic production
from flowering to maturity (Ma et al., 2020; Wang et al., 2020).
Correspondingly, decreased dry matter on individual plants
may result in resistance weak and plant mortality (Sui et al.,
2013). Optimal crop management is thus essential for establishing
ideal populations to enhance productive tiller development and
simultaneously limit unproductive growth.

In addition to the selection of cultivars with different genetic
tillering propensities, N application is considered to be an
effective practice to stimulate tillering and regulate population
development (Weisz et al., 2001; Engstrom and Bergkvist, 2009;
Zhang et al,, 2020). In attempt for greater yields, farmers often
apply excessive N fertilizer at sowing to increase the number
of ears (spikes; Chen et al., 2011). Nitrogen fertilizer responses
and crop development may impact on flowering time, which
can also determine whether potential yields are attained or
not (Liu et al, 2020a). However, this can result in larger,
heavier canopies that can lodge in later development (Bond
et al, 2008). Higher N application rate may also reduce N
use efficiency (Wang et al., 2014), increase ammonia volatilization
(Smith et al., 2021) and impede the sustainable development
of wheat production in the NCP (Li et al., 2017; Huang et al,,
2018). There is thus an urgent need for development of
management practices that optimize N fertilization management
across systems (Rawnsley et al, 2019), but particularly in
summer maize—winter wheat (MW) rotation system to maintain
high yield but improve environmental sustainability in the NCP.

Incorporation of legumes within cereal crop rotations is
believed to reduce the need for input for N fertilizers and
optimize yield, which mainly provides nutrients for the next
crop of wheat through N fixation of legume crops (Oberson
et al., 2013; Amossé et al., 2014; Manevski et al., 2015; Peoples
et al, 2017; Plaza-Bonilla et al, 2017). In addition to the
“N-effects,” the observed benefits of grain legumes on subsequent
crops also include “non-N-effects,” which is divided into biotic
(occurrence of pests, weeds, and diseases) and abiotic factors
(availability of water or nutrients except for N in soil). However,
performance of crops within legume-cereal rotations is affected
by seasonal climate conditions and soil fertility (Bell et al,
2015). For example, Franke et al. (2018) reported that synthetic
N application to cereals reduces the residual effects of legumes,
but the response at low N (60-120kgNha™') input is still
positive compared with no-N management. Nevertheless, other
studies demonstrated that legume inclusion reduced soil water
storage due to higher leaf area index (Qin et al., 2018; Zhang
et al., 2021; Nie et al., 2022), which may cause water shortage
in the wheat-growing season. Therefore, the wheat population
and yield in legume-cereal rotation systems with different N
managements needs to be further investigated, especially under
water-deficit and drought conditions. Such studies should help

disentangle the interplay between (1) N use, (2) biomass
production, (3) soil water use of legumes, and (4) seasonal
climatic conditions on subsequent crop development.

The NCP produces approximately 60% of national wheat
and plays a pivotal role in national food security (National
Bureau of Statistics, 2020). In recent years, summer soybean—
winter wheat (SW) rotation system is considered as a feasible
alternative to MW in the NCP, due to higher potentials to
reduce environmental costs without sacrificing crop vyield
(Mupangwa et al., 2021). In addition, limited-irrigation (applied
at sowing and jointing) has been widely used for winter wheat
in the NCP due to the groundwater depletion (Xu et al., 2016;
Wang et al., 2020). However, there is yet to be optimized for
SW rotation system under limited irrigation. Therefore, the
aims of our study were: (i) to quantify grain yield of legume
crop introduction (i.e., soybean) as part of crop rotation under
different N management practices, and (i) to quantify the
crop population response to rotation and N management
practices.

MATERIALS AND METHODS

Site Description

A 3-year (June 2018 to June 2021) field experiment was
conducted in the Wugqiao Experimental Station of China
Agricultural University (37°41'N, 116°36'E), Cangzhou City,
Hebei, China. This region has a typical sub-humid continental
monsoon climate with cold winter and hot summer. The annual
active accumulated temperature (>0°C) and the annual frost-
free period are 4,826°C and 201 days, respectively (Zhang et al.,
2019; Zhao et al,, 2019). The long-term average annual rainfall
is 562mm, with a characteristic of erratic seasonal distribution
and a sharp yearly fluctuation (Wang et al,, 2021). The soil
had a Calcaric Fluvisol developed on an alluvial plain texture
with a soil pH (H,O) of 7.74, soil organic carbon (SOC) of
9.0gkg™", total nitrogen (TN) of 1.3gkg™, total phosphorus
(TP) of 1.73gkg™, and available phosphorous (Olsen-P) of
89.8 mgkg™ (Wang et al., 2021).

Experimental Design and Crop
Management

The field experiment was arranged in a split-plot design with
rotation system as the main plot and nitrogen (N) treatments
as subplot. The plot size was 60m* (6x 10m) with three field
replicates. Two rotation systems: summer soybean—winter wheat
(SW) and summer maize—winter wheat (MW) were ranged
in the main plot. The five N treatments were: 0kgNha™' (NO),
60kgNha™ (N1), 120kgNha™" (N2), 180kgNha™ (N3), and
240kgNha™" (N4) for winter wheat.

Before sowing, summer crops (soybean and maize) were
surface irrigated at 750 m’ ha™'; and after sowing, basal fertilizer
for summer crops were applied with the combination of designed
N application rate (summer soybean and maize were applied
with 60 and 120kgNha™, respectively) and 103.5kgha™ of
P,Os and 112.5kgha™ of K,O. Summer maize (cv. Zhengdan
958) and soybean (cv. Xudou 20) were sown in Mid-June
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with a row spacing of 0.6 and 0.4m, and a plant spacing of
0.24 and 0.15m, respectively, and they were both harvested
in Early-October from 2018 to 2021.

Before winter wheat sowing, straw of maize and soybean
was incorporated. In NCP, farmers often applied all fertilizer
as basal due to lower labor (Xu et al, 2016; Wang et al,,
2020), thus the basal fertilizer was applied with the
combination of designed N application rate and 138 kgha™!
of P,0; and 112.5kgha™ of K,O. The form of chemical
fertilizers was applied as the urea, diammonium phosphate,
and potassium sulfate. Winter wheat (cv. Jimai 22) with
15cm rows space was sown at Mid-October with a sowing
rate of 337.5, 315, and 300kgha™ in 2018/2019, 2019/2020,
and 2020/2021 seasons, respectively. Wheat was harvested
on June 3, 2019, June 8, 2020, and June 3, 2021, respectively.
Winter wheat was surface irrigated before wheat sowing
and fertilizer applied (750m’ ha™') and again at the jointing
stage (750 m® ha™).

Sampling and Measurement

The stem number was counted in two 1-m row sites at tillering
(3 weeks after sowing), overwintering (7-8 weeks after sowing),
jointing (22-23 weeks after sowing), and anthesis (28-29 weeks
after sowing), respectively. The rate of effective ear was calculated
as the ratio of ear number at harvest to stem number at
anthesis (Lu et al., 2014). The ear (panicle) number and grain
number per ear were determined in two sites with 1m?* and
the grains of each ear from 40 randomly selected wheat plants
at harvest, respectively.

Wheat grain yield (GY), aboveground biomass (AGB), and
harvest index (HI) were measured based on the average of
two sites with 2m* (1mx1m). The grain yield was reported
at 14% moisture. Harvest index is calculated as the ratio of
grain yield to AGB at wheat maturity (Wang et al., 2021):

HI=GY/AGB (1)

The dry matter accumulation was sampled from 0.3m? in
each plot. Then, wheat plant samples were oven-dried at 75°C
until achieving constant dry weight. Post-anthesis dry matter
accumulation (DMpa) was determined by the dry matter
accumulation difference between maturity and flowering stage
of wheat (Wang et al., 2021):

DMpa = AGB — DMa (2)

The contribution of DMpa to wheat grain yield was determined
by the ratio of DMpa to grain yield at maturity (CR).

CR(%)=DMpa/GYx100  (3)

Soil water content was determined at summer crops and
wheat harvest (Early-October) and wheat sowing (Mid-October).
Soil samples were taken from 0 to 2m with 20-cm intervals
by a ground auger, then dried at 105°C to a constant weight.

The soil water storage (SWS, mm) of each layer was calculated
as follows (Wang et al, 2021):

SWS=SWCxDxSD  (4)

Where SWC (%) is the water content of dry soil, D (gcm™)
is the soil bulk density, and SD (mm) is soil depth.

Data Analysis

The Data Processing System (DPS) software version 7.05 was
performed for statistical analyses (Tang and Zhang, 2013). A
three-way ANOVA was used to show the effects of experimental
year, rotation system, and N fertilization rate on grain yield
and yield components of winter wheat with Fisher’s Least
Significant Difference (LSD) test (p<0.05). We checked the
residuals to ensure normality and homogeneity by Shapiro
and Leneve’s tests, respectively. When the normality test fails,
the data transform was performed by log. SigmaPlot version
12.5 (Systat Software Inc., San Jose, CA, United States) was
used to perform the Figures.

RESULTS

Weather Conditions and Soil Water
Storage Before Winter Wheat Sowing

Daily average temperature in 2019/2020 season (8.58°C) was
higher by 0.64 and 0.43°C than those in 2018/2019 and
2020/2021 seasons, respectively (Figures 1A,C,E). Daily
precipitation varied significantly across seasons. The precipitation
accumulation was 48.7, 153.6, and 109.8 mm in the 2018/2019,
2019/2020, and 2020/2021 seasons, respectively. According to
the amount of precipitation, the 3years were divided into wet,
normal, and dry years based on the empirical frequency analysis
(Zhao et al., 2020; Gao et al., 2022). Therefore, 2018/2019
season was a typical dry season, while 2020/2021 and 2019/2020
seasons were normal seasons. However, 66% of precipitation
(73.4mm) occurred before the wheat jointing stage in 2020/2021
(Figure 1E), thus 2020/2021 season was a dry season.

The soil water storage (SWS) in the 0-2m soil depth before
wheat sowing differed significantly between rotation systems
in the 3years (Figures 1B,D,F; Supplementary Figure SI).
The SWS of SW in the 0-1, 1-2, and 0-2m soil depths was
64.6, 22.5, and 87.1mm and 39.6, 5.0, and 44.6mm and 24.5,
1.5, and 26 mm lower than those of MW in 2018/2019, 2019/2020,
and 2020/2021 seasons, respectively (Figures 1B,D,F). Moreover,
SW depleted more soil water at the surface layer (0-60cm,
Supplementary Figure S1) in summer, but reduced soil water
consumption in the deeper soil layer (> 60cm) over 3years,
as compared with MW.

Dynamics of Wheat Stem in SW and MW
Under Five N Application Rates

At the jointing stage of winter wheat, the stem number reached
highest but then quickly declined until the anthesis stage
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FIGURE 1 | Weather condition (A,C,E) during winter wheat growing seasons and soil water storage (B,D,F) before winter wheat sowing in summer maize—winter
wheat (MW) and summer soybean—winter wheat (SW) rotation systems. Values are means + SEs (n=3) for soil water storage. Different lowercase letters indicate
significant differences (p <0.05).

(Figure 2). In both rotation systems, more stems were recorded
under higher N application rates than those under lower
application rates from the overwinter to anthesis stage. However,
a minor difference in stem number was found between SW
and MW under the same N application rate.

The rate of effective ear of SW were 4.8 and 27.4% lower
than those of MW across five N treatments in dry years (2018/2019
and 2020/2021), respectively, whereas no significant difference
was observed in normal year (2019/2020, Figure 3). Moreover,
N application reduced the rate of effective ear in all 3years
across rotation systems as compared with NO. Overall, rotation
system had a minor effect on the dynamic of stem number
during the early stage of wheat under the same N application
rate, but resulted in a lower effective ear number at wheat harvest.

Dry Matter Accumulation of Wheat in SW
and MW Under Five N Application Rates
The aboveground biomass (AGB) in normal year was 16.7 Mgha™,
which was 25 and 31% higher than those in dry years (p<0.01;

Tables 1, 2), respectively. Legume inclusion reduced AGB by
16 and 19% in dry years, as compared with MW. The AGB
increased with the increased N application rates regardless of
rotation systems.

N application increased DMa in both cropping systems
as compared with NO across the 3years, whereas legume
inclusion decreased DMa in dry years (Table 2). Similar
to AGB at maturity, DMa increased with the increasing of
N application rate in both rotation systems. However, the
dry matter accumulation of wheat after anthesis (DMpa)
and contribution ratio of DMpa to grain yield were not
affected by rotation system and N fertilization, but affected
by the interaction of rotation system and N fertilization
(Tables 1, 2).

Wheat Yield and Yield Components in SW
and MW Under Five N Application Rates
Wheat yield was significantly influenced by precipitation
year, rotation system, and interaction of year and rotation
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FIGURE 2 | Dynamics of wheat ear number in summer soybean—winter wheat (SW) and summer maize—winter wheat (MW) rotation systems under five N
application rates. Values are means +SEs (n=3). NO, OkgNha~"; N1, 60kgNha="; N2, 120kgNha~'; N3, 180kgNha~"; and N4, 240kgNha~".

system (p<0.001, Figure 4). Wheat yield in normal year
(7.6-9.1 Mgha™') was 19-42% higher than those in dry years
(5.6-7.9Mgha™' in 2018/2019 and 4.2-5.6Mgha™ in
2020/2021). Moreover, soybean incorporation reduced wheat
yield by 23 and 7% in dry years compared with MW,
respectively (Figures 4A,C). However, the response of wheat
yield to the N rate showed an opposite trend between years.
Regardless of rotation systems, N applications had no impact
on wheat yield in 2018/2019 season but decreased wheat
yield by 3-12% in normal year. In 2020/2021 season, N
application increased wheat yield of MW by 10-29%, while
no variation was observed of SW as compared with NO.
Grain yield is positively related with DMpa in 2019/2020
season, and positively related with DMa in dry years
(Figure 5). Overall, the introduction of legumes into rotation
exhibited a neutral or negative effect on subsequent wheat
yield.

Following trends in yields, ear numbers in dry years were
26 and 42% lower than in normal year, respectively (p<0.01,
Table 2). As well, SW reduced wheat ear number by 14 and
17% in the dry years compared with MW, respectively (Table 2).
Thousand grain weight (TGW) was influenced by year, N
application rate, and their interaction (Table 1), the TGW in
MW showed a declining trend with increased N application
rates within the 3years (Table 2). Harvest index (HI) also
decreased with increasing N application rate in both
cropping systems.

In dry years, ear number was positively correlated with
wheat grain yield, regardless of cropping system, N application
rate, and experimental year (p<0.01, Figure 5), suggesting
that ear number was the main yield component determining
wheat yield. Moreover, both AGB and HI positively correlated
with wheat grain yield (p <0.01, Figure 5). The SWS significantly
and positively related with grain yield, ear number, and dry
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matter accumulation at anthesis (p<0.01, Figure 6), but not
dry matter accumulation during post-anthesis.

DISCUSSION

Wheat Population Response to Cropping
System and N Application Rate

Optimal N fertilizer management not only matches the N
supply with crop N demand (Chen et al., 2006; Cui et al,
2011; Yue et al,, 2012), but also ensures adequate N partitioning
into productive tillers. Previous studies have shown that during
the early tillering period, N application stimulates tiller
production (Weisz et al., 2001; Lu et al., 2014) and also promotes
the rate of productive stem appearance. Similarly, N application
promoted stem numbers during overwintering to anthesis. In

contrast to previous studies, we showed that N application
did not improve the rate of effective ear correspondingly, but
reduced the rate of effective ear to a certain extent (Figures 2,
3). This is mainly because that unproductive tillers promoted
by N application compete for light, nutrients, and water with
productive tillers (Nuruzzaman et al., 2000; Ao et al., 2010),
thus resulting in a lower rate of effective ear. On the other
hand, under water-deficient condition, soil water availability
affects the critical N dilution curves in crops (Ciampitti et al.,
2021). In practice, most farmers usually applied all fertilizer
at sowing and limited irrigation at sowing and jointing stages
of wheat due to water shortage and high labor costs (Xu et al,,
2016). Thus, N application had different impacts on the ear
number at wheat harvest between cropping systems and among
precipitation years. For example, our results indicated that
varying N as basal fertilizer can improve ear number in MW
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TABLE 1 | Combined analysis of variances for grain yield, agronomical and physiological traits of winter wheat.

ANOVA Year (Y) Rotation system Nitrogen YxR YxN RxN YxRxN
(R) fertilization (N)
Grain yield o wok ns wok ns ns ns
Ear number ok ok ns ns ns ns ns
Rate of effective ear * ok * * ns ns ns
Grain number ok ns ns ns ns ns ns
TGW ok ns ok ns ok ns ns
HI ok ns * ns ns * ns
DMa * * o ns ns * ns
DMpa * ns ns ns wk wE *
CR * ns ns ns ns * ns

*0<0.05; *#p<0.01.
ns, not significant difference.

TGW, thousand grain weight; AGB, aboveground biomass; Hl, harvest index. DMa, dry matter accumulation at anthesis. DMpa, dry matter accumulation during post-anthesis. CR,

contribution ratio of DMpa to grain yield.

in dry years, but not in SW (Table 2). This may be explained
by the fact that ear number was positively correlated with soil
water storage (SWS) at sowing (Figure 6). Consequently, the
N application as basal fertilizer promotes effective ear number
of MW due to higher SWS. Moreover, the variation of ear
number was observed among different N application rates in
dry years but not normal year, this was mainly attributed to
a higher precipitation in normal year than that in dry years
(Figure 1). N fertilizer stimulates tillering of wheat during
abundant rainfall. However, a higher population (ear number
averaged 822-860m~) in normal year than that in dry years
(ear number averaged 442-670m™) also caused stronger
competition for light, water, and nutrition in later wheat growth
(Lu et al, 2014). Furthermore, stronger competition resulted
in the death of ineffective tillers, thus it had no significant
effect on the final number of effective ear. Overall, our results
demonstrated that the soil available water and precipitation
buffer against the positive effect of N application on wheat
tiller dynamic under limited irrigation. Future studies would
do well to further dissect the interaction between N and
irrigation management in cereal-legume rotations. The interplay
between soil water at sowing, within-season precipitation could
be explored further using seasonal climate forecasting approaches
(Harrison et al, 2017; Liu et al, 2020b) in similar crop
rotational systems.

We found that soybean did not impact the stem number
of subsequent wheat crops before anthesis when the same N
was applied (Figure 2), indicating that legume inclusion did
not show an N-benefit for the following wheat under water-
deficient conditions. However, soybean inclusion reduced the
rate of effective ear as compared with MW, indicating that
more productive stem getting senescing in the late growing
season. Since the lower soil water storage of SW than that of
MW before wheat sowing (Figure 1), it aggravated competition
for water and nutrients with productive stems and higher tiller
mortality. This was further confirmed by the positive correlation
between ear number and soil water storage before wheat sowing
(Figures 5, 6). A similar result was reported by Richards et al.
(2014), who observed that the low water storage before sowing

reduces the number of ears and the rate of effective ear. Thus,
legume inclusion induced a reduction in soil water storage
for the following wheat (Zhang et al., 2021).

In addition to ear number, dry matter partitioning (before
and after anthesis) is one of the main controlling population
factors for wheat yield under water-deficit conditions (Wang
et al, 2021). Consistent with previous studies (Ehdaie and
Waines, 2001; Ma et al., 2020), our results showed that DMa
increased with the increase of N application across 3years,
which was attributed to higher nutrition acquisition of tiller
under higher N application. However, soybean inclusion reduced
DMa in the dry years, which could be explained by the lower
SWS of SW before wheat sowing (Richards et al, 2014). In
general, many studies believe that DMpa is more important
to yield than DMa (Shi et al, 2016), and its contribution to
yield reach 38-158% under restricted irrigation conditions
(Wang et al.,, 2021). However, our study indicated that yield
depended on DMa in dry years, whereas it mainly depended
on DMpa in normal year (Figure 5). This is mainly because
the contribution of dry matter accumulation before and after
flowering to yield is affected by soil moisture (Foulkes et al.,
2007; Thapa et al., 2019). For example, a previous study proved
that water deficit at the grain filling stage is detrimental for
DMpa, but can significantly increase the transport of DMpa
to grain, and thus increase the contribution rate of stem-sheath
stored matter to grain yield (Foulkes et al., 2007). Furthermore,
the contribution of DMpa to grain yield (CR) in dry years is
lower than that in normal year, indicating that precipitation
affects CR. Overall, the interannual variation in precipitation
leads to the importance of pre- and post-anthesis dry matter
accumulation in yield formation.

Wheat Yield Response to Cropping System
and N Application Rate

Increased grain yields are usually obtained when a cereal follows
a grain legume in sequence compared with a cereal-cereal
rotation. In general, the different rotational effects of grain
legumes on subsequent crops could be divided into “N-effects”
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TABLE 2 | Yield components, dry matter accumulation at anthesis (DMa), dry matter accumulation during post-anthesis (DMpa), and contribution ratio of DMpa to
grain yield (CR) of winter wheat in summer soybean—winter wheat (SW) and summer maize—winter wheat (MW) rotation systems under five N application rates.

Rotation Nitrogen Ear number Grain number AGB DMa DMpa

system fertilization (m™3) (ear™) TGW (9) (Mgha™) HI (Mgha™) (Mgha) CR (%)

2018/2019

Sw NO 573.8ab 29.3a 40.3a 10.6bc 0.46ab 6.1c 4.58b 42.2a
N1 597.0a 30.1a 38.8a 13.3a 0.43bc 6.9bc 6.4a 47.5a
N2 593.5a 30.4a 38.9a 9.7c 0.54a 7.9ab 1.8¢c 18.1b
N3 546.0b 28.5a 39.5a 12.7a 0.37c 6.3c 6.5a 50.9a
N4 557.7ab 30.9a 37.7a 11.3ab 0.44abc 8.5a 2.8bc 24.4b
Mean 573.6B 29.8A 39.0A 11.5A 0.49A 7.1B 4.4A 36.6A

MW NO 646.3b 35.5a 41.6a 12.5b 0.53a 7.9¢ 4.6a 36.5a
N1 640.7b 35.0a 40.2ab 13.6ab 0.47a 8.1bc 5.5a 40.3a
N2 687.5ab 35.4a 38.5b 13.9ab 0.47a 8.3bc 5.6a 39.9a
N3 650.0b 33.5a 38.7b 13.5ab 0.51a 9.9a 3.6a 26.4a
N4 723.0a 36.5a 38.8b 14.6a 0.47a 9.4ab 5.2a 32.8a
Mean 669.5A 35.2A 39.6A 13.6A 0.45A 8.7A 4.9A 35.2A

2019/2020

SW NO 779.5a 30.8a 41.9a 18.5a 0.43b 6.3b 12.2a 65.4a
N1 811.5a 31.9a 40.2bc 14.9b 0.50a 7.4a 7.5b 49.4b
N2 833.5a 32.1a 41.3a 16.5ab 0.45ab 8.0a 8.6b 51.4b
N3 852.5a 31.0a 39.7¢c 16.2ab 0.43ab 8.2a 8.0b 49.4b
N4 832.0a 33.1a 40.9ab 18.4a 0.42b 7.0ab 11.4a 61.3a
Mean 821.8A 31.8A 40.8A 16.9A 0.45A 7.4A 9.5A 55.4A

MW NO 817.5a 32.8a 41.0a 15.6ab 0.48a 6.0b 9.6ab 61.9a
N1 888.0a 29.5a 40.7a 17.7ab 0.44a 7.8a 9.9a 55.6ab
N2 858.3a 29.6a 38.6¢ 15.7ab 0.43a 7.5a 8.2ab 52.0bc
N3 869.5a 30.0a 39.4bc 15.5b 0.43a 8.1a 7.4b 47.4c
N4 867.5a 32.6a 39.9ab 18.2a 0.37b 8.6a 9.6ab 52.7bc
Mean 860.2A 30.9A 39.9A 16.5A 0.43A 7.6A 8.9A 53.9A

2020/2021

SW NO 457.7ab 38.7a 46.0b 9.3b 0.43a 5.6ab 3.8b 39.9b
N1 424.2ab 37.2a 48.0a 8.8b 0.45a 5.4ab 3.4b 38.2b
N2 486.7a 38.5a 48.3a 10.7a 0.34c 6.0a 4.7b 43.1ab
N3 438.5ab 39.5a 47.9a 11.5a 0.36bc 4.7b 6.9a 58.6a
N4 406.0b 40.2a 45.0b 10.9a 0.42ab 6.3a 4.5b 41.1b
Mean 442.6B 38.8A 47.0A 10.3A 0.40A 5.6A 6.8A 44.2A

MW NO 454.2¢ 37.9b 44.8ab 9.4c 0.41a 4.2b 5.2c 56.3a
N1 507.3bc 38.3b 46.0a 13.1b 0.36ab 5.6a 7.5ab 56.4a
N2 553.7ab 39.6ab 44.2ab 13.1b 0.32bc 6.2a 6.9abc 52.3a
N3 581.8a 39.5ab 43.7b 12.0b 0.40a 6.4a 5.6bc 46.6a
N4 568.8ab 41.9a 42.0c 16.0a 0.27¢c 71a 8.9a 56.2a
Mean 533.2A 39.4A 44.1B 12.7A 0.35A 5.9A 4.7A 53.5A

Values are means (n=3). Different lowercase letters indicate significant differences (p <0.05) among five fertilization treatments within the same rotation system in the same year.
Different uppercase letters indicate significant differences (p <0.05) between summer soybean-winter wheat and summer soybean—winter wheat rotation systems in the same year.
TGW, thousand grain weight; AGB, aboveground biomass; Hl, harvest index. NO, OkgNha~'; N1, 60kgNha~'; N2, 120kgNha~'; N3, 180kgNha~"; and N4, 240kgNha".

Bold values represent means of different N fertilization treatments within the same rotation system.

and “non-N-effects,” and the “non-N-effects” of grain legumes
in rotations refers to impacts mediated by biotic factors (the
occurrence of pests, weeds, and diseases) and abiotic factors
(changes in the availability of water or nutrients other than
N; Franke et al, 2018). Similarly, our study found that the
“N-effects” and “non-N-effects” of soybean dominated the
response of following wheat. In dry years, soybean crops reduced
wheat yield, mainly due to lower effective ear numbers resulting
from less stored soil water before wheat sowing caused by
pre-crop soybean (Supplementary Figure S1; Figure 6). This
result is in line with previous studies (Qin et al., 2018; Zhang
et al., 2021; Nie et al, 2022). In normal year, although crop
rotation did not increase wheat yield, it showed an increasing
trend (Figure 4), which was mainly due to increased DMpa

to a certain extent (Table 2). These results indicated that the
legume inclusion increased soil mineral N for wheat in the
year with abundant precipitation. In other words, the impact
of legume inclusion on wheat depends on the precipitation
in the wheat-growing period under limited irrigation.
Furthermore, N application reduced wheat yield in normal
year (Figure 4), which is due to the production of a large
number of ineffective tillers in the early stage (Cui et al., 2008),
through consuming a large quantity of water and nutrients,
thus resulting in a reduction of DMpa and yield. Another
reason is excessive wheat population caused mutual shading
of wheat in the late growth stage, reduction in effective tillering,
and delay in heading and flowering of wheat, which ultimately
leads to a decrease in yield (Zhang et al, 2018). Moreover,
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FIGURE 4 | Grain yield of winter wheat in summer soybean-winter wheat (SW) and summer maize—winter wheat (MW) rotation systems under five N application

rates. Values are means + SEs (n=3). Different lowercase letters indicate significant differences (p <0.05) among five fertilization treatments within the same rotation
system in the same year. NO, OkgNha~'; N1, 60kgNha~'; N2, 120kgNha~"; N3, 180kgNha~"; and N4, 240kgNha".

N application had no significant effect on wheat yield of SW
in dry years (Figure 4), suggesting that the noneffective of N
fertilizer under water-limiting conditions. In other words, under
limited-irrigation conditions, soil water but not N is the most
determining factor for wheat growth and yield (Olesen et al.,
2000; Albrizio et al.,, 2010). However, N application increased
wheat yield in MW in 2020/2021 but not in 2018/2019 (Table 2),
which is mainly due to precipitation variation between the
2years (Figure 1). Furthermore, the impact on grain yield by
legume inclusion was greater in dry years than that in normal
year across different N application rates, and the yield variation
can be attributed to the precipitation variation among the
3years, which contributed to different ear number in the 3 years
(Table 2). Thus, these results further confirmed that the impact
of legumes inclusion and N application is dependent on available
soil water and precipitation under restricted irrigation.

Overall, our results suggest that legume inclusion is not
always a suitable way to increase subsequent cereal yield in
arid or semi-arid areas, because legume may consume more
water thereby lowering pre-sowing soil water storage for following
crops. Moreover, N application cannot promote wheat yield
due to water-deficient under limited-irrigation conditions. In
a further study, the optimized field managements and more
drought-tolerant wheat cultivars could be explored under the
limited-irrigation condition to improve wheat productivity.

CONCLUSION

Our results demonstrate that including soybean within cereal
crop rotation systems does not necessarily benefit subsequent
wheat yield, since soybean depletes soil water storage available
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for subsequent wheat. By the time wheat reaches anthesis,
these cascading effects in dry years can manifest in reduced
ear number and dry matter accumulation, leading to yield

losses. We also showed that N application promoted tiller
production but decreased the rate of effective ear and yield
of wheat in both rotation systems in normal year, but increased
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wheat yields under summer maize-winter wheat rotation system
in dry year. Overall, our study indicates that available soil
water rather than mineral N or N application is more influential
in wheat development and yield in rotation systems with limited
irrigation. Thus we suggest that future work consider optimizing
irrigation water use (e.g., irrigation scheduling) in concert with
genotypes with high water-use efficiency to cope with potential
water shortages or a changing climate in the North China Plain.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can
be directed to the corresponding author.

AUTHOR CONTRIBUTIONS

JN: conceptualization, methodology, data curation, formal analysis,
and writing—original draft. JZho, JZha, MH, and KL: review

and editing. XW: data curation and review and editing. PW, SW,
and LY: formal analysis and investigation. HZ: conceptualization
and review and editing. YY: conceptualization, project
administration, funding acquisition, and writing—review and
editing. ZZ: project administration and funding acquisition. All
authors contributed to the article and approved the submitted version.

FUNDING

This study was financially supported by the National Natural Science
Foundation of China (31901470) and the National Key Research
and Development Program of China (2016YFD0300205-01).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2022.947132/
full#supplementary-material

Frontiers in Plant Science | www.frontiersin.org

12

June 2022 | Volume 13 | Article 947132


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/articles/10.3389/fpls.2022.947132/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.947132/full#supplementary-material

Nie et al.

Soybean Penalize Subsequent Wheat Yield

REFERENCES

Albrizio, R., Todorovic, M., Matic, T., and Stellacci, A. M. (2010). Comparing
the interactive effects of water and nitrogen on durum wheat and barley
grown in a Mediterranean environment. Field Crop Res. 115, 179-190. doi:
10.1016/j.fcr.2009.11.003

Amossé, C., Jeuffroy, M.-H., Mary, B., and David, C. (2014). Contribution of
relay intercropping with legume cover crops on nitrogen dynamics in
organic grain systems. Nutr. Cycl. Agroecosyst. 98, 1-14. doi: 10.1007/
s10705-013-9591-8

Ao, H. ], Peng, S. B, Zou, Y. B, Tang, Q. Y., and Visperas, R. M. (2010).
Reduction of unproductive tillers did not increase the grain yield of irrigated
rice. Field Crop Res. 116, 108-115. doi: 10.1016/j.fcr.2009.11.020

Bell, L. W., Harrison, M. T., and Kirkegaard, J. A. (2015). Dual-purpose
cropping—capitalising on potential grain crop grazing to enhance
mixed-farming profitability. Crop Pasture Sci. 66, I-IV. doi: 10.1071/
CPv66n4_FO

Bond, J. A., Walker, T. W, Ottis, B. V,, and Harrell, D. L. (2008). Rice seeding
and nitrogen rate effects on yield and yield components of two rice cultivars.
Agron. J. 100, 393-397. doi: 10.2134/agronj2007.0107

Chen, X. P, Cui, Z. L., Vitousek, P. M., Cassman, K. G., Matson, P. A,
Bai, J. S., et al. (2011). Integrated soil-crop system management for food
security. Proc. Natl. Acad. Sci. U. S. A. 108, 6399-6404. doi: 10.1073/
pnas.1101419108

Chen, X. P, Zhang, E S., Romheld, V., Horlacher, D., Schulz, R., Boning-Zilkens, M.,
et al. (2006). Synchronizing N supply from soil and fertilizer and N demand
of winter wheat by an improved Nmin method. Nutr. Cycl. Agroecosyst. 74,
91-98. doi: 10.1007/s10705-005-1701-9

Christie, K. M., Smith, A. P, Rawnsley, R. P, Harrison, M. T,, and Eckard, R. J.
(2018). Simulated seasonal responses of grazed dairy pastures to nitrogen
fertilizer in SE Australia: pasture production. Agric. Syst. 166, 36-47. doi:
10.1016/j.agsy.2018.07.010

Cui, Z. L., Chen, X. P, Miao, Y. X,, Li, E, Zhang, E S, Li, J. L., et al. (2008).
On-farm evaluation of winter wheat yield response to residual soil nitrate-N
in North China plain. Agron. J. 100, 1527-1534. doi: 10.2134/agronj2008.0005

Ciampitti, I. A., Makowski, D., Fernandez, J., Lacasa, J., and Lemaire, G. (2021).
Does water availability affect the critical N dilution curves in crops? A
case study for maize, wheat, and tall fescue crops. Field Crops Res. 273:108301.
doi: 10.1016/j.fcr.2021.108301

Cui, Z. L., Zhang, E S., Chen, X. P, Li, F, and Tong, Y. P. (2011). Using
in-season nitrogen management and wheat cultivars to improve nitrogen
use efficiency. Soil Sci. Soc. Am. J. 75, 976-983. doi: 10.2136/sssaj2010.0117

Davidson, D. J.,, and Chevalier, P. M. (1990). Preanthesis tiller mortality in
spring wheat. Crop Sci. 30, 832-836. doi: 10.2135/cropscil990.001118
3X003000040013x

Ehdaie, B., and Waines, J. G. (2001). Sowing date and nitrogen rate effects
on dry matter and nitrogen partitioning in bread and durum wheat. Field
Crop Res. 73, 47-61. doi: 10.1016/S0378-4290(01)00181-2

Engstrom, L., and Bergkvist, G. (2009). Effects of three N strategies on tillering
and yield of low shoot density winter wheat. Acta Agric. Scand. Sect. B
Soil Plant Sci. 59, 536-543. doi: 10.1080/09064710802434363

Foulkes, M. J., Sylvester-Bradley, R., Weightman, R., and Snape, J. W. (2007).
Identifying physiological traits associated with improved drought resistance
in winter wheat. Field Crop Res. 103, 11-24. doi: 10.1016/j.fcr.2007.
04.007

Franke, A. C., van den Brand, G. J., Vanlauwe, B., and Giller, K. E. (2018).
Sustainable intensification through rotations with grain legumes in sub-
Saharan Africa: a review. Agric. Ecosyst. Environ. 261, 172-185. doi: 10.1016/j.
agee.2017.09.029

Gao, Z. Z., Wang, C., Zhao, J. C., Wang, K. C., Shang, M. E, Qin, Y. S,, et al.
(2022). Adopting different irrigation and nitrogen management based on
precipitation year types balances winter wheat yields and greenhouse gas
emissions. Field Crop Res. 280:108484. doi: 10.1016/j.fcr.2022.108484

Harrison, M. T., Christie, K. M., and Rawnsley, R. P. (2017). Assessing the
reliability of dynamical and historical climate forecasts in simulating hindcast
pasture growth rates. Anim. Prod. Sci. 57, 1525-1535. doi: 10.1071/AN16492

Harrison, M. T., Christie, K. M., Rawnsley, R. P, and Eckard, R. J. (2014).
Modelling pasture management and livestock genotype interventions to

improve whole-farm productivity and reduce greenhouse gas emissions
intensities. Anim. Prod. Sci. 54, 2018-2028. doi: 10.1071/AN14421

Harrison, M. T, Cullen, B. R., Mayberry, D. E., Cowie, A. L., Bilotto, F,
Badgery, W. B,, et al. (2021). Carbon myopia: the urgent need for integrated
social, economic and environmental action in the livestock sector. Glob.
Chang. Biol. 27, 5726-5761. doi: 10.1111/gcb.15816

Harrison, M. T., Evans, J. R., and Moore, A. D. (2012). Using a mathematical
framework to examine physiological changes in winter wheat after livestock
grazing: 1. Model derivation and coefficient calibration. Field Crop Res. 136,
116-126. doi: 10.1016/j.fcr.2012.06.015

Huang, P, Zhang, J. B,, Zhu, A. N, Li, X. P, Ma, D. H,, Xin, X. L, et al.
(2018). Nitrate accumulation and leaching potential reduced by coupled
water and nitrogen management in the Huang-Huai-Hai plain. Sci. Total
Environ. 610-611, 1020-1028. doi: 10.1016/j.scitotenv.2017.08.127

Li, Q Q, Cui, X. Q,, Liu, X. J., Roelcke, M., Pasda, G., Zerulla, W, et al.
(2017). A new urease-inhibiting formulation decreases ammonia volatilization
and improves maize nitrogen utilization in North China plain. Sci. Rep.
7:43853. doi: 10.1038/srep43853

Li, H. W, Liu, L. J, Wang, Z. Q, Yang, J. C, and Zhang, J. H. (2012).
Agronomic and physiological performance of high-yielding wheat and rice
in the lower reaches of Yangtze River of China. Field Crop Res. 133, 119-129.
doi: 10.1016/j.fcr.2012.04.005

Liu, K., Harrison, M. T., Hunt, J., Angessa, T. T., Meinke, H., Li, C. D., et al.
(2020a). Identifying optimal sowing and flowering periods for barley in
Australia: a modelling approach. Agric. For. Meteorol. 282-283:107871. doi:
10.1016/j.agrformet.2019.107871

Liu, K., Harrison, M. T., Shabala, S., Meinke, H., Ahmed, I, Zhang, Y. B,
et al. (2020b). The state of the art in modeling waterlogging impacts on
plants: what do we know and what do we need to know. Earths Future
8:€2020EF001801. doi: 10.1029/2020EF001801

Liu, K., Harrison, M. T., Wang, B., Yang, R., Yan, H. L., Zou, ], et al. (2022).
Designing high-yielding wheat crops under late sowing: a case study in
southern China. Agron. Sustain. Dev. 42:29. doi: 10.1007/s13593-022-00764-w

Longnecker, N., Kirby, E. J. M., and Robson, A. (1993). Leaf emergence, tiller
growth, and apical development of nitrogen-dificient spring wheat. Crop
Sci. 33, 154-160. doi: 10.2135/cropscil993.0011183X003300010028x

Lu, D. J, Lu, E E, Yan, P, Cui, Z. L, and Chen, X. P. (2014). Elucidating
population establishment associated with N management and cultivars for
wheat production in China. Field Crop Res. 163, 81-89. doi: 10.1016/j.
fcr.2014.03.022

Ma, S. Y., Wang, Y. Y, Liu, Y. N,, Yao, K. J., Huang, Z. L., Zhang, W. ], et al.
(2020). Effect of sowing date, planting density, and nitrogen application on
dry matter accumulation, transfer, distribution, and yield of wheat. Chin.
J. Eco-Agric. 28, 375-385. doi: 10.13930/j.cnki.cjea.190691

Manevski, K., Borgesen, C. D., Andersen, M. N., and Kristensen, I. S. (2015).
Reduced nitrogen leaching by intercropping maize with red fescue on sandy
soils in North Europe: a combined field and modeling study. Plant Soil
388, 67-85. doi: 10.1007/s11104-014-2311-6

Meng, Q. E, Yue, S. C., Chen, X. P, Cui, Z. L, Ye, Y. L, Ma, W. Q, et al.
(2013). Understanding dry matter and nitrogen accumulation with time-
course for high-yielding wheat production in China. PLoS One 8:¢68783.
doi: 10.1371/journal.pone.0068783

Mupangwa, W., Nyagumbo, I, Liben, E, Chipindu, L., Craufurd, P, and
Mkuhlani, S. (2021). Maize yields from rotation and intercropping systems
with different legumes under conservation agriculture in contrasting agro-
ecologies. Agric. Ecosyst. Environ. 306:107170. doi: 10.1016/j.agee.2020.107170

National Bureau of Statistics (2020). China Statistics Yearbook. Beijing: China
Stat Press

Nie, J.W., Wang, X.Q., Ma, S.T., Zhang, K., Zhang, X.Q., Zhao, ], et al. (2022).
Evaluation of crop productivity, water and nitrogen use, and carbon footprint
of summer peanut-winter wheat cropping systems in the North China plain.
Food Energy Secur. doi: 10.1002/fes3.401 (Epub ahead of print).

Nuruzzaman, M., Yamamoto, Y., Nitta, Y., Yoshida, T., and Miyazaki, A. (2000).
Varietal differences in tillering ability of fourteen japonica and indica rice
varieties. Soil Sci. Plant Nutr. 46, 381-391. doi: 10.1080/00380768.2000.10408792

Oberson, A., Frossard, E., Bithlmann, C., Mayer, J., Mider, P,, and Liischer, A.
(2013). Nitrogen fixation and transfer in grass-clover leys under organic

Frontiers in Plant Science | www.frontiersin.org

June 2022 | Volume 13 | Article 947132


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1016/j.fcr.2009.11.003
https://doi.org/10.1007/s10705-013-9591-8
https://doi.org/10.1007/s10705-013-9591-8
https://doi.org/10.1016/j.fcr.2009.11.020
https://doi.org/10.1071/CPv66n4_FO
https://doi.org/10.1071/CPv66n4_FO
https://doi.org/10.2134/agronj2007.0107
https://doi.org/10.1073/pnas.1101419108
https://doi.org/10.1073/pnas.1101419108
https://doi.org/10.1007/s10705-005-1701-9
https://doi.org/10.1016/j.agsy.2018.07.010
https://doi.org/10.2134/agronj2008.0005
https://doi.org/10.1016/j.fcr.2021.108301
https://doi.org/10.2136/sssaj2010.0117
https://doi.org/10.2135/cropsci1990.0011183X003000040013x
https://doi.org/10.2135/cropsci1990.0011183X003000040013x
https://doi.org/10.1016/S0378-4290(01)00181-2
https://doi.org/10.1080/09064710802434363
https://doi.org/10.1016/j.fcr.2007.04.007
https://doi.org/10.1016/j.fcr.2007.04.007
https://doi.org/10.1016/j.agee.2017.09.029
https://doi.org/10.1016/j.agee.2017.09.029
https://doi.org/10.1016/j.fcr.2022.108484
https://doi.org/10.1071/AN16492
https://doi.org/10.1071/AN14421
https://doi.org/10.1111/gcb.15816
https://doi.org/10.1016/j.fcr.2012.06.015
https://doi.org/10.1016/j.scitotenv.2017.08.127
https://doi.org/10.1038/srep43853
https://doi.org/10.1016/j.fcr.2012.04.005
https://doi.org/10.1016/j.agrformet.2019.107871
https://doi.org/10.1029/2020EF001801
https://doi.org/10.1007/s13593-022-00764-w
https://doi.org/10.2135/cropsci1993.0011183X003300010028x
https://doi.org/10.1016/j.fcr.2014.03.022
https://doi.org/10.1016/j.fcr.2014.03.022
https://doi.org/10.13930/j.cnki.cjea.190691
https://doi.org/10.1007/s11104-014-2311-6
https://doi.org/10.1371/journal.pone.0068783
https://doi.org/10.1016/j.agee.2020.107170
https://doi.org/10.1002/fes3.401
https://doi.org/10.1080/00380768.2000.10408792

Nie et al.

Soybean Penalize Subsequent Wheat Yield

and conventional cropping systems. Plant Soil 371, 237-255. doi: 10.1007/
511104-013-1666-4

Olesen, J. E., Mortensen, J. V., Jorgensen, L. N., and Andersen, M. N. (2000).
Irrigation strategy, nitrogen application and fungicide control in winter wheat
on a sandy soil. I. Yield, yield components and nitrogen uptake. J. Agric.
Sci. 134, 1-11. doi: 10.1017/50021859699007352

Peng, S. B, Khush, G. S., Virk, P, Tang, Q., and Zou, Y. (2008). Progress in
ideotype breeding to increase rice yield potential. Field Crop Res. 108, 32-38.
doi: 10.1016/j.fcr.2008.04.001

Peoples, M. B, Swan, A. D., Goward, L., Kirkegaard, J. A, Hunt, J. R,, Li, G. D,,
et al. (2017). Soil mineral nitrogen benefits derived from legumes and
comparisons of the apparent recovery of legume or fertiliser nitrogen by
wheat. Soil Res. 55, 600-615. doi: 10.1071/SR16330

Plaza-Bonilla, D., Nolot, J.-M., Raffaillac, D., and Justes, E. (2017). Innovative
cropping systems to reduce N inputs and maintain wheat yields by inserting
grain legumes and cover crops in southwestern France. Eur. J. Agron. 82,
331-341. doi: 10.1016/j.eja.2016.05.010

Qin, W. L., Zhang, X. Y., Chen, S. Y, Sun, H. Y,, and Shao, L. W. (2018).
Crop rotation and N application rate affecting the performance of winter
wheat under deficit irrigation. Agric. Water Manag. 210, 330-339. doi:
10.1016/j.agwat.2018.08.026

Rawnsley, R. P, Smith, A. P, Christie, K. M., Harrison, M. T,, and Eckard, R. J.
(2019). Current and future direction of nitrogen fertiliser use in Australian
g razing systems. Crop & Pasture Sci. 70, 1034-1043. doi: 10.1071/CP18566

Richards, R. A., Hunt, J. R., Kirkegaard, J. A., and Passioura, J. B. (2014).
Yield improvement and adaptation of wheat to water-limited environments
in Australia—a case study. Crop Pasture Sci. 65, 676-689. doi: 10.1071/
CP13426

Scharf, P. C., and Alley, M. M. (1993). Spring nitrogen on winter wheat: II.
A flexible multi-component rate recommendation system. Agron. J. 85,
1186-1192. doi: 10.2134/agronj1993.00021962008500060018x

Shang, Y. Q, Lin, X,, Li, P, Gu, S. B., Lei, K. Y,, Wang, S., et al. (2020).
Effects of supplemental irrigation at the jointing stage on population dynamics,
grain yield, and water-use efficiency of two different spike-type wheat cultivars.
PLoS One 15:€0230484. doi: 10.1371/journal.pone.0230484

Shi, Y, Yu, Z. W,, Man, J. G, Ma, S. Y,, Gao, Z. Q., and Zhang, Y. L. (2016).
Tillage practices affect dry matter accumulation and grain yield in winter
wheat in the North China plain. Soil Tillage Res. 160, 73-81. doi: 10.1016/j.
still.2016.02.009

Smith, A. P, Christie, K. M., Harrison, M. T., and Eckard, R. J. (2021). Ammonia
volatilisation from grazed, pasture based dairy farming systems. Agric. Syst.
190:103119. doi: 10.1016/j.agsy.2021.103119

Sui, B., Feng, X. M., Tian, G. L, Hu, X. Y, Shen, Q R, and Guo, S. W.
(2013). Optimizing nitrogen supply increases rice yield and nitrogen use
efficiency by regulating yield formation factors. Field Crop Res. 150, 99-107.
doi: 10.1016/j.fcr.2013.06.012

Tang, Q, and Zhang, C. (2013). Data processing system (DPS) software with
experimental design, statistical analysis and data mining developed for use in
entomological research. Insect Sci. 20, 254-260. doi: 10.1111/1.1744-7917.2012.01519.x

Tao, H. B., Dittert, K., Zhang, L. M., Lin, S., Romheld, V., and Sattelmacher, B.
(2007). Effects of soil water content on growth, tillering, and manganese
uptake of lowland rice grown in the water-saving ground-cover rice-production
system (GCRPS). J. Plant Nutr. Soil Sci. 170, 7-13. doi: 10.1002/jpln.200625033

Thapa, S., Xue, Q. W, Jessup, K. E., Rudd, J. C, Liu, S. Y., Marek, T. H,,
et al. (2019). Yield determination in winter wheat under different water
regimes. Field Crop Res. 233, 80-87. doi: 10.1016/j.fcr.2018.12.018

Thorne, G. N., and Wood, D. W. (1987). Effects of radiation and temperature
on tiller survival, grain number and grain yield in winter wheat. Ann. Bot.
59, 413-426. doi: 10.1093/oxfordjournals.aob.a087330

Wang, C. Y, Liu, W. X,, Li, Q X, Ma, D. Y, Lu, H. F, Feng, W, et al.
(2014). Effects of different irrigation and nitrogen regimes on root growth
and its correlation with above-ground plant parts in high-yielding wheat
under field conditions. Field Crop Res. 165, 138-149. doi: 10.1016/j.
fcr.2014.04.011

Wang, X. Q, Nie, ]. W,, Wang, P. X,, Zhao, J., Yang, Y. D., Wang, S., et al.
(2021). Does the replacement of chemical fertilizer nitrogen by manure

benefit water use efficiency of winter wheat-summer maize systems? Agric.
Water Manag. 243:106428. doi: 10.1016/j.agwat.2020.106428

Wang, X. Q., Yang, Y. D., Zhao, J., Nie, . W,, Zang, H. D., Zeng, Z. H., et al.
(2020). Yield benefits from replacing chemical fertilizers with manure under
water deficient conditions of the winter wheat-summer maize system in
the North China plain. Eur. J. Agron. 119:126118. doi: 10.1016/j.€ja.2020.126118

Weisz, R., Crozier, C. R, and Heiniger, R. W. (2001). Optimizing nitrogen
application timing in no-till soft red winter wheat. Agron. J. 93, 435-442.
doi: 10.2134/agronj2001.932435x

Xu, C. L, Tao, H. B, Tian, B. J,, Gao, Y. B,, Ren, J. H., and Wang, P. (2016).
Limited-irrigation improves water use efficiency and soil reservoir capacity
through regulating root and canopy growth of winter wheat. Field Crop
Res. 196, 268-275. doi: 10.1016/j.fcr.2016.07.009

Xu, Z. Z., Yu, Z. W, and Zhao, J. Y. (2013). Theory and application for the
promotion of wheat production in China: past, present and future. J. Sci.
Food Agric. 93, 2339-2350. doi: 10.1002/jsfa.6098

Yan, H. L., Harrison, M. T., Liu, K., Wang, B., Feng, P. Y., Fahad, S., et al.
(2022). Crop traits enabling yield gains under more frequent extreme climatic
events. Sci. Total Environ. 808:152170. doi: 10.1016/j.scitotenv.2021.152170

Yue, S. C., Meng, Q. F, Zhao, R. F, Li, E, Chen, X. P, Zhang, E S, et al.
(2012). Critical nitrogen dilution curve for optimizing nitrogen management
of winter wheat production in the North China plain. Agron. J. 104, 523-529.
doi: 10.2134/agronj2011.0258

Zhang, L., He, X. M., Liang, Z. Y., Zhang, W.,, Zou, C. Q,, and Chen, X. P.
(2020). Tiller development affected by nitrogen fertilization in a high-yielding
wheat production system. Crop Sci. 60, 1034-1047. doi: 10.1002/csc2.20140

Zhang, Y., Huang, C. D., Liao, D., Liu, Q Q. and Zhang, C. C. (2018).
Nutrient optimal management promotethe construction of high-yield population
of intercropping wheat. Chin. Agric. Sci. Bull. 34, 1-7. doi: 10.11924/j.
issn.1000-6850.casb17100004

Zhang, D. B., Zhang, C., Ren, H. L., Xu, Q, Yao, Z. Y, Yuan, Y. Q, et al.
(2021). Trade-offs between winter wheat production and soil water consumption
via leguminous green manures in the loess plateau of China. Field Crop
Res. 272:108278. doi: 10.1016/j.fcr.2021.108278

Zhang, K., Zhao, ], Wang, X. Q, Xu, H. S,, Zang, H. D, Liu, J. N, et al.
(2019). Estimates on nitrogen uptake in the subsequent wheat by above-
ground and root residue and rhizodeposition of using peanut labeled with
N isotope on the North China plain. J. Integr. Agric. 18, 571-579. doi:
10.1016/S2095-3119(18)62112-4

Zhao, J., Chu, Q. Q., Shang, M. J., Meki, M. N., Norelli, N., Jiang, Y., et al.
(2019). Agricultural policy environmental eXtender (APEX) simulation of
spring peanut management in the North China plain. Agronomy 9:443. doi:
10.3390/agronomy9080443

Zhao, J., Han, T., Wang, C., Jia, H., Worqlul, A. W., Norelli, N., et al. (2020).
Optimizing irrigation strategies to synchronously improve the yield and
water productivity of winter wheat under interannual precipitation variability
in the North China plain. Agric. Water Manag. 240:106298. doi: 10.1016/j.
agwat.2020.106298

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Copyright © 2022 Nie, Zhou, Zhao, Wang, Liu, Wang, Wang, Yang, Zang, Harrison,
Yang and Zeng. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or reproduction
in other forums is permitted, provided the original author(s) and the copyright
owner(s) are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

14

June 2022 | Volume 13 | Article 947132


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1007/s11104-013-1666-4
https://doi.org/10.1007/s11104-013-1666-4
https://doi.org/10.1017/S0021859699007352
https://doi.org/10.1016/j.fcr.2008.04.001
https://doi.org/10.1071/SR16330
https://doi.org/10.1016/j.eja.2016.05.010
https://doi.org/10.1016/j.agwat.2018.08.026
https://doi.org/10.1071/CP18566
https://doi.org/10.1071/CP13426
https://doi.org/10.1071/CP13426
https://doi.org/10.2134/agronj1993.00021962008500060018x
https://doi.org/10.1371/journal.pone.0230484
https://doi.org/10.1016/j.still.2016.02.009
https://doi.org/10.1016/j.still.2016.02.009
https://doi.org/10.1016/j.agsy.2021.103119
https://doi.org/10.1016/j.fcr.2013.06.012
https://doi.org/10.1111/j.1744-7917.2012.01519.x
https://doi.org/10.1002/jpln.200625033
https://doi.org/10.1016/j.fcr.2018.12.018
https://doi.org/10.1093/oxfordjournals.aob.a087330
https://doi.org/10.1016/j.fcr.2014.04.011
https://doi.org/10.1016/j.fcr.2014.04.011
https://doi.org/10.1016/j.agwat.2020.106428
https://doi.org/10.1016/j.eja.2020.126118
https://doi.org/10.2134/agronj2001.932435x
https://doi.org/10.1016/j.fcr.2016.07.009
https://doi.org/10.1002/jsfa.6098
https://doi.org/10.1016/j.scitotenv.2021.152170
https://doi.org/10.2134/agronj2011.0258
https://doi.org/10.1002/csc2.20140
https://doi.org/10.11924/j.issn.1000-6850.casb17100004
https://doi.org/10.11924/j.issn.1000-6850.casb17100004
https://doi.org/10.1016/j.fcr.2021.108278
https://doi.org/10.1016/S2095-3119(18)62112-4
https://doi.org/10.3390/agronomy9080443
https://doi.org/10.1016/j.agwat.2020.106298
https://doi.org/10.1016/j.agwat.2020.106298
http://creativecommons.org/licenses/by/4.0/

	Soybean Crops Penalize Subsequent Wheat Yield During Drought in the North China Plain
	Highlights
	Introduction
	Materials and Methods
	Site Description
	Experimental Design and Crop Management
	Sampling and Measurement
	Data Analysis

	Results
	Weather Conditions and Soil Water Storage Before Winter Wheat Sowing
	Dynamics of Wheat Stem in SW and MW Under Five N Application Rates
	Dry Matter Accumulation of Wheat in SW and MW Under Five N Application Rates
	Wheat Yield and Yield Components in SW and MW Under Five N Application Rates

	Discussion
	Wheat Population Response to Cropping System and N Application Rate
	Wheat Yield Response to Cropping System and N Application Rate

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material

	References

